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Abstract 

Neutrophils are agents of protective and pathological inflammation. This thesis work aimed to 

determine the role of neutrophils during severe, potentially fatal models of systemic inflammation 

induced by lipopolysaccharide (LPS, endotoxemia) or by IgG immune complexes (anaphylaxis). 

Anaphylaxis is a severe allergic reaction that may proceed via IgE- or IgG-dependant pathways. 

Endotoxemia is a model relevant to inflammation during critical illness. To study neutrophils in vivo, 

we employed a new mouse model of inducible neutropenia. We found, surprisingly, that neutrophils 

and neutrophil-derived MPO protect against the severity of endotoxic shock, independently of the 

microbiological environment, suggesting that neutrophils limit inflammation during endotoxemia. 

Conversely, neutrophils can contribute to IgG-induced anaphylaxis in mice. As mice and human IgG 

receptors (FcγR) are very different, we developed a novel mouse strain in which targeted insertion of 

human FcγR into the murine loci recapitulated hFcγR expression. Herein, using these mice, this work 

demonstrates that anaphylaxis induced by hIgG proceeds within a native context of activating and 

inhibitory hFcγRs, and that neutrophil activation via FcγRIIA is a dominant pathological pathway, 

involving the mediators PAF and histamine. Finally, we describe ongoing development of a mouse 

model of anaphylaxis in response to Rocuronium, a curare-based neuromuscular blocking agent 

(NMBA). In addition, as part of a collaborative clinical study we analysed blood samples from patients 

suspected of NMBA-induced anaphylaxis, finding evidence for the activation of a neutrophil- and 

IgG-dependent axis during human anaphylaxis. 
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Resumé 

Les neutrophiles contribuent à l'inflammation protectrice et pathologique. Ce projet de thèse 

consiste à déterminer le rôle des neutrophiles dans des modèles d'inflammation systémique graves et 

potentiellement mortelles, induite par le lipopolysaccharide (LPS, endotoxémie) ou par des complexes 

immuns antigène-anticorps (anaphylaxie). L'anaphylaxie est une réaction allergique qui peut être IgE- 

et/ou IgG-dépendante. L’endotoxémie est un modèle pertinent de l'inflammation au cours de 

maladies graves. Pour étudier les neutrophiles in vivo, nous avons utilisé un nouveau modèle murin de 

neutropénie inductible. Nous montrons que les neutrophiles et la Myélopéroxidase qu’ils produisent 

ont un rôle protecteur dans le choc endotoxique, indépendamment de l'environnement 

microbiologique. A l'inverse, les neutrophiles peuvent contribuer à l'anaphylaxie induite par les IgG 

chez la souris. Comme les récepteurs pour les IgG (FcγR) murins sont très différents des humains, 

nous avons développé un modèle de souris knock-in dans lequel les FcγR murins a été remplacé par les 

FcγR humains, activateurs et inhibiteur. Chez ces souris, nous montrons que des IgG humaines 

peuvent induire une anaphylaxie: le FcγRIIA a un rôle dominant, via l'activation des neutrophiles, et 

les médiateurs PAF et histamine. En parallèle, nous développons un modèle murin d’anaphylaxie à un 

curare, le Rocuronium, utilisé en clinique. Au même temps, dans une étude clinique, les résultats 

d’analyses des échantillons sanguins des patients suspectés d’avoir subi une anaphylaxie au curare 

soutien notre hypothèse de travail: que l’activation des neutrophiles par des IgG spécifiques est 

impliquée dans l'anaphylaxie humaine. 

 

 

	  







 

11  Introduction 

The immune system of higher vertebrates is a highly developed cell and tissue network that 

integrates across all body compartments and serves to defend the host from pathogen invasion, 

infection and disease. The innate, primordial components of the immune system comprise physical 

barriers, such as the skin and mucous membranes, effector leukocytes and soluble factors with 

evolutionarily conserved methods of self versus non-self recognition and pathogen eradication. Soluble 

factors may have direct antimicrobial actions, flag pathogens for elimination, or facilitate the actions of 

effector cells; leukocytes engulf bacteria, kill virus-infected cells and attack parasites. Inflammation is a 

cardinal feature of the innate immune response, as vascular changes permit the swift delivery of 

effector cells and molecules to the site of infection. 

The development of adaptive immunity occurred with the evolution of jawed vertebrates. 

Leukocytes of the adaptive immune system, B and T lymphocytes, have the capacity to generate a 

diverse repertoire of receptors with a targeted specificity. These receptors may be cell-bound, or 

released by B cells as humoral factors, called antibodies. The exquisite specificity of adaptive immunity 

permits a tailored response to antigens, and thus the precise recognition of a pathogen elicits an 

appropriate response to eliminate it. Moreover, the retention of this specificity over time as a form of 

memory provides life-long defence against the invader, which strengthens upon subsequent encounters. 

Adaptive immunity, with its specificity and memory, developed as an adjunct to innate immunity, and 

is therefore intrinsically informed by the innate response. Conversely, components of adaptive 

immunity can dictate the response of innate effector molecules and cells. 

Immunity as a whole may be viewed as a dynamic state of protected homeostasis of the 

organism. That is, the maintenance of systems and organ function in the face of invasion or insult. In 

this context, mechanisms to promote immunity entail both inflammatory and resolving pathways, and 

act synergistically with processes to maintain vascular, neuroendocrine and organ-specific tissue 

integrity. Inappropriate or excessive immune activation or failure of inflammation resolution can cause 

pathology. This is apparent in allergic and autoimmune diseases, and during systemic inflammatory 

responses associated with either infection or sterile injury. In rare cases, circulatory shock can result: 

the most dramatic consequence of homeostatic failure. 

Neutrophils are innate effector leukocytes comprising the first line of defence against invading 

pathogens. These polymorphonuclear cells express an array of cell surface receptors that enable innate 

pathogen recognition by binding conserved microbial structures, or link to adaptive recognition by 



 

binding to antibodies, or even recognise the inflammatory environment. The capacity of neutrophils 

to mount an immediate and rapid response and efficiently kill microbes via an arsenal of different 

mechanisms is critical for host defence, but may also contribute to tissue injury during inflammation, 

particularly in the context of dysregulated immunity. In addition, neutrophils have diverse emerging 

roles in the regulation of immune function and inflammation resolution. This thesis will examine the 

protective and pathological roles of neutrophils during systemic inflammation associated with the 

development of shock. In the first instance, a model of endotoxic shock induced by high dose 

lipopolysaccharide (LPS) and, secondly, IgG-dependent anaphylactic shock. 

 



 

1.1 Myeloid cells of the innate immune system 

Myeloid cells are, in the most part, derived from precursors in the bone marrow. A common 

myeloid progenitor cell gives rise to granulocytes, including neutrophils, monocytes, erythrocytes and 

platelets. Recent data suggests an early developmental separation of a neutrophil and monocyte 

precursor (NMP), at the same time as the common lymphoid precursor (CLP), from an alternate 

lineage giving rise to megakarayocytes and erythrocytes (MEP) and eosinophils, mast cells and 

basophils (EMP) [2, 3]. At different stages of development myeloid cells can migrate to take up 

residence in the tissues; resident tissue cell populations coexist with those recruited during 

inflammation or injury. 

Considering the function of myeloid cells in immunity, it is apparent that the diverse and 

specialised roles of phagocytes and granulocytes create an intricate network of host defence. Significant 

phenotypic plasticity is afforded between homeostatic and inflammatory conditions, as well as between 

tissue resident cells and those that are recruited during an inflammatory response [4]. Nearly every cell 

type has its canonical function, or that for which it was originally identified; yet most do far more than 

that. This introduction will address some of the most pertinent aspects of the innate myeloid system to 

provide a context for the studies of this thesis work. Firstly, neutrophils as a major focus, secondly 

monocyte/macrophages, and thirdly other granulocyte populations mast cells, basophils and 

eosinophils. Each of these populations has been suggested to contribute to local and systemic 

pathological inflammation. 

It is particularly relevant to appreciate how myeloid cells can detect and respond to 

inflammatory stimuli, whether derived from pathogen associated molecular patterns (PAMPs) or host-

derived danger associated molecular patterns (DAMPs). PAMP recognition is achieved primarily by 

pattern recognition receptors (PRRs), which may be expressed on the cell surface or as soluble 

opsonising factors: for example Toll-like receptor 4 (TLR4) that recognises the lipopolysaccharide 

(LPS) of gram-negative bacteria. Antibodies represent a crucial link between adaptive and innate 

immunity: they confer the innate myeloid cell system with an adaptive specificity, and myeloid cells 

express numerous cell surface antibody receptors.  

 



 

1.1.1 Neutrophils 

Fifty to seventy percent of circulating leukocytes in human blood are neutrophils. In mice 

housed in Specific Pathogen Free (SPF) conditions this figure is closer to ten to twenty-five percent, 

yet neutrophil numbers can increase dramatically during infection or following an inflammatory 

stimulus. Mature neutrophils have a diameter of 7–10μm and possess a segmented nucleus, leading to 

their alternate alias PolyMorphoNuclear cells (PMNs). As granulocytes, their cytoplasm is enriched 

with granules and secretory vesicles. Neutrophils are defined in human blood by CD66 and CD15 

expression. In the mouse, neutrophils are distinguished by high levels of expression of CD11b, a 

component of Mac-1 integrin expressed by the majority of myeloid cells, and the surface marker 

Granulocyte antigen 1 (Gr-1), which comprises two molecules Ly-6C and Ly-6G. Neutrophils express 

intermediate levels of Ly-6C, which can also be prominently expressed by monocytes, but distinctively 

high levels of Ly-6G, and therefore the latter is considered a unique surface marker. 

In order to examine the role of neutrophils in inflammation, several important aspects of these 

cells will be introduced in the following sections: firstly, neutrophil development and granule 

formation and release; then, their lifespan in circulation, release from the bone marrow and turnover; 

and their recruitment and migration. Furthermore, the mechanisms of microbial killing by neutrophils 

will be described, as well as the perceived phenotypic heterogeneity of these cells; the former which is 

associated with inflammatory cues or tissue damaging effects, and the latter which may determine 

neutrophil involvement in an ongoing inflammatory response. 

1.1.1.1 Neutrophil development and granulopoiesis 

Mature neutrophils differentiate from hematopoietic precursors (HSCs) in the bone marrow. 

The daily production of neutrophils is up to 1011 in healthy individuals, a figure that can increase 

several-fold during infection [5]. Granulocyte colony stimulating factor (G-CSF) supports neutrophil 

production and is essential for increasing this production during infection; yet is not absolutely 

required for neutrophil development as G-CSF knock-out mice still generate mature neutrophils at 

about 25% of normal levels. A transcriptional regulatory network governed mostly by the 

transcription factors PU.1 and C/EBP  controls the differentiation of HSCs towards granulocytes. 

PU.1 is necessary for myeloid commitment, and thereafter the balance between PU.1 and C/EBP  

controls lineage commitment [6, 7]. The transcription factor growth factor independent-1 (Gfi-1) is 

necessary for neutrophil differentiation [8, 9]. Upregulated during commitment to the granulocyte 

lineage, Gfi-1 represses the monocyte-promoting transcription factor Egr2 [10] and the gene Csf1, 



 

coding for the cytokine CSF-1 which supports monocyte development [11] (Figure 1.1). Mutations in 

Gfi1 that affect its transcriptional repressor activity lead to severe neutropenia, in humans [12] and 

mice [9, 13], a phenotype which has been applied to study the effect of neutrophil absence in different 

mouse models. After 4-6 days in the bone marrow, neutrophils are released into the circulation from 

the post-mitotic pool (Figure 1.1) (see section Neutrophil lifespan and aging). 

Neutrophils are filled with granules and secretory vesicles, which play a pivotal role in 

neutrophil function [14, 15]. Granules are stores of proteins containing membrane surface receptors, 

antimicrobial products, and enzymes to degrade the extracellular matrix, encapsulated within a 

phospholipid bilayer membrane and an intragranular membrane. Their contents may be destined for 

exocytosis or fusion with the phagosome [14, 15]. The large majority of neutrophil functions, from 

migration to extravasation to microbial killing, are guided by the mobilization of cytoplasmic granules 

and secretory vesicles [5].  

The developing neutrophil passes through several stages: myeloblast, promyelocyte, myelocyte, 

metamyelocyte, band cell and, finally, polymorphonuclear (segmented) cell (Figure 1.1). Granule 

biogenesis is intrinsically linked with neutrophil development: the heterogeneity of granule subsets can 

be described based on their protein content as well as their sequential formation. According to the 

‘targeted by timing’ model of granulopoiesis, different granule proteins are synthesised during different 

stages of development, resulting in discrete granule subsets with different composition, of which at 

least three major subsets have been defined [16-20] (Figure 1.1). 

Primary granules, appearing first, have a high content of myeloperoxidase (MPO) and have 

been designated alternatively “peroxidase positive” or “azurophil” granules. As well as MPO, primary 

granules contain alpha-defensins, bacteriocidal proteins, and serine proteases [14]. The three 

neutrophil serine proteases, proteinase-3, cathepsin G, and elastase are structurally similar, exhibit 

proteolytic activity against components of the extracellular matrix, and induce the activation of other 

leukocytes, endothelial and epithelial cells, and platelets [21]. Primary granules appear to undergo 

limited exocytosis and predominantly mediate microbe killing in the phagolysomes. 

As MPO synthesis stops at the promyelocyte/myelocyte transition, granules that form later are 

peroxidase negative. Secondary, or specific, granules contain high levels of lactoferrin and collagenase 

and form at the myelocyte or metamyelocyte stage, whereas tertiary granules have a high gelatinase 

content and form in band cells and hypersegmented neutrophils (Figure 1.1). 



 

 

Figure 1.1: Neutrophil development and granulopoiesis. Neutrophils and monocytes 

develop from a common myeloid precursor; the transcriptional repressor Gf1 inhibits Egr2 and Csf1 

to promote development of the neutrophil lineage (upper panel). From the myeloblast to the mature 

neutrophil stage, granules are formed chronologically, and biosynthetic windows of granule protein 

synthesis determine the composition of primary (red) secondary (blue) and tertiary (yellow) granules 

(lower panel). Secretory vesicles (green) are formed only during the last stages of neutrophil 

maturation, and contain numerous cell surface receptors synthesised at that time, including CD14, 

CD16 and CD11b. MPO, myeloperoxidase; PR3, proteinase 3; NE, neutrophil elastase. Adapted from 

[5, 14] using the online resource Servier Medical Art. 



 

Moreover, secondary granules are larger and full of antibiotic agents such as lactoferrin and 

lysozyme. Neutrophil matrix mellaproteases (MMPs) include collagenase (MMP8) of secondary 

granules [22], gelatinase (MMP9) of tertiary granules, and leukolysion (MT6-MMP/MMP- 25), 

which is distributed across these two subsets and is also contained in secretory vesicles [23]. These 

MMPs enable degradation of the vascular basement membrane and interstitial structures to facilitate 

neutrophil recruitment and migration. The exocytosis of granules is a tightly regulated hierarchical 

process [15], which occurs inversely to their formation: as such, tertiary granules are more easily 

exocytosed than secondary granules. This aligns with a general model whereby tertiary granules are a 

reservoir of enzymes (gelatinase) and surface receptors necessary for neutrophil extravasation and 

migration, while secondary granules are mobilised for migration within the tissue (collagenase) and 

antimicrobial functions, whether by fusion to the phagosome or to the exterior of the cell [14, 21, 24]. 

Thus, although neutrophils are armed with an arsenal of cytotoxic and potentially tissue-damaging 

agents, in an inflammatory response the regulated exocytosis of granules permits the targeted release of 

their contents, minimizing collateral damage. 

Secretory vesicles, on the contrary to granules, are formed by endocytosis during the late stages 

of neutrophil maturation, and are rapidly released upon chemotactic stimulation [25, 26]. Upon 

release, their membrane is incorporated with the surface membrane of the neutrophil; thereby, 

secretory vesicles are seen to be critical reservoirs of membrane surface receptors necessary for the early 

stages of neutrophil activation and adherence to the vasculature. These include β2-integrin CD11b/ 

CD18 (Mac-1, CR3) [27], the complement receptor 1 (CR1)[28], the receptor for endotoxin CD14 

and the IgG receptor FcRγIII (CD16) [29]. In this manner, secretory vesicles can transform a resting 

neutrophil, with few surface receptors and minimal responsiveness to soluble mediators, to an 

extremely responsive cell [30]. 

1.1.1.2 Lifespan, margination and aging 

Always considered as short lived cells, with a half-life of just several hours in the blood, 1.5h 

for mice and 8h for humans, recent evidence suggests that neutrophils can in fact live much longer in 

the circulation, with a lifespan up to 12.5h for mice and 5.4 days for humans; although the latter 

findings have been subjected to criticism [31]. Certainly the real figure lies somewhere in between, yet 

the lifespan of neutrophils is extended after activation, by inhibition of apoptosis pathways [32]. Some 

data also suggests that mature neutrophils have a limited proliferation potential after exiting the bone 

marrow; but, most importantly, a prolonged neutrophil lifespan endows them with the capacity to 

engage in more complex activities within the tissue [33]. 



 

Neutrophil release from the bone marrow is under differential control during steady state or 

inflammation. The retention of neutrophils in the bone marrow is controlled by the 

CXCL12/CXCR4 chemokine axis and VLA-4/VCAM-1 interactions. G-CSF stimulates neutrophil 

release from the bone marrow, in part by inhibiting macrophage expression of VCAM-1 and CXCL12. 

One paradigm of maintaining leukocyte homeostasis considers that phagocytosis of dying neutrophils 

in the periphery provides negative feedback for their mobilisation from the bone marrow via an IL-

23/IL-17/G-CSF cytokine axis [34]. A model of antagonistic signalling via CXCR4 and CXCR2 

accounts for the rapid mobilisation of neutrophils during inflammation and infection [35, 36]: ligands 

for CXCR2, CXCL1 and CXCL2, expressed by bone marrow endothelial cells promote neutrophil 

retention in the steady state; whereas inflammatory mediators and chemokines in the periphery 

promote dominant CXCR2 signalling and release, and G-CSF signalling further favours neutrophil 

release [5, 37]. Dendritic cells can regulate neutrophil distribution between the bone marrow and 

peripheral organs, regulating the production of G-CSF, CXCL1 and CCL2 [38]. 

An alternative paradigm removes the distinction between ‘steady state’ and ‘emergency’ 

granulopoiesis, and postulates rather that signalling via pattern recognition molecules modulates both 

[39]. Healthy mice in normal conditions have more circulating neutrophils than those raised in aseptic 

housing; and neutropenia induced by antibody-mediated depletion raises G-CSF and stimulates 

granulopoiesis, but not in TLR4-deficient animals [40]. This model aligns with recent data indicating 

that the microbiome also regulates neutrophil aging [41]. 

Neutrophils can be found abundantly in the lung, spleen, liver and bone marrow under 

physiological conditions. The concentration of neutrophils in peripheral organs is referred to as 

‘organ-marginated’ pools, and these may represent important neutrophil reservoirs for rapid 

deployment, in addition to the bone marrow. In the case of the lung-marginated pool, neutrophils 

persist in the pulmonary vasculature much longer than accounted for by mean intravascular transit 

time, and it appears that these cells are actively patrolling the tissue, rather than merely trapped in the 

microvasculature [33]. Certainly neutrophils can be rapidly mobilised from the lung: adherence to the 

pulmonary vasculature is mediated by CXCR4-CXCL12 interactions, and the numbers of neutrophils 

in circulation can be boosted by CXCR4 blockade, which both mobilises neutrophils from the lung 

and blocks their return to the bone marrow [42]. 

CXCR4 is expressed at low levels on circulating neutrophils, and its upregulation is posited to 

promote return to the bone marrow and clearance therein. In mice, a senescent or ‘aged’ neutrophil 

population is characterised by the up regulation of surface CXCR4 and CD11b, decrease in CD62L, 



 

reduced size and nucleus hypersegmentation [43]. The homeostatic turnover of neutrophils fluctuates 

throughout the day, and controls circadian oscillations in hematopoietic stem cell mobilisation [43]. 

The increase in CXCR4 on aged neutrophils would seem to suggest that these cells preferentially 

populate the pulmonary marginal pool. Neutrophil aging is regulated by the microbiota, and 

signalling via TLRs; as such, aging predisposes to neutrophil overactivation, indicated by high CD11b 

expression and a greater propensity for the formation of neutrophil extracellular traps (NETs) [41]. 

Altogether, it is important to bear in mind that models of constitutive or inducible neutrophil 

depletion, such as will be used herein, likely have systemic effects on cytokine release and the 

hematopoietic niche. Furthermore, that depending on the age of the neutrophil these cells may exhibit 

different reactivity in vivo. 

1.1.1.3 Neutrophil recruitment into the tissue 

The neutrophil inflammatory recruitment cascade and the mechanisms underlying neutrophil 

extravasation from the bloodstream into the tissues have been well elucidated, and classically involve 

the steps of tethering, rolling, adhesion, crawling, and finally transmigration [33]. Changes to the 

vascular endothelium comprising the upregulation of P-selectin and L-selectin occurs following the 

release of inflammatory mediators by local leukocytes, including histamine, cysteinyl-leukotrines and 

cytokines, or by direct endothelial cell PRR engagement. P-selectin and L-selectin on endothelial cells 

bind to their ligands on neutrophils, including P-selectin glycoprotein ligand 1 (PSGL-1), to capture 

neutrophils from the blood flow. This manner of tethering leads to neutrophils rolling along the 

endothelium, under shear stress, and associated expression of lymphocyte function-associated antigen 

1 (LFA1), which binds to intercellular adhesion molecule 1 (ICAM1) and ICAM2 on the 

endothelium to promote cell arrest. 

Firm adhesion of tethered neutrophils to the endothelium occurs following neutrophil priming 

by inflammatory cytokines, chemoattractants, or PAMPs. Neutrophils express the integrins LFA1 (

1 2; that is 2 integrin CD11a complexed with CD18) and Mac1 ( M 2; 2 integrin CD11b 

with CD18), which bind endothelial surface molecules ICAM1 and ICAM2. Chemokine receptor 

signalling on neutrophils induces changes in the conformation of these integrins, a phenomenon 

referred to as inside-out signalling, to increase their affinity for their respective ligands, as well as an 

increase in surface CD11b from intracellular stores. Adherent neutrophils initiate probing behaviour, 

and crawl along the endothelium to reach an appropriate site for extravasation, likely guided by 

chemokines immobilised on the endothelium. 



 

Extravasation of neutrophils involves the crossing of the endothelium, and then the basement 

membrane, a process referred to as transmigration and dependent on integrins, ICAM1 and ICAM2, 

and vascular cell adhesion protein 1 (VCAM1) as well as interactions with a variety of junctional 

proteins. Endothelial cells may also undergo cytoskeletal changes to facilitate neutrophil 

transmigration. One common model is that neutrophils cross the basement membrane via the release 

of granules containing active proteases – yet evidence for a protease requirement in this process is in 

fact scarce [5, 33]. Rather, neutrophils may emigrate through more porous and less dense regions of 

the basement membrane [44].  

Unique strategies for neutrophil extravasation evidently correspond to different specific 

vascular beds. In the pulmonary circulation, low blood velocity means that neutrophil extravasation 

can occur in the small capillaries. The liver sinusoidal endothelium is particularly porous, and the 

narrow vasculature also results in a large marginated pool of neutrophils. Recruitment via the portal 

venules is distinct to the sinusoidal capillaries. Finally, described above are the strategies for 

transendothelial neutrophil migration, much of which has been observed by in vivo imaging, however 

transepithelial migration also occurs and is particularly relevant at mucosal surfaces, for example the 

lung and the gut. Transepithelial migration requires the leukocyte integrins Mac1 and LFA1, but not 

the apically expressed ICAM-1/VCAM-1 [45]. The triggering receptor expressed on myeloid cells 

(TREM)-1 was implicated in transepithelial migration associated with acute lung injury [46]. 

Together these considerations imply that neutrophils in the tissue, and indeed different tissues, having 

undergone the sequential steps of extravasation and migration, have a different phenotypic and 

activation profile compared to naïve cells in the circulation. 

1.1.1.4 Multidirectional migration 

Neutrophil reverse transmigration, that is the capacity for neutrophils to migrate from the 

tissue back to the bloodstream, was originally demonstrated in vitro: after ablumunial to luminal 

migration, neutrophils exhibited an ICAM-1hi phenotype, prolonged lifespan, and increased capacity 

for superoxide production, and phenotypically similar neutrophils could be found in the circulation 

[47]. Thereafter, in vivo neutrophil reverse transmigration was described in the context of ischemia-

reperfusion injury or high levels of leukotriene B4 (LTB4) [48, 49]. The capacity for neutrophils to 

migrate out of the tissue and rejoin the circulation suggests a capacity to transmit inflammatory signals 

and systemically influence responses. Indeed, ICAM-1hi neutrophils were identified in organs distal to 

the site of inflammation [48, 49]. 



 

Neutrophils can also exit the tissue via the lymphatics, and thereby shuttle antigen from sites 

of exposure, such as the skin, to secondary lymphoid organs following infection or immunisation [50-

52]. Lymph node migration by neutrophils is in accordance with their capacity to promote some T 

cell responses, as well as to regulate antigen presentation and the extent of lymphocyte proliferation 

[51-55]. 

1.1.1.5 Killing mechanisms of neutrophils: phagocytosis, oxidative burst, MPO & NETs 

Phagocytosis is the hallmark of innate immune defence, involving the engulfment of living 

pathogens or other targets, most notably by macrophages, but also by neutrophils. Pathogen 

recognition via direct PRRs or ligation of receptors for humoral factors (such as receptors for IgG, 

FcγR) results in actin polymerization and cytoskeletal remodelling such that the phagocyte can extend 

its plasma membrane. The resulting pseudopodia structure surrounds the target and fuses to 

encapsulate the target within an intracellular vesicle called a phagosome. In macrophages, phagosomal 

acidification and fusion with lysosomes, oxidative compartments filled with antimicrobial enzymes 

and proteins, leads to the killing, degradation and elimination of the engulfed target [56]. In 

neutrophils, the phagosomal pH remains alkaline or neutral, facilitating the enzymatic action of 

neutrophil serine proteases. The coordinated fusion of neutrophil granules with phagosomes permits 

the targeting of potent and toxic granule proteins to the ingested target, minimizing release into the 

extracellular milieu [15]. Conversely, engagement of neutrophil phagocytic receptors by IgG or 

complement deposited on large surfaces, which cannot be engulfed, results in ‘frustrated phagocytosis’, 

and the extracellular release of granule contents and oxidative products: a highly inflammatory and 

potentially damaging outcome [45]. 

The generation of reactive oxidants via the NADPH oxidase system is vital for optimal 

neutrophil microbicidal activity [39]. Its assembly and activity in phagocytes requires the translocation 

of a cytoplasmic complex containing p47phox, p67phox and p40phox to the membrane bound heterodimer 

of gp91phox and p22phox [57, 58]. In a resting state, the gp91phox -p22phox heterodimer (the 

flavocytochrome b558) resides predominantly in the membrane of neutrophil secondary (specific) 

granules (Figure 1.1). Regulation of the NADPH oxidase is thereby achieved by spatial segregation of 

its components, and no activity is detected in resting cells. Activation of the phagocyte triggers 

phosphorylation of p47phox to permit full assembly of the entire NADPH oxidase. Sustained NADPH 

oxidase activity requires a continual translocation of the cytosolic components to the membrane, and 

in neutrophils continual furnishing by membrane components derived from granule fusion. The 

NADPH oxidase generates reactive superoxide anion (O2
. –) as an immediate product, and hydrogen 



 

peroxidase (H2O2) by dismutation of the superoxide. The rapid agonist- and activation-dependent 

assembly of the NADPH oxidase to generate reactive oxygen species (ROS) is referred to as the 

‘respiratory burst’. The NADPH oxidase can also assemble at the plasma membrane, and thereby 

generate ROS in the surrounding tissue environment. The serious requirement for the NADPH 

oxidase in host defence is exemplified by patients with chronic granulomatous disease (CGD), in 

which mutations in components of the oxidase complex result in its impaired or absent function in 

phagocytes. CGD patients are predisposed to chronic and recurrent bacterial and fungal infections. 

Myeloperoxidase (MPO), the major component of neutrophil primary granules, is a crucial 

additional weapon in the neutrophil antimicrobial arsenal. MPO catalyses the conversion of hydrogen 

peroxide generated by the NADPH oxidase into hypochlorous acid (HOCl), which has much greater 

antimicrobial potency. H2O2 has a greater redox potential than HOCl, but HOCl can kill bacteria 

such as E.Coli ~1000 times faster, presumably due to its extremely rapid reaction kinetics [59]. The 

MPO-H2O2-Cl system requires a source of chloride, provided by various phagosome-associated 

transporters, primarily the cystic fibrosis transmembrane conductance regulator (CFTR). CFTR is 

associated with neutrophil secretory vesicles, but not the plasma membrane, and is recruited by vesicle 

fusion during phagocytosis: another layer of regulation to direct the cytotoxic effects of neutrophils to 

targets within. MPO deficient neutrophils are capable of killing bacteria, and MPO deficient patients 

do not exhibit the severe phenotype of CGD patients. Yet the killing by MPO-deficient neutrophils is 

slower, depending on the pathogen, and although in many cases the pathogen is eventually eliminated, 

MPO-deficient animals do exhibit an increased susceptibility to bacterial and fungal infections; 

findings that indicate an impact of pathogen load. The lack of a strong patient phenotype is more 

suggestive of compensatory mechanisms. Indeed, the MPO-H2O2-Cl system has downstream effects 

on the collective antimicrobial activity of other neutrophil granule proteins: notably, serine proteases 

are inactivated by oxidation. Moreover, since MPO catalyses the consumption of H2O2, in its absence 

the concentration of H2O2 is increased [59]. 

Neutrophils have the capacity to form structures called neutrophil extracellular traps (NETs). 

The nucleus swells and the chromatin dissolves, and the neutrophil extrudes large strands of 

decondensed DNA, decorated with associated histone proteins, as well as neutrophil cytosolic and 

granule-derived proteins. More than 24 proteins have been reported to be associated with NETs, 

mainly cationic and therefore DNA binding; defensins, elastase, proteinase 3, heparin binding protein, 

cathepsin G, calprotectin, lactoferrin, and myeloperoxidase, as well as pattern recognition molecules 

(eg Pentraxin 3) [5, 60]. Neutrophil death by NET formation is referred to NETosis, an alternative 



 

cell death pathway to apoptosis and necrosis. NETosis mechanisms are as yet incompletely elucidated. 

The enzyme PAD4 (peptidylarginine deiminase 4) is highly expressed in neutrophils and catalyses 

histone modifications important for chromatin decondensation. Neutrophil elastase, MPO and 

NADPH-derived hydrogen peroxidase have all been identified as important agents to facilitate the 

histone degradation and chromatin decondensation necessary for NET formation [5, 39]. The 

absolute requirement for MPO, or indeed ROS, in NET formation is likely stimulus dependent [61-

63]. A variety of inflammatory mediators and pathogens can stimulate NETosis, and certainly the 

strength and combination of stimuli is important. The general model considers that NETosis is 

important to ‘trap’ pathogens, and prevent dissemination of infection [45]. Emerging data identifies 

that NETs are also a major source of auto-antigens and may thereby contribute to autoimmune 

pathology. 

The antimicrobial killing mechanisms of neutrophils described here are critical for host 

defence yet entail potent inflammatory signals. During severe inflammation, the damaging side effects 

of neutrophil extravasation, or even activation within the vasculature may drive pathology. Changes in 

neutrophil phenotype during the course of an inflammatory response, or plasticity of this cell 

population to context dependent stimuli will be described below. 

1.1.1.6 Heterogeneous neutrophil phenotypes and regulatory functions 

Neutrophil phenotypes may change over time: whether as a product of activation, and up 

regulation of membrane proteins by the fusion of intracellular vesicles with the plasma membrane; or 

as a product of aging, and the expression of receptors (eg CXCR4) to promote homing to sites of 

clearance; or as a product of migratory patterns, for example the ICAM-1hi phenotype that seems to 

distinguish neutrophils after reverse transmigration from the tissues. Emerging concepts of neutrophil 

subsets or subpopulations, discretely defined by phenotypic markers, and with distinct functional 

characteristics, aligns with a more general view of neutrophils as highly heterogeneous cells with 

functional plasticity according to context and stimulus [64]. 

Despite their limited lifespan, it is now understood that neutrophils are capable of 

transcriptional and translational control. Neutrophils have a low mRNA context per cell [65], yet their 

recruitment in large numbers results in, all the same, a potentially large net impact of de novo protein 

synthesis, of cytokines for example [66]. There is now considerable evidence for neutrophil epigenetic 

and genetic regulation of gene expression [67-69]. Not limited to the release of cytokines and 

chemokines, novel protein synthesis can also extend to membrane surface receptors, for example Fc



 

RI (CD64; refer to section Antibodies and their receptors), which affects the capacity of neutrophils to 

engage and respond to IgG containing immune complexes. 

In diverse ways, neutrophils can influence the activity of other innate cells. For example, by the 

production of cytokines neutrophils can guide the immune response to pathogens: IL-13 and IL-33 

during helminth infection, IL-17 after fungal stimulation, or IFNγ during bacterial infection [70]. 

Neutrophils can enhance the responses of macrophages via TNF  and superoxide production [71], 

while neutrophil-derived microparticles or ectosomes can exert activating or anti-inflammatory effects 

on macrophages and other neutrophils [72-75]. Neutrophils can promote T cell responses by rapid 

communication between tissue sites and the draining lymph node and modulation of antigen 

presentation [52, 76], while also restricting the amplitude of T cell proliferation [53]. Activated 

neutrophils can produce B cell activating cytokines BAFF and APRIL in physiological and 

pathological contexts [77, 78]. Taken together, the early responses of neutrophils can have profound 

impacts on the evolution and later phases of the immune response. 

In addition to influencing immune effector outcomes, neutrophils have several mechanisms to 

directly regulate the inflammatory environment, and to promote inflammation resolution [79]. 

Localised consumption of oxygen by the neutrophil respiratory burst results in micro-environmental 

hypoxia; in the intestine, this stabilises hypoxia inducible factor (HIF) in the intestinal epithelium, 

thereby promoting the resolution of inflammation – if neutrophils are deficient in NADPH oxidase, 

chronic inflammatory diseases of the gut manifest [80]. Apoptosis-associated neutrophil release of 

lactoferrin release inhibits ongoing granulocyte recruitment [81] and promotes dendritic cell 

recruitment [82].  

Interleukin-10 (IL-10) is a cytokine with broad anti-inflammatory properties and pleiotropic, 

largely counter-regulatory effects across the immune system. Certainly mouse neutrophils can produce 

IL-10 [83, 84], although IL-10 production by human neutrophils is controversial [85-87]. IL-10 

production by human neutrophils has been detected in response to serum amyloid A, an acute phase 

and abundant protein secreted during inflammation [87, 88], and directly following LPS stimulation 

[89]. Other authors postulate, however, that the IL-10 locus in human neutrophils is under an 

inactive chromatin configuration, therefore resisting inducible expression of this gene [90]. 

Interestingly, it was recently demonstrated that LPS-stimulated Tregs can induce IL-10 production by 

human neutrophils, which was associated with a changing chromatin configuration, IL-10 receptor 

upregulation, an IL-10 autocrine and paracrine loop and the induction of neutrophil apoptosis [86]. 



 

Moreover, IL-10+ neutrophils were found in periodontal abscesses of patients with gram-negative 

bacterial infections, providing some in vivo validation of neutrophil-associated IL-10. 

In many aspects, neutrophils are self-limiting. Neutrophil functions are modulated by both 

activating and inhibitory cell surface receptors [91, 92]). Products of the oxidative burst (HOCl) can 

inhibit neutrophil proteases by oxidation, while proteases themselves can catabolise various mediators 

and generate anti-inflammatory peptides [5]. Neutrophils are a major source of lipid mediators of 

inflammation: prostaglandins and leukotrines, products of the arachadonic acid biosynthesis pathway, 

are rapidly synthesised by lipoxygenases and cyclooxygenases of activated and tissue infiltrating 

neutrophils. These have also chemoattractant properties for neutrophils, as well as diverse effects on 

the inflammatory milieu and endothelial and epithelial cells. Yet the initial phase of proinflammatory 

mediator production is followed by a ‘switch’ in eicosanoid synthesis by infiltrated neutrophils, to the 

production of pro-resolving lipid mediators [93], including lipoxins and resolvins [94, 95] (see section 

Neutrophil death and inflammation resolution).  

 



 

1.1.2 Monocytes, Macrophages and Mononuclear Phagocytes 

Macrophages are professional phagocytes, leading members of the so-called ‘mononuclear 

phagocyte system’, which also includes monocytes and monocyte-derived dendritic cells [96, 97]. 

These cells are not only important for the phagocytosis of pathogens but also the clean up of dead, 

dying and senescent cells throughout the body, and they contribute critically to tissue remodelling and 

repair. Thereby, monocytes and macrophages can be implicated in systemic inflammation either 

during its propagation or resolution. This section will introduce briefly monocytes and macrophages, 

and their role in inflammation will be described in the respective section Systemic inflammation. 

Monocytes arise in the bone marrow from a myeloid progenitor common with neutrophils, 

and circulate in the blood at frequencies of about 5-10%. Macrophage colony stimulating factor (M-

CSF) is the major cytokine for their development and proliferation. Following inflammatory insult or 

infection, monocytes are recruited from the blood to the tissues and undergo differentiation into 

macrophages and dendritic cells, forming specialised populations within the tissue microenvironment 

[96]. 

Tissue macrophages can also have prenatal origins, more recently confirmed by fate mapping 

studies. Tissue resident macrophages can derive from precursors originating in the embryonic yolk sac 

and seeded into the tissue before birth, and their local proliferation has a considerable role in self-

renewal of resident cells [98-100]. Both blood-borne monocyte precursors and yolk-sac derived cells 

may be equally important to replenish tissue macrophage populations during inflammation resolution 

[101]. The complex nomenclature of monocyte and macrophage subsets is amplified by their 

differences in origin and tissue location, and the functional plasticity of these cells in response to 

different environmental stimuli [102, 103]. 

The function of macrophages in different tissues has been recently well reviewed [101, 102]. 

The bone marrow contains stromal macrophages, which have an important function in clearing the 

nuclei of erythrocyte precursors [104, 105], and osteoclasts, that work with osteoblasts to control bone 

resorption and remodelling, and regulate the movement of HSCs [106]. The spleen contains several 

diverse macrophage subsets, including F4/80+ red pulp macrophages that, along with Kupffer cells of 

the liver, are important for erythrocyte turnover and iron recycling [107]. Phagocytic macrophages in 

the marginal zone of the spleen express DC-SIGN and the scavenger receptor MARCO, important for 

apoptotic cell clearance and capture of blood antigens [108]. As well as lymphoid tissues, specialised 

macrophages are abundant in all organs including the liver (Kupffer cells), lung (alveolar macrophages), 



 

skin (Langerhans’s cells), nervous system (microglia), adipose tissue and body cavities (peritoneal and 

pleural). Tissue specific factors and environmental cues guide transcriptional control of gene 

expression and therefore the diverse functional specialisation of these cells [101, 102]. Macrophages 

have fundamental roles in homeostatic clearance of apoptotic cells in multiple tissues, and defects in 

this clearance contribute to autoimmune and chronic inflammatory diseases [109]. 

Circulating blood monocytes exhibit also some heterogeneity. The two major populations in 

humans are CD14hiCD16- and CD14lowCD16+; the latter comprises between 10% and 50% of blood 

monocytes, as it is expanded during inflammation, leading to the descriptor ‘inflammatory’ or ‘non-

classical’ monocytes, as distinct from CD14hiCD16- ‘classical’ or ‘resident’ monocytes [110]. The 

analogous populations in the mouse are Ly6ChiCD43+ classical monocytes and Ly6ClowCD43hi non-

classical monocytes [111], usually defined as subsets of the CD115 (CSF-1) positive population, 

although this monocyte marker can be down-regulated during inflammation. A splenic reservoir of 

undifferentiated monocytes has been also described [112]. Generally, a model has emerged whereby 

bone marrow derived monocytes are released into the circulation with a Ly6Chi phenotype: in the 

absence of inflammation these cells pass through a Ly6Cmed phenotype and switch to Ly6Clow resident 

monocytes, which can enter the tissues and replenish resident populations. On the other hand, both 

Ly6Chi and Ly6Cmed monocytes can migrate into inflamed tissues and differentiate to macrophages and 

dendritic cells following pro-inflammatory cues [96]. 

At a certain point, two main polarised macrophage subsets were delineated; M1 ‘classical’ 

versus M2 ‘alternatively’ activated macrophages, to reflect the nomenclature of T helper cell subsets 

(reviewed in [113, 114]). Prototypical inflammatory signatures elicit M1 macrophages, including the 

cytokine IFN  and TLR4 ligation, associated with macrophage production of IL-6, TNF and IL-1 . 

M2-type macrophages, on the other hand, have been described to be elicited via a spectrum of 

alternative signatures, including IL-4, Fc R ligation, glucocorticoids and IL-10 [115]. The M1/M2 

concept reflects also the metabolic programming of the cells [116]. Yet this dichotomous view of 

macrophage activation is at odds with the considerable amount of evidence that macrophages do not 

form stable subsets in vivo, and that the activation status may change according to environment and 

stimuli, creating complex and mixed phenotypes [115, 117]. Rather than discrete subsets, M1 and M2 

signatures are not mutually exclusive and form part of a spectrum of possible activation profiles, 

representing a modulation of macrophage critical functions [115]. 

 



 

1.1.3 Mast cells, Basophils and Eosinophils 

Mast cells, basophils and eosinophils derive from a common precursor [2], and have key roles 

in inflammatory responses, particularly initiated at epithelial barriers such as the skin, lung, and 

gastrointestinal tract. These granulocyte populations contribute to classical type 2 immunity, 

comprising also T helper 2 cells (Th2) and innate lymphoid cells type 2 (ILC-2), which is critical for 

barrier defence, particularly against parasitic helminths, or airborne pathogens, but can drive chronic 

inflammation in the context of allergic asthma or dermatitis. Mast cell and basophil activation is 

particularly implicated in the classical pathway of systemic anaphylaxis induction by IgE antibodies 

(see section Systemic inflammation: Anaphylaxis), whereas eosinophils are heavily implicated in allergic 

airway inflammation. 

Mast cells 

Mast cells derive from bone marrow progenitor cells that migrate into tissues wherein they 

complete their maturation, under the synergistic influence of stem cell factor (SCF) and locally 

produced cytokines [118-120]. The phenotype of the mature mast cell thereby depends upon the 

tissue in which differentiation occurs, and the microenvironmental signals accorded [121]. Mature 

mast cells reside in virtually all vascularised tissue, are particularly prevalent in the skin and mucosa of 

the genitourinary, respiratory and gastrointestinal tracts, and are found in close proximity to blood 

vessels, nerves, smooth muscle cells, epithelial cells, mucous producing glands and hair follicles [122, 

123].  

Tissue-resident mast cells are a long-lived population of large cells (6-12 m) identifiable by a 

common morphology, prominent electron-dense cytoplasmic granules, and high levels of expression of 

c-kit (CD117), the receptor for stem cell factor (SCF) [124] and FcεRI, the high affinity IgE receptor. 

Mast cell specific serine proteases (tryptase and chymase) account for the majority of protein present in 

mast cell granules. Beside these, mast cell granules contain preformed mediators such as histamine, 

proteoglycans (including heparin) and carboxypeptidase A. Histamine is a potent mediator causing 

bronchoconstriction, bronchial smooth muscle contraction and vasodilation, and reactions such as 

urticaria and itch. A wide range of ligands and cytokines can activate mast cells. FcεRI aggregation 

results from recognition of a polyvalent antigen by IgE bound to the surface; mast cells express also 

receptors for IgG (FcγR) and TLR, C5a and C3a receptors. Activation can result in degranulation: the 

rapid release of packaged mediators into the surrounding tissue. If activated through surface c-kit or 

FcεRI, mast cells can rapidly synthesise eicosanoid mediators from endogenous stores of arachidonic 



 

acid. Mast cells can produce cytokines, including TNF , IL-3, GM-CSF, IL-5, IL-6, IL-10 and IL-

13 [125]. Mast cells and their products can thereby influence immune responses in diverse modulatory, 

stimulatory or suppressive ways [126]. 

Basophils 

Basophils share several features of mast cells, including high levels of FcεRI expression and 

granulocytic morphology, yet are smaller (5-8μm) and have a lifespan of days rather than months. 

Contrary to mast cells, basophils mature in the bone marrow and have a predominantly intravascular 

location, constituting less than 1% of leukocytes in the peripheral blood [127]. IL-3 is an important 

basophil pro-growth and survival factor. Basophils can also be activated by FcεRI aggregation or C5a 

and C3a receptor ligation, and may be primed by cytokines (IL-3, IL-5 and GM-CSF). TLR2 or 

TLR4 ligation leads to basophil production of IL-4 and IL13 and also potentiates their activation. 

Histamine is the major component of basophil granules, and is packaged complexed with 

proteoglycans. The heparin and tryptase content of basophil granules is thought to be much lower 

than that of mast cells. Basophils can rapidly synthesise the three cysteinyl leukotrines LTC4, LTD4 

and LTE4. Notably, basophils are a major source of IL-4, which they can rapidly secrete at high levels. 

[125, 128] 

Eosinophils 

Eosinophil development occurs in the bone marrow, and mature eosinophils are released into 

the circulation after IL-5 stimulation, although a prominent pool remains in the bone marrow: their 

half-life in circulation is akin to that of neutrophils, around 8-18h. The cationic proteins contained 

within their specific granules determine the unique staining properties of eosinophils. These comprise 

major basic protein, eosinophil peroxidase, eosinophil cationic protein and eosinophil-derived 

neutrotoxin, and are toxic to microbes and particularly parasites. Eosinophils also contain lipid bodies, 

which are not vesicles but cytoplasmic structures that are major sites of eicosanoid synthesis. Unlike 

basophils and mast cells, eosinophils express FcεRI at very low levels, but exhibit prominent expression 

of IgG and IgA receptors (FcγRIIA/III and FcαRI), and crosslinking of antibody receptors is most 

potently effected by secretory IgA. Exocytosis can be complete or piecemeal. Like basophils, 

eosinophils can be primed by cytokines (IL-3, IL-5, GM-CSF), chemokines and PAF. Eosinophils can 

produce a very wide range of cytokines, but at low levels compared to other leukocytes, and their 

effector mediators are more prominently lipid-derived: LTC4, PGE2, thromboxane and PAF [125].  

 



 

1.2 Neutrophil death & inflammation resolution: a focus on lipid mediators 

It is now well established that controlled cell death and clean up is critical to initiate pro-

resolving pathways: immunologically quiescent removal of dead cells is critical to normal development 

and homeostasis, as well as to inflammation resolution [129]. Neutrophil apoptosis, in particular, is an 

important aspect [130]. Once infiltrated into the tissue, neutrophils can reverse transmigrate or return 

via the lymphatics, as described above, however neutrophil apoptosis and uptake by macrophages is 

the dominant pathway of clearance. In the context of infection, exposure to bacterial products 

prolongs neutrophil survival, but phagocytosis triggers apoptosis, and apoptotic cells are taken up by 

both resident and recruited macrophages [131]. 

Macrophage uptake of aging or apoptotic neutrophils is an important mechanism to limit 

inflammation and potential tissue injury induced by neutrophil products, as well as to dampen the 

inflammatory responses of macrophages themselves. After ingestion, macrophages adopt an anti-

inflammatory phenotype [132]. Indeed apoptotic cells influence phagocyte reprogramming through 

pleiotropic immune regulatory pathways, [133, 134]. Not only do neutrophils switch from synthesis 

of inflammatory to pro-resolving lipid mediators [93], lipoxin production by neutrophils promotes 

their uptake by macrophages, and macrophage production of specialised proresolving mediators 

resolvins, protectins and maresins [94]. 

From proinflammatory mediators to agonists that actively promote resolution: the temporal 

regulation of lipid mediator production has become a new paradigm of inflammation resolution. This 

is a critical point as we go on to consider the role of neutrophils in systemic inflammation. Firstly, that 

neutrophil production of lipid mediators can be associated with both inflammatory and resolving 

signatures; and secondly, that the initial inflammatory signature initiates biosynthesis pathways that 

also actively promote resolution. 

 



 

1.3 Antibodies & their receptors: conferring innate immune cells with 

adaptive specificity 

Antibodies, or B cell-derived immunoglobulins, represent the potent humoral arm of adaptive 

immunity and are critical for host defence; yet the effective function of antibodies is equivalently 

implicated in disease pathogenesis, from autoimmunity to allergy. Antibody receptors, including 

receptors for IgG (FcγR) and receptors for IgE (FcεR), have diverse in vivo functions and patterns of 

expression, and control antibody-induced activation and/or recruitment of immune cells, which can 

mediate inflammation and disease progression, or resolution. One major component of this thesis is 

the role of IgG antibodies and their receptors in driving the systemic inflammation associated with 

anaphylactic shock. This section will describe the production of antibodies, their subclasses, and their 

receptors, with a focus on classical cell surface receptors for IgG (FcγR) and their differences between 

mice and humans, which informs how we can apply mouse models to study IgG-dependent 

inflammation. 

1.3.1 B cells and the BCR 

Adaptive immunity encompasses B and T lymphocytes with specific antigen recognition 

receptors, the B cell receptor (BCR) and the T cell receptor (TCR). These lymphocytes develop from a 

common lymphoid progenitor; T cells undergo maturation in the thymus and B cells mature in the 

bone marrow [135]. The antigen receptors of B and T cells develop by way of numerous enzymes 

which coordinate to rearrange the genes coding for the variable regions of these receptors, in a process 

called V(D)J recombination. Successful rearrangement of genetic elements within the 

immunoglobulin (Ig) or Tcr loci permits the functional expression of a BCR or the TCR, respectively, 

containing a variable region with a unique specificity. The power of this system is to generate an 

enormous diversity of receptor specificities from a small region of DNA, thereby facilitating the 

generation of a wide range of potential immune reactivities. Immune checkpoints and balances during 

cell development control the emergence of mature T and B cell clones with distinct reactivities and a 

tolerance to self, or host-derived molecules. 

The coordinated activation of B and T cells occurs for the most part in specialized lymphoid 

structures, most notably the spleen and the lymph nodes. Whereas T cell activation absolutely depends 

on other cells presenting antigen, for example macrophages or DCs, in the context of antigen 

presentation molecules (major histocompatibility complex; MHC), B cells can directly interact with 



 

antigen via the BCR. Importantly, the BCR provides the direct template for subsequent antibody 

production. When a B cell encounters its cognate antigen, it receives activating signals, and the 

addition of costimulatory signals via PRRs, proinflammatory factors or cytokines permit full cellular 

activation. Rapid clonal expansion of activated B and T cell populations permits a full and potent 

adaptive immune response. Critically, however, the activation of these adaptive lymphocytes takes 

time, and this lag phase contrasts with the rapid activation of leukocytes of the innate immune system. 

B cells can undergo additional changes to their BCR prior to differentiation to become an 

antibody-secreting plasma cell. This process is referred to as affinity maturation, as the affinity of the 

BCR becomes greater for its respective epitope, the site of antigen binding, by way of small 

modifications within the variable region. After receiving appropriate helper signals from interaction 

with a T cell of shared specificity (T-dependent antigens), or suitable PRR and cytokine signalling (T-

independent antigens), B cells experience somatic hypermutation, achieved by a different set of 

enzymes than the original V(D)J arrangement. Within the germinal centre of a secondary lymphoid 

organ, after somatic hypermutation B cells test their modified BCRs on antigens presented to them by 

follicular dendritic cells. The population undergoes affinity maturation, as more high affinity clones 

are selected for with survival signals, and clones of lower affinity undergo apoptosis. B cells can 

undergo multiple rounds of affinity maturation, both within a single immune response and over 

several antigen exposures over the lifetime of the individual. A high affinity B cell clone can 

differentiate to become a memory B cell, and thereby preserve the fine antigen recognition for 

subsequent encounter; the hallmark of adaptive immunity. Most of the B cell clones, however, 

differentiate to become plasma cells, or antibody-producing cell factories [136, 137]. 

1.3.2 Antibodies and their classes 

Antibodies are composed of two light chains and two heavy chains, connected by disulphide 

bridges. Each chain contains several immunoglobulin domains: a variable domain, plus one or several 

constant domains. The variable domains of one light chain and one heavy chain come together to 

form the antigen-binding portion of the BCR or antibody molecule. Antibody diversification is not 

limited to the variable region, described above. Naive B cells express only IgM and IgD, but other 

immunoglobulin classes or subclasses (isotypes) can be elicited. Immunoglobulin class switching is the 

process by which B cells can change the isotype of the antibody they produce: that is, the constant 

region of the antibody molecule can be changed while retaining the binding specificity conferred by 



 

the variable region. While the variable regions determine the exquisite specificity of antibodies, the 

constant regions of the antibody molecule enable and determine the in vivo functionality. 

Changing constant regions occurs by class switch recombination (CSR), a genomic 

modification that replaces the expressed  constant region (C ) of the heavy chain with a 

downstream region C , C  or C , thereby determining B cell production of antibody isotypes 

IgG, IgE or IgA. Notably, IgD is generated by alternative splicing of the germline transcript, and not 

by CSR. CSR is central to the maturation of the antibody response, because different immunoglobulin 

isotypes can promote a specialised immune response to different pathogens, engaging different effector 

functions. The engagement of B cell PRRs and the local production of cytokines critically determine 

the type of CSR that occurs. Synergy between PRR and cytokine receptors within the B cell informs 

the targeting of the CSR machinery [138]. 

IgM is secreted as pentamers or hexamers, with a high avidity for antigens with repetitive 

motifs, and a strong potential for activation of the complement cascade. It is effectively released in the 

early phases of B cell responses, where prior to affinity maturation the avidity of the antibody-antigen 

interaction is of greater importance. Yet IgM molecules cannot pass into the extravascular space, and 

do not recruit cellular effectors as efficiently as other isotypes. Conversely, monomeric IgG, IgE and 

IgA can be distributed systemically to tissues, to therein mediate a large variety of effector functions. 

IgG is the most dominant antibody subclass, exhibits the highest rate of synthesis and longest 

biological half-life: IgG1 antibodies are present at serum concentrations of 5-12mg/ml with a half-life 

of 21 days. Classically speaking, in humans, IgG1 and IgG3 are effective against viruses, IgG2 against 

encapsulated bacteria, IgG4 and IgE against large extracellular parasites, and IgA1 and IgA2 against 

pathogenic bacteria at the mucosa. 

1.3.3 IgG antibody receptors (FcγγR) 

The Fc receptors of mice and humans endow myeloid cells, as well as NK cells and B cells, and 

human platelets, with the capacity to interact directly with antibodies of each of the different 

subclasses (reviewed in [139]). Mice and humans express a single IgM receptor (FcμR), two receptors 

for IgM and IgA (PolyIgR and Fcα/μR) and two IgE receptors (FcεRI and FcεRII/CD23). Humans 

express uniquely an IgA-specific receptor hFcαRI/CD89. Mice express four classical surface receptors 

for IgG: the activating mFcγRI, mFcγRIII and mFcγRIV, and the inhibitory mFcγRIIB; as well as the 

recycling receptor mFcRn (Figure 1.2). Humans, on the other hand, express six classical IgG surface 

receptors: hFcγRI (CD64), hFcγRIIA (CD32A), hFcγRIIB (CD32B), hFcγRIIC (CD32C), 



 

 
 

Figure 1.2: Mouse and human IgG receptors (FcγR). Schematic representation of classical 

cell surface expressed mouse and human FcγR. The grey bar represents the cell membrane. 

Associated intracellular signalling motifs are indicated: ITAM, immunoreceptor tyrosine-based 

activation motif (green); ITIM, immunoreceptor tyrosine-based inhibitory motif (black). 

 

 

hFcγRIIIA (CD16A) and hFcγRIIIB (CD16B), and the recycling receptor hFcRn. Intracellularly, 

mice and humans express TRIM21, which is critical to viral degradation within the proteasome [140]. 

Humans express additionally FcRL4 and FcRL5, which are Fc-like receptors for IgG with homology 

to FcγR, expressed on B cells. Thus, considerable differences in IgG receptors exist between mice and 

human species, impacting how we can use mouse models to understand the role of antibodies in 

immune defence and pathology. 

1.3.3.1 High and low affinity FcR 

The association constants of Ig-FcR interactions range from 2 x104 M-1 to 1 x1010M-1. The 

notion of high affinity and low affinity FcRs, although relative, is practical to consider the way in 

which these receptors can interact with a ligand (Figure 1.2). High affinity receptors can bind free or 

monomeric Ig, and thus their binding sites are theoretically occupied in vivo, whereas low affinity 

receptors can only bind Ig when present in a multivalent context: in an immune complex, aggregated, 

or opsonised. The canonical example of a high affinity receptor is Fc RI, which can be sensitised or 

‘armed’ by administration of a specific IgE, and thereafter rapidly aggregated by administration of a 

Mouse IgG Receptors

mFc RI mFc RIIB mFc RIII mFc RIV mFcRn

hFc RI hFc RIIA hFc RIIB hFc RIIC hFc RIIIA hFc RIIIB hFcRn
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specific antigen, both in vitro and in vivo. Fc RI-bound IgE can remain for about a day, with an 

interaction half-life of 19h, and thereby retention of specific IgE on the cell surface can persist as a 

type of ‘memory’. 

 

The high affinity IgG receptors, mFc RI, mFc RIV and hFc RI, although capable of 

binding monomeric IgG, have a reduced affinity of interaction compared to the high-affinity IgE 

receptor. These former are also theoretically occupied in vivo, yet with a shorter half-life of interaction. 

Studies of the in vivo function of mFc RIV and hFc RI clearly indicate that they are available for 

interaction with IgG to promote cell activation, whether by engagement with circulating IgG immune 

complexes in the context of systemic inflammation, or IgG deposited in the tissue, exemplified in the 

context of inflammatory arthritis [141, 142]. Fc receptor ‘inside-out’ signalling, initiated by cytokines 

or PRR ligation, has been postulated to change the relative affinity of high affinity hFc RI for 

multivalent compared to monovalent engagement ([143] and reviewed in [144]). These concepts are 

important to bear in mind when considering the induction of inflammation by circulating immune 

complexes or opsonised cells, as opposed to monomeric ligation. 

1.3.3.2 Activating versus inhibitory: ITAMs and ITIMs 

Activating antibody receptors for IgG and IgE mediate intracellular signalling via 

immunoreceptor tyrosine-based activation motifs (ITAMs). hFc RIIA and hFc RIIC contain an 

ITAM situated within the receptor cytoplasmic tail. Conversely, mouse mFc RI, mFc RI, mFc

RIII and mFc RIV and human hFc RI and hFc RIIIA lack intrinsic signalling motifs and 

associate with the transmembrane adapter molecule Ig-FcR common -chain (FcR ). Upon 

receptor ligation and aggregation, Src family kinases (Hck, Lyn, Fgr and Src) phosphorylate the 

tyrosine residues of these receptor-associated ITAMs, which thereafter act as a docking site for the 

intracellular kinase Syk (Spleen tyrosine kinase). Syk initiates an intracellular signalling cascade that 

drives FcR-dependent cell activation: which may involve phagocytosis, endocytosis, and cytokine 

production or cell migration. 

Mouse and human inhibitory receptors Fc RIIB contain within their cytoplasmic tails, 

signalling motifs that mediate rather cell inhibition; these are referred to as ITIMs (immunoreceptor 

tyrosine-based inhibition motifs). ITIMs are similarly phosphorylated by Src family kinases, however 

in the case of ITIMs the phosphatases SHP1 or SHP2, or SHIP or SHIP2, are recruited. These 



 

phosphatases counterbalance the activating pathways initiated by kinases such as Syk and can inhibit 

cell activation upon co-engagement with an activating receptor.  

Most FcRs are triggered following multivalent immunoglobulin engagement, whether present 

in an immune complex with soluble antigen or opsonising a cell, virus or bacteria. In certain contexts 

of low affinity interactions of FcRs with monovalent antigen, ITAMs can in fact transmit inhibitory 

signals, a novel regulatory mechanism referred to as ITAMi. This has been demonstrated for human 

FcαRI, FcγRIIIA and more recently for FcγRIIA in the context of arthritis [145-147]. 

1.3.3.3 Mouse FcγγR expression and function 

mFcγR exhibit differential expression on immune cell populations, which can be positively 

and negatively regulated by cytokines. mFcγRI is expressed in a restricted fashion on monocytes, some 

monocyte-derived cells and macrophages; inhibitory mFcγRIIB is highly expressed on B cells, 

monocyte/macrophages, mast cells, basophils, dendritic cells and eosinophils, and low on neutrophils, 

plus considerably expressed on endothelial cells in the liver; mFcγRIII is highly expressed on 

monocyte/macrophages, neutrophils, mast cells, basophils, dendritic cells and eosinophils, and low on 

NK cells; mFcγRIV is highly expressed on Ly6Clow monocytes, macrophages and neutrophils, and 

absent on other cells. 

The function of these receptors in vivo has been extensively studied using different receptor 

knock-out animals, as well as the administration of specific blocking antibodies, in the context of 

models of infection and immune challenge (reviewed in [139]). mFcγRIII is the major activating IgG 

receptor, and in its absence mice are more susceptible to infection, resistant to the anti-inflammatory 

effects of intravenous immunoglobulin therapy, and have impaired tumour clearance with therapeutic 

antibody treatment. Furthermore, mFcγRIII contributes to several models of antibody-dependent 

pathologies including the Arthus reaction, passive cutaneous anaphylaxis and passive systemic 

anaphylaxis, autoimmune anaemia, thrombocytopenia and arthritis. Similarly, the high affinity 

receptor mFcγRIV can contribute to nephritis, autoimmune thrombocytopenia and arthritis, lung 

inflammation, anti-melanoma therapy, and systemic anaphylaxis. These ranges of functions for 

mFcγRIII and mFcγRIV in defence and pathology align with the broad expression profile of these 

receptors: on neutrophils and macrophages, important inflammatory and phagocytic cells. mFcγRI, 

too, has been reported to contribute to the severity of arthritis, anaphylaxis and the Arthus reaction, in 

addition to the elimination of tumour metastases; yet this is at odds with the restricted expression 

pattern of this receptor on monocytes and some monocyte-derived resident cells. mFcγRI-/- mice also 



 

experience impaired clearance of pathogenic bacteria and helminth infection. Clarification of the in 

vivo function of mFcγRI in antibody-dependent pathologies, using mFcγRIonly mice, is the subject of a 

supplemental project to this main thesis work (Annex 7.2).  

The importance of the inhibitory receptor mFcγRIIB is highlighted in knockout mice, which 

experience increased resistance to infection, greater bacterial clearance, and enhanced antibody-

mediated tumour therapy, yet also a much greater susceptibility to various autoimmune manifestations 

[148-150]. Indeed, on the C57Bl/6 background, mFcγRIIB-/- mice spontaneously develop 

glomerulonephritis [151]. Attempts at blocking this receptor by the in vivo administration of blocking 

antibodies have been deterred by the rapid internalisation of such antibodies after binding to the target, 

mFcγRIIB, which is highly expressed on the liver sinusoidal epithelium, and probably ‘soaks up’ these 

blocking antibodies before they can reach immune cell targets [139]. 

Interestingly, mFcγRIIB, mFcγRIII and mFcγRIV exhibit dual specificity for IgE and IgG. 

Although these receptors have only low affinity for IgE, and their affinity for IgG is considerably 

higher, this factor is important to keep in mind, particularly in the context of anaphylaxis models, as 

the IgE interactions can have biological consequences. Human IgG receptors are more ‘strict’ in their 

binding to this subclass alone. Finally, mFcRn has a primary function in recycling IgG and thereby 

protecting it from catabolism, and as an antenatal IgG transporter, but also transports IgG into the 

tissues of adults, thereby facilitating both autoimmunity and anti-tumour therapy [152]. 

1.3.3.4 Human FcγγR expression and function 

Not only do mouse and human FcγR exhibit significant structural diversity (Figure 1.2), these 

receptors have considerably different patterns of expression on immune cell populations, thereby 

determining potentially disparate contributions to immune pathologies. hFcγRI (CD64) is restricted 

to monocytes/macrophages and DCs, but is highly inducible, compared to its murine counterpart, 

and can also be expressed on neutrophils. The uniquely human hFcγRIIA is expressed on all myeloid 

cells but not on lymphocytes, and is crucially also expressed on platelets. Inhibitory hFcγRIIB is highly 

expressed only on circulating B cells and basophils, expressed at low levels on monocytes and 

neutrophils, and expressed on tissue macrophages and DCs but not mast cells. hFcγRIIC is expressed 

on NK cells, monocytes, and neutrophils in only 20-25% of individuals those who carry the 

polymorphism Q13 or ORF; in the remaining persons, a SNP at position 13 generates a stop codon 

(stop13), in which case FCGR2C represents a pseudogene [153]. hFcγRIIIA is expressed on NK cells 

and monocytes/ macrophages; and hFcγRIIIB is highly expressed on neutrophils and exhibits low 



 

expression on some basophils. Finally, hFcRn is expressed on antigen-presenting cells, monocytes/ 

macrophages, neutrophils, vascular endothelial cells, intestinal epithelial cells, and on 

syncytiotrophoblasts, the latter which permits antenatal transfer of IgG from mother to fetus. 

The multiplicity of human FcγRs is increased by a series of genetic polymorphisms. Several 

FCGR polymorphisms modify the affinity between FcγRs and human IgG, and different 

polymorphisms may predispose to the development of disease, or determine responsiveness to therapy; 

these associations in humans can provide some insight of the role of these receptors in vivo (Reviewed 

in [154], included as Annex 7.3). Transgenic mouse studies have likewise greatly enhanced our 

understanding of the in vivo function of hFcγRs. In particular, these studies have highlighted the 

respective contributions of FcγR, to antibody-mediated inflammatory and allergic diseases, albeit with 

some major caveats according to reproducibility of transgene expression in the mice compared to the 

human, ligation by non-physiological ligands (mouse IgG), and confounding effects of expression in 

conjunction with mouse FcγR (Reviewed in [139]). 

hFc RI in transgenic mice retains its high affinity properties, can mediate phagocytosis in 

vitro and antibody-mediated cell destruction (ADCC) and clearance of opsonized red blood cells or 

platelets in vivo [142, 155’Heijnen, 1996 #277, 156]. hFc RI seems to have important roles in 

antigen presentation, amplifying antibody production and T cell responses via DC cross priming.[157, 

158]. 

hFc RIIA is a promiscuously expressed and dominant activating human IgG receptor. 

Expressed alone, it can restore susceptibility to autoimmune thrombocytopenia, arthritis, airway 

inflammation, and local and systemic IgG-dependent allergic inflammation [159-161]. Dramatically, 

hFc RIIA expression on neutrophils alone, driven by a transgene associated with the restrictive 

hMRP8 promoter, or by adoptive transfer of human neutrophils, was sufficient to mediate IgG-

dependent pathologies arthritis, glomerulonephritis, and reverse passive arthus reaction, as well as 

restoring susceptibility to systemic IgG-dependent anaphylaxis [161-163]. In vitro, hFc RIIA can 

mediate uptake of immune complexes, and can trigger the formation of NETs in vivo [164]. The only 

hFc R expressed on platelets, hFc RIIA endows human platelets with the capacity to interact with 

soluble immune complexes, and to be activated to promote thrombus formation or thrombocytopenia 

[159, 165, 166]. 

.hFc RIIIA has been investigated using transgenic mice predominantly for its involvement 

in anti-tumour therapy: hFc RIIIA can promote tumour cell destruction via ADCC, and antibodies 



 

[167, 168] with enhanced binding to hFc RIIIA demonstrated improved efficacy in vivo. hFc

RIIIA and hFc RIIIB share a homologous extracellular domain, but whereas hFc RIIIA contains 

an ITAM motif in its intracellular tail, hFc RIIIB is a GPI-linked membrane receptor whose 

function is less well elucidated. Originally viewed as a decoy receptor, it is clear that hFc RIIIB can 

affect neutrophil migration and interaction with immune complexes [162, 164, 169], perhaps by 

association with surface integrins [170]. 

The differential roles of hFc RIIA and hFc RIIIB on neutrophils were studied using 

hMRP8cre promoter to restrict transgene expression only to neutrophils and some monocytes [162, 

164]. hFc RIIIB-dependent neutrophil accumulation in the kidney or skin, during nephritis or 

passive Arthus models respectively, occurred in the absence of prominent edema, macrophage 

recruitment or tissue injury [162]. On the other hand, hFc RIIA and hFc RIIIB co-expression 

cooperatively promoted tissue injury. In particular, neutrophil slow rolling and adhesion responses to 

immune complexes deposited within the vasculature were mediated by hFc RIIIB, followed by 

‘quiescent’ immune complex uptake and clearance, in direct contrast to proinflammatory NET 

formation that was triggered by hFc RIIA engagement of soluble immune complexes [164]. These 

studies serve to highlight particularly the cooperative effects of hFc R during inflammation in vivo, 

albeit in an artificial context with a false transgene promoter. 

In an attempt to recapitulate the full range of classical hFc R diversity in a mouse model, 

individual transgenic mouse strains were bred to create hFc RItgIIAtgIIBtgIIIAtgIIIBtg mice on a 

background deficient in endogenous mouse Fc R (Fc Rnull) [171]. This approach unfortunately 

preserves the aberrant expression of individual transgenes, including exceptionally high hFcγRIIB on 

monocytes, erroneous expression of hFcγRIIB and hFcγRIIIA on eosinophils, hFcγRIIIA and 

hFcγRIIIB on some DCs, hFcγRIIIB on monocytes, and constitutive expression of hFcγRI on 

neutrophils [171-173]. Still, this study demonstrated that hFcγRItgIIAtgIIBtgIIIAtgIIIBtg  mFcγRnull mice 

had normal spleen architecture, and could generate specific IgM and IgG antibody responses upon 

immunisation with a hapten-protein conjugate. In addition, these mice could mount cytotoxic effector 

functions via human IgG targeting B cells, T cells or platelets for depletion, or to eliminate tumour 

cells. Crucially, the injection of immune complexes formed by aggregated human IgG could trigger 

severe hypothermia and systemic shock in hFcγRItgIIAtgIIBtgIIIAtgIIIBtg  mFcγRnull mice: that is, IgG-

dependent anaphylaxis [171] (see section Systemic inflammation: Anaphylaxis). This previous study did 

not, however, address the receptors, cells or mediators responsible for the models used therein. 



 

1.4 Systemic Inflammation 

This thesis work examines the role of neutrophils in severe systemic inflammation, associated 

with the development of shock, in two distinct immune contexts: LPS-induced endotoxemia, and 

IgG-dependent anaphylaxis. 

1.4.1 Inflammation-associated circulatory shock 

Shock is an acute and widespread reduction in effective tissue perfusion, a systemic syndrome 

with organ-specific signs and symptoms as a result of dysregulated hemodynamics and imbalance of 

oxygen supply and demand. Subsequent cellular and organ dysfunction can lead to irreversible damage 

and death. Shock can be invoked as the most severe manifestation of systemic inflammation. 

Endothelial dysfunction and increased vascular permeability associated with significant oedema can 

drive subsequent hypotension and hypovolemia. Cardiac difficulties can result from defective 

hemodynamics, and respiratory difficulties arise from poor ventilation-perfusion matching and lung-

specific oedema. 

Oedema is indeed a cardinal sign of inflammation and is canonically associated also with the 

presence of neutrophils [174]. Under basal conditions the microvascular endothelium has a low 

permeability, but in response to injury or pathogenic insult endothelial barrier permeability increases, 

permitting the delivery of plasma proteins and innate and adaptive humoral components to the 

extravascular compartment to participate in host defence and tissue repair. This process is permissive 

also for the extravasation of innate immune effector cells, including neutrophils. Histamine, 

bradykinin, leukotrienes, platelet-activating factor, and Vascular Endothelial Growth Factor (VEGF) 

can all modify the junctional interactions of endothelial cells to promote vascular leakage. In particular, 

neutrophil chemoattractants C5a, fMLP and leukotriene B4 (LTB4), as well as neutrophil-derived 

TNF [175] and heparin-binding protein (HBP) [176, 177] contribute to increased vascular 

permeability. Neutrophils may contribute to tissue swelling in the later stages of inflammation by 

releasing substances that damage the endothelium, such as proteases and reactive oxygen species. 

Vascular leakage is important in local inflammation and host defence, but can be pathogenic if in 

excess, such as in the context of systemic inflammation. 

Not only vascular leakage, but also a loss of vascular tone and endothelial function contributes 

to the shock phenotype. Nitric oxide (NO) is an important endogenous mediator of vascular tone, and 

has a crucial involvement also in systemic shock. Three enzymes (nitric oxide synthases, NOS) are 



 

responsible for its production: the constitutively expressed neuronal nNOS and endothelial eNOS, as 

well as the inducible and inflammation-associated iNOS. Inhibition of NO can restore vasomotor 

tone in both septic and anaphylactic shock, however in septic shock this restorative function is 

complicated by a greater risk of mortality [178, 179]. The specific role of NO is not addressed in this 

study, but may underlie some of our findings, as will be discussed later.  

1.4.2 Endotoxemia 

Endotoxins are bacteria-derived lipopolysaccharides (LPS), the major component of the outer 

cell membrane of gram-negative bacteria, and potent stimulators of innate immune sensing. LPS is 

composed of a polysaccharide external domain anchored in the bacterial membrane by a hydrophobic 

moiety called lipid A, and it is this lipid A component that is strongly immunostimulatory. Lipid A 

molecules of different bacteria are diverse according to the number of fatty-acid side chains and the 

presence of terminal phosphate residues, yet picomolar concentrations are sufficient to induce 

macrophage production of proinflammatory cytokines TNFα and IL-1β. Indeed, endotoxin exposure 

alone is sufficient to induce inflammatory shock. 

Endotoxemia can result from sepsis consequent to a gram-negative bacterial infection. Sepsis is 

a highly complex pathology, which can be broadly described as a deleterious non-resolving 

inflammatory response to an initial infection or pathogen trigger [180]. Efforts to understand sepsis 

pathogenesis are complicated by huge variability in eliciting infectious agents and patient cohorts. 

Originally thought to be driven by innate inflammatory pathways, it is now clear that sepsis immune 

pathology is composed of both inflammatory and counter-inflammatory components, and indeed that 

immune dysregulation is a crucial driver of morbidity and mortality [181, 182]. Patients rarely die 

from the original infection, but rather from the severe inflammatory response, or moreover secondary 

infections subsequent to immune dysregulation. In the first instance, therefore, endotoxemia is a 

model of severe inflammation relevant to the septic state, yet decoupled from the presence of a 

pathogen. 

Secondly, however, endotoxemia is also a prominent component of other infectious conditions 

and critical illness. Systemic inflammation is frequently associated with a loss of gut barrier function 

and increased permeability of the intestinal endothelium, permitting the translocation of gut-derived 

bacterial products, including LPS, which can contribute to the perpetration of inflammation even as a 

result of sterile injury. The systemic inflammatory response to non-infectious agents - trauma, 

pancreatitis and surgery - often leads to multi-organ dysfunction with an immunopathology similar to 



 

sepsis. Therefore one may employ high-dose LPS challenge as a model of severe and acute systemic 

inflammation, simultaneously relevant to understanding systemic inflammation as it relates to 

multiple triggers. 

1.4.2.1 LPS sensing 

The hydrophobic lipid A component of LPS is chiefly recognised by Toll-like receptor 4 

(TLR4) [183, 184], yet this interaction is guided and permitted by a series of recognition molecules. 

In the serum, LPS-binding protein (LBP) can bind and solubilize circulating LPS [185], and the GPI-

linked membrane surface receptor on leukocytes CD14 binds to LPS-LBP complexes [186]. Notably, 

CD14 can also be present in a soluble form. CD14-KO mice are resistant to endotoxic shock [187]. 

CD14 transfers LPS to the adapter molecule MD2, which associates with TLR4 on the cell membrane, 

and this complex permits LPS recognition by the cell [188, 189]. Dimerisation of the LPS-MD2-

TLR4 complex recruits cytoplasmic adaptor molecules, through the interaction with Toll-interleukin-

1 receptor (TIR) domains [190]. Signalling occurs either via Myd88 adapter molecules, downstream 

signalling kinases and NFκB activation to promote inflammatory cytokine release; or the TRIF (TIR-

domain containing adaptor inducing interferon-β) signalling pathway to activate interferon response 

factors to produce and secrete type-I interferons [191]. Thereby, LPS can induce the production of a 

number of proinflammatory cytokines including IL-8 (MIP1α), IL-6, IL-1 , IL-1, IL-12, and IFN . 

The ability of LPS to bind to and signal via the TLR4-MD2 complex can be modulated by the 

host. Not only LBP but also other proteins within the plasma can bind LPS. Several different 

lipoproteins, chiefly HDL (high density lipoprotein), can bind to LPS in a way that prevents its 

interaction with the MD2-TLR4 complex [192, 193]. Up to 50% of circulating LPS is thereby 

rapidly sequestered, and this probably represents a key route of LPS clearance via the liver [194]. Host 

enzymes, including phosphatases and lipases produced by neutrophils, monocytes, kupffer cells, as 

well as the small intestine and renal tubules of the kidney can degrade LPS [195-197]. Moreover, 

deacetylated LPS competes with native LPS for binding to LBP, soluble CD14, and MD2-TLR4, 

thereby antagonising immune signalling pathways [198]. 

Intracellular LPS may also be detected by caspase 11 (mice) or its orthologs caspases 4 and 5 

(humans) to induce non-canonical inflammasome activation, and promote cellular pyroptosis [199-

201]. Human caspase 4 confers LPS susceptibility in cell culture, while caspase 11 knockout mice are 

resistant to lethal shock, demonstrating the relevance of this intracellular detection to systemic 

endotoxemia. 



 

1.4.2.2 The pathogenesis of endotoxic shock and the role of neutrophils 

TLR4 expression on monocyte/macrophages and neutrophils drives the inflammatory cytokine 

response during mouse sepsis models: specific deletion of TLR on these cells demonstrated its 

requirement for effective bacterial clearance, but also ameliorated morbidity when combined with 

microbe clearance by antibiotics [202]. Both monocyte/macrophages and neutrophils can produce the 

numerous inflammatory cytokines involved in the systemic response to endotoxin exposure: IL-1 , 

IL-8, IL-6, TNF  and IFN . These cells are also important sources of lipid mediators (PAF and 

eicosanoids) as well as nitric oxide, which can contribute to increased vascular permeability and a loss 

of vasomotor tone. The relative cell-specific source of cytokines and inflammatory mediators is 

difficult to delineate. However, considering that monocyte/macrophages express high levels of CD14, 

exhibit great capacity for pro inflammatory cytokine production, and are the dominant cell population 

in the peritoneal cavity, where systemic endotoxemia models are initiated, it is likely that these cells are 

the initial major source. Neutrophils may contribute to the inflammatory milieu after their 

recruitment following chemokine release by macrophages, cytokine stimulation, and accordingly 

increased CD14, whether expressed on neutrophils themselves or soluble CD14 in the environment. 

Macrophages, as well as endothelial cells, smooth muscle cells, hepatocytes, and 

myocardiocytes, can synthesise NO from iNOS following LPS or inflammatory cytokine stimulation. 

iNOS-derived NO has a critical contribution to the vascular dysfunction associated with endotoxic 

shock. iNOS deficient mice were found to be resistant to endotoxin lethality [203], although this was 

refuted by others [204]. Altogether the beneficial effects of NO inhibition during endotoxemia are 

highly debated, likely reflecting a functional multiplicity for this vasoactive compound during shock. 

Of all the inflammatory cytokines released during systemic inflammation, TNF  is critical to 

the pathology of shock after endotoxin exposure [205, 206]. Despite this, TNF inhibitors are not 

under widespread usage to treat clinical shock, due to lack of efficacy in clinical trials. HMGB1 is a 

DAMP released in the later stages of shock and was observed to amplify LPS-induced inflammation 

[207], although recently it was shown that, contrary to antibody-mediated blockade, conditional 

HMGB1 ablation does not affect the shock phenotype following LPS challenge [208]. Still, HMGB1 

remained critically implicated in the amplification of neutrophil-mediated tissue injury during sterile 

inflammation. These findings exemplify many that highlight the complexity of unravelling 

inflammatory pathways during systemic endotoxemia.  

Anti-inflammatory pathways are also engaged during endotoxemia: IL-4, IL-10, IL-13, 

transforming growth factor β (TGF-β), glucocorticoids and prostaglandin (PGE2) are all highly 



 

induced, and suppress the synthesis and action of proinflammatory mediators. In addition, soluble 

cytokine receptors antagonise the proinflammatory effects of IL-1 and TNF. IL-10-deficient mice or 

mice treated with a monoclonal antibody against IL-10 showed higher plasma levels of 

proinflammatory cytokines and increased mortality after LPS challenge [209, 210], whereas 

recombinant IL-10 was protective [211]. 

Exposure to low or moderate doses of LPS can result in a state of “endotoxin tolerance”, 

rendering the host hypo-responsive to a subsequent LPS challenge [212]. Pro-inflammatory cytokines 

are attenuated, and anti-inflammatory mediators are enhanced, which can facilitate survival from a 

second challenge. The underlying mechanisms are incompletely determined, but probably result from 

changes in several molecules involved in TLR4 signaling, as well as epigenetic modifications of 

inducible loci. Conversely, exposure to ultralow doses of LPS can prime the host to mount an 

exaggerated inflammatory response. Several studies indicate that LPS can augment innate responses to 

infection and enhance clearance of several pathogens [202]. Thus it is clear that there is a strong 

beneficial effect of the inflammatory response to endotoxin exposure, as well as numerous intrinsic 

immune mechanisms to limit the resulting systemic inflammation.  

Neutrophils have been heavily implicated in the organ damage associated with endotoxin 

exposure, as well as during mouse models of sepsis (cecal ligation and puncture, CLP). These models 

are crucially associated with neutrophil infiltration into the lung, liver and the kidney, and oedema. 

Leukocyte infiltration can be damaging to the tissue, in particular neutrophil-derived proteases and 

ROS can damage cells and matrix proteins of the tissue architecture. Mice deficient in neutrophil 

elastase and cathepsin G have increased survival after LPS challenge [213].  Neutrophil-derived NETs 

can be extremely detrimental [214]. The degradation of NETs using recombinant DNase during 

endotoxic shock in mice restricts systemic cytokine release, reduces MPO in the lung, and signs of 

lung and liver damage, and positively impacts survival [215]. PAD4-KO mice, which lack the enzyme 

necessary for chromatin decondensation and cannot form NETs, are resistant to lethal endotoxemia 

[216]. 

Integrins are essential to neutrophil extravasation and tissue recruitment, as described in 

Section 1.1. Antibody-mediated blockade of integrins CD11b (Mac1) or LFA1 [217], or constitutive 

inhibition of CD11b [218] can reduce pulmonary neutrophil accumulation and lung oedema during 

microbial challenge associated with systemic inflammation. CD11b-KO mice, however, are much 

more susceptible to systemic endotoxemia: a complicated picture because CD11b can negatively 

regulate TLR-4 signalling in macrophages [219]. These mice experience enhanced inflammatory 



 

cytokine production, reduced ROS, and increased macrophage-derived NO after endotoxin challenge. 

On the other hand, blockade of ICAM-1 ameliorates renal injury after LPS [220] and ICAM-1 

deficient mice were resistant to endotoxic shock, associated with reduced neutrophil infiltration into 

the liver and hepatocyte damage [221]. The immunoglobulin receptor TREM-1 is up regulated on 

neutrophils and monocytes after LPS stimulation [222] and seems to have a role in the inflammation 

pathology as TREM-1 blockade protects against endotoxic shock [223]. Furthermore, TREM-1 is 

critical for neutrophil transepithelial migration into the lung [46]. 

Together these data emphasise that neutrophil infiltration into the tissues can be a pathological 

mechanism of systemic inflammation. At the same time, blockade of various surface receptors 

necessary for this movement can promote enhanced inflammatory cytokine signatures. Moreover, 

receptor-targeting approaches are not specific to neutrophils, and implicate several other myeloid cell 

populations (eg CD11b-KO phenotype, as above, or LysMCre specific TLR4-KO, targeting 

macrophages and neutrophils [202]). Many studies of endotoxin challenge examine organ-specific 

effects, but rarely assess systemic outcomes, in particular survival. Considering that the lethal shock 

phenotype manifests primarily as a result of systemic vascular and hemodynamic dysfunction, this is 

an important criteria. Neutrophil-derived TNF can contribute to micro-vascular leakage [175], 

though what role this may play in the systemic context is unclear. Surprisingly, few studies have 

examined the effect of neutropenia on endotoxic shock. Some have in fact associated neutropenia with 

enhanced susceptibility to endotoxemia and lethal shock [220, 224]; however the first used the 

cytotoxic agent cyclophosphamide, which has potent lymphoblative effects, and the second did not 

provide any in depth analysis or mechanistic insight. 

Neutrophils have known and emerging roles in inflammation resolution [79, 80] and can 

provide an important source of proresolving and protective lipid mediators [93]. In humans, systemic 

LPS exposure was found to induce the emergence of an immunosuppressive neutrophil subset, capable 

of inhibiting T cell responses [225]. Furthermore, immune suppression, particularly pertaining to 

neutrophil dysfunction, is a secondary component of systemic inflammatory responses in septic and 

critically ill patients [226]. These findings highlight the incomplete understanding of neutrophil 

function during endotoxemia: they may on the one hand contribute to pathological manifestations, 

but on the other hand have an immunoregulatory role; or alternatively neutrophil dysfunction may be 

an important inflammation-limiting outcome.  



 

1.4.3 Anaphylaxis 

Anaphylaxis, or allergic shock, is a systemic, acute and potentially fatal allergic reaction, the 

incidence of which is increasing worldwide. In Europe, the incidence of anaphylaxis is estimated to be 

between 1.5 and 7.9 per 100 000 person-years; alternatively, that 0.3% of the population will 

experience anaphylaxis in their lives [227]. In individuals who develop antibodies against an allergen, 

re-exposure can trigger antibody-dependent cellular activation and release of vasoactive mediators, 

inducing systemic symptoms of shock. The most common causative agent of anaphylaxis in children is 

food and in adults, drugs. Anaphylaxis is classically understood to rely on IgE antibodies and FcεRI 

expressed on mast cells and basophils. Yet mouse models have identified alternative pathways 

involving IgG antibodies and FcγR expressed on other myeloid cells, particularly monocytes and 

neutrophils, to drive systemic inflammation associated with anaphylactic shock  (reviewed in [228], 

included as Annex 7.4, and [229]). Indeed, in human patients multiple inflammatory pathways 

contribute to reaction severity [230]. Anaphylactic reactions are unpredictable and can be rapidly life 

threatening. 

1.4.3.1 The classical pathway of IgE-dependent mast cell and basophil activation: from 
the local reaction to systemic shock 

High affinity IgE receptors FcεRI, expressed on mast cells and basophils, can bind monomeric 

IgE. In allergic individuals, it is understood that sensitisation elicits the production of allergen-specific 

IgE. Upon allergen re-exposure, the recognition of bivalent or multivalent antigen by FcεRI-bound 

IgE causes aggregation of FcεRI and triggers the activation of mast cells and basophils, resulting in the 

rapid and sustained release of diverse vasoactive mediators, including mast cell tryptase and histamine, 

and cytokine release [231]. Certainly IgE has a prominent role in the development and maintenance 

of allergic inflammation, and activation of mast cells and eosinophils via specific IgE is a central event 

in many acute allergic reactions: highlighted by the diverse anti-inflammatory effects of anti-IgE 

treatment in patients with allergic asthma or allergic rhinitis, both of which are linked to reactions at 

mucosal or barrier surfaces. 

The widely accepted paradigm of a systemic anaphylactic reaction considers that the 

pathophysiology is driven by IgE-dependent mast cell and basophil activation and histamine release. 

In animal models, the transfer or passive sensitisation with specific IgE prior to challenge with the 

corresponding antigen can recapitulate the systemic signs of shock (passive systemic anaphylaxis, PSA): 

oedema, hypotension, loss of mobility, and severe hypothermia. IgE-induced PSA observed in wild-



 

type (wt) mice was abrogated in mice deficient for FcεRI [232] and in mast cell-deficient W/Wv mice 

[233]. It was also abrogated by pharmaceutical or genetic histamine inhibition, while intravenous 

injection of histamine alone can induce anaphylactic shock in mice. Anaphylaxis can proceed also 

through the human IgE receptor, as has been demonstrated using FcεRItg mice [234], and IgE-

dependent mast cell activation can contribute to severe passive systemic reactions in humanised mouse 

models [235]. 

The passive transfer of hypersensitivity can be achieved in humans, in 1921 Prausnitz and 

Künster demonstrated that intradermal injection of a serum regent (later identified as IgE) could 

transfer sensitivity to a reaction elicited by injection of a corresponding allergen (reviewed in [228]; 

Annex 7.4). As a test for patient allergy, a modified form of the cutaneous reaction is still used today: 

cutaneous anaphylaxis thereby results from a specific sensitisation protocol and route of allergen 

exposure. Systemic anaphylaxis in patients results from exposure not only at cutaneous surfaces (insect 

stings) but also at mucosal linings (gut epithelium) and systemically (injectable drugs). Indeed, 

systemic allergen absorption is necessary for anaphylactic shock to ingested allergens [236].  

Considering that food and drug exposure accounts for the majority of anaphylactic reactions, and 

studies have indicated that drug and medication-induced anaphylaxis is the most common cause of 

anaphylaxis fatalities [237, 238] it is necessary to understand the immunological mechanisms 

underlying these systemic reactions. IgE is only a very minor proportion of the total systemic 

immunoglobulin, present in the serum at less than 0.002 mg/mL, and with a very short half-life of 

several hours in circulation. IgG on the other hand is the most dominant antibody subclass, exhibits 

the highest synthetic rate and longest biological half-life: IgG1 concentrations can range from 5-

12mg/mL. 

1.4.3.2 Clinical aspects 

Anaphylaxis has a highly variable presentation, and heterogeneity in terminology, criteria and 

definitions has led to inconsistent diagnoses. To define the diagnostic criteria for an anaphylactic 

reaction, recent harmonisation efforts deem that anaphylaxis involves multiple organ systems: 

primarily the skin or mucosal tissue, along with simultaneous respiratory or cardiovascular 

compromise, or persistent gastrointestinal symptoms (Box 1 and [1]) Interestingly, cutaneous 

symptoms are often absent in the more severe cases, likely due to the rapid onset of hypotension and 

insufficient bloodflow, because they can often appear only when an adequate perfusion pressure has 

been re-established.  



 

When anaphylactic shock is suspected, levels of circulating histamine and mast cell tryptase are 

measured, and immunological tests are later performed to confirm the diagnosis. These tests include a 

skin prick test with the suspected allergen, measurement of allergen-specific IgE in the patient’s serum, 

and sometimes an assessment of basophil degranulation ex vivo in the presence of the suspected 

allergen. None of the cutaneous or immunological tests performed reaches a sensitivity or specificity of 

100%. In the absence of allergen specific IgE, mast cell tryptase, or other classical markers of basophil 

and mast cell activation, reactions are often classed as ‘anaphylactoid’ or ‘non-immune mediated’ or 

indeed discounted as anaphylactic reactions. Thus the immunological dogma heavily informs the 

diagnostic approach, and there is a need to elucidate and emphasise the potential contribution of other 

pathways of anaphylaxis induction. 

Current treatments for allergic anaphylaxis remain primarily limited to prophylactic allergen 

avoidance and medications to reverse the physiological effects of mediator release. Adrenaline 

(epinephrine) is the frontline agent of anaphylaxis therapy, increasing vascular tone, myocardial 

contractility, and cardiac output to ameliorate the shock, along with bronchodilatory effects to relieve 

respiratory symptoms. Fluid resuscitation is used to ameliorate the hypovolemic aspects and increase 

venous return [239]. Despite widespread use of antihistamines in the management of anaphylaxis, 

there is little evidence to support their usage [240]. As an adjunct to adrenaline, antihistamines may be 

of use only to treat cutaneous symptoms [241]. Methylene blue, a selective nitric oxide cyclic GMP 

inhibitor, prevents vasodilation and can rapidly reverse the course of anaphylaxis refractory to 

epinephrine, oxygen, and fluid resuscitation. Its use in anaphylaxis is based on case reports and 

extrapolated from use in septic shock [242], but is supported by studies in rat models [243]. 

Any one of the three following criteria indicates likely anaphylaxis 

(1) Acute onset of an illness (minutes to hours) with involvement of: 
Skin/mucosal tissue (e.g., hives, generalized itch/flush, swollen lips/tongue/uvula) 
AND Airway compromise (e.g., dyspnea, wheeze/bronchospasm) 
OR Reduced BP or associated symptoms (e.g., hypotonia, syncope) 

(2) Two or more of the following after exposure to a known allergen for that patient (minutes to hours) 
History of severe allergic reaction 
Skin/mucosal tissue  
Airway compromise  
Reduced BP or associated symptoms  
In suspected food allergy: gastrointestinal symptoms (e.g. crampy abdominal pain, vomiting) 

Hypotension after exposure to known allergen for that patient (minutes to hours) 
(>30% drop from baseline)



 

Emphatically, the early administration of adrenaline is advocated as the primary treatment for 

anaphylaxis: delay in adrenaline is a primary contributor to fatal reactions [244, 245]. 

1.4.3.3 IgG-dependent anaphylaxis in mice 

IgG-induced passive systemic anaphylaxis (PSA) can be elicited either by injecting mice 

systemically with IgG antibodies before an intravenous challenge with the corresponding antigen, or 

by injection of preformed IgG-immune complexes (IC), consisting of antibody bound to soluble 

antigen, or aggregated IgG. PSA induced by mouse IgG1 proceeds by activation of FcγRIII, also 

expressed by mast cells and basophils. Yet IgG1-PSA was not abolished in mast cell- [233] or basophil-

deficient mice [246]. We examined the pathways of anaphylaxis in mice induced by different IgG 

subclasses ([247], included as Annex 7.1), demonstrating that IgG-induced PSA variably depends on 

neutrophils, monocyte/macrophages and basophils, according to the subclass. 

Moreover, active systemic anaphylaxis (ASA), in which mice are immunised against a model 

antigen, and develop a polyclonal IgG and IgE response before challenge, can proceed in the absence 

of IgE [248], FcεRI [233], and even mast cells and basophils [232, 249]. Some studies identify a 

prominent role for monocyte/macrophages in inducing severe anaphylactic shock [250], whereas our 

lab has identified that neutrophils are necessary and sufficient for the induction of ASA via 

immunisation and intravenous challenge with bovine serum albumin (BSA) [251].  

1.4.3.4 IgG-dependent anaphylaxis in humanised mice 

As described above, the mouse and human IgG receptor systems are very different, in terms of 

both expression and function. Although it is well established that IgG-dependent anaphylaxis can 

proceed in mice, it is important to understand how these findings can translate to the human system. 

To address this, previous studies have employed transgenic mice expressing either hFcγRI or hFcγRIIA 

on a background deficient in endogenous mouse FcγR. Agonistic antibodies directed against these 

receptors could induce anaphylactic symptoms and hypothermia when injected intravenously into 

mice expressing the respective transgene. Furthermore, hFcγRI and hFcγRIIA were each individually 

sufficient to mediate PSA induced by the transfer of IgG immune complexes, the symptoms of which 

may be alleviated by pre-treatment with blocking antibodies [142, 161]. 

PSA mediated by hFcγRIIA was found to be independent of mast cells and basophils, but 

rather dependant on the presence of neutrophils and monocytes/ macrophages. hFcγRIIA expressed 

alone was capable of triggering active systemic anaphylaxis resulting in both hypothermia and death 

[161]. hFcγRI was also sufficient to induce ASA in transgenic mice, dependent on neutrophils and the 



 

release of platelet activating factor (PAF). Blockade of either hFcγRI or PAF receptors, or depletion of 

neutrophils with targeting antibodies, inhibited hFcγRI-mediated anaphylactic hypothermia and 

abolished mortality [142]. These findings using hFcγRItg or hFcγRIIAtg mice have demonstrated that 

hFcγR expressed on neutrophils and monocyte/macrophages can mediate fatal anaphylactic reactions 

in vivo, and identify an important role for PAF as a responsible mediator. 

Crucially, the transfer of purified human neutrophils into mice lacking activating Fc receptor 

expression, and resistant to anaphylaxis, was sufficient to restore sensitivity to severe hypothermia 

[251]. Indeed human neutrophils can be activated in culture by IgG immune complexes to release 

PAF [161]. Finally, hFcγRItg IIAtg IIBtg IIIAtgI IIBtg mFcγRnull mice were susceptible to anaphylaxis 

triggered by the administration of human IgG immune complexes, indicating that anaphylaxis can 

proceed in a context of activating and inhibitory IgG receptor expression [171]. These studies provide 

considerable evidence to suggest the activation of IgG-dependent pathways, and of neutrophils in 

particular, can also occur during human anaphylaxis.  

1.4.3.5 Human IgE-independent anaphylaxis:  

It remains under debate whether IgG can contribute to anaphylaxis in humans, and the 

relative importance of this immunopathological mechanism. Importantly, in the mouse anaphylaxis 

models described above, challenge is by administration of a relatively large amount of antigen via the 

intravenous route. The most likely case in which IgG-dependent anaphylaxis pathways may be 

invoked in humans, accordingly, is via intravenous exposure to injectable drugs and therapeutic agents. 

Indeed, patients with antigen-specific IgG antibodies in the absence of IgE have been reported to 

experience anaphylactic reactions to mAb therapeutics [252, 253], aprotinin [254], dextran [255] or 

even total serum transfer [256] (reviewed in [257]). Anaphylaxis to the fluid resuscitation agent 

dextran, in particular, seems a prototypical IgG-dependent reaction, since dextran-specific IgE are 

rarely detected, and serum levels of IgG subclasses correlate highly with anaphylaxis severity [258]. 

Anaphylaxis following serum transfer resulted from IgG antibodies directed against IgA antibodies, in 

IgA-deficient individuals [256]. Moreover, anaphylaxis associated with anti-IgA IgG has been 

documented in patients with common variable immunodeficiency (CVID) that received intravenous 

immunoglobulin therapy (IVIG) [259]. Critically, a gain-of-function allele in FcγRIIA was associated 

with increased risk of anaphylaxis in CVID patients receiving IVIG therapy [260]. 

Platelet activating factor (PAF) is the dominant mediator responsible for mouse models of 

IgG- dependent anaphylaxis [250, 251] and is particularly associated with fatal outcomes [261, 262]. 

PAF has been proposed also as a central mediator in human anaphylaxis pathogenesis (reviewed in 



 

[263]). Patient studies indicate that PAF levels strongly correlate with anaphylaxis severity, and indeed 

that PAF provides a more specific and sensitive diagnostic marker than either mast cell tryptase or 

histamine [264]. Furthermore, activity of its inactivating enzyme PAF acetylhydrolase was significantly 

lower in patients with severe and fatal reactions [230, 265]. A broad range of cells can release PAF, 

including leukocytes, lymphocytes and endothelial cells, and it can be secreted by mast cells and 

basophils following antibody-dependent activation. Neutrophils, however, are a major source of PAF, 

but also express PAF-R on the surface, thus PAF can have an autocrine effect on these cells to enhance 

release of other lipid mediators. PAF is therefore critically implicated in putative pathways of 

neutrophil-dependent anaphylaxis. 

1.4.3.6 Patient anaphylaxis to neuromuscular blocking agents (NMBAs) 

Particularly owing to the variability in presentation and eliciting agents, as well as the 

emergency nature of the reaction, anaphylaxis is very difficult to study in human patients. In cases of 

anaphylaxis arising in a clinical setting, however, more homogenous groups of patients may facilitate 

clinical studies, ie by controlled allergen exposure with defined route, dose and timing. Immediate 

hypersensitivity reactions during the perioperative period have been reported with increasing 

frequency, and may be attributable to anaesthetic drugs, antibiotics, latex, antiseptics, radio-contrast 

agents, colloids for intravascular volume expansion, blood products or disinfectants. The most 

common causes are neuromuscular blocking agents (NMBAs, 60-70%), followed by latex (12-18%) 

and antibiotics (8-15%) [266]. 

To investigate the potential contribution of IgG-mediated pathways to anaphylaxis in a patient 

cohort, one may therefore consider anaphylaxis to drugs, e.g. curare-based NMBA. The most common 

cause of anaphylaxis during surgery, the incidence of NMBA-dependent reactions lies between 1 in 

1,250 and 1 in 18,000 surgeries, with substantial geographical variability [267], and moreover, these 

reactions are fatal in up to 10% of cases [268-270]. Specific IgE, and also specific IgG, have been 

detected in the sera of patients who developed shock to NMBAs. In addition, allergen-specific IgE 

may be absent in 10-15% of patients [271, 272]. 



 



 

22  Summary and objectives 

Neutrophils are central to inflammatory pathologies. As potent microbicidal effecter cells of 

innate immunity, neutrophils have for a long time been viewed as well-armed and trigger-happy 

perpetrators of both protective and pathological inflammation. Conversely, neutrophils also have 

prominent roles in guiding inflammation resolution, suggesting more nuanced functions for these cells 

in the balance of proinflammatory and regulatory pathways to promote immunity at a systemic level. 

This thesis work examines the role of neutrophils in severe systemic inflammation, associated with the 

development of shock, in two distinct immune contexts: LPS-induced endotoxemia, and IgG-

dependent anaphylaxis.  

• Chapter 3 (Paper I) AIM: examine the effect of neutropenia on systemic inflammation 

following endotoxin challenge using a model of inducible neutropenia.  

• Chapter 4 (Paper II) AIM: determine the contribution of neutrophils and other myeloid cells 

to IgG-dependent anaphylaxis using a novel mouse model of human FcγR expression. 

 

• Chapter 5 Discussion / Part I evaluates and discusses the protective role of neutrophils in 

endotoxemia. 

• Chapter 5 Discussion / Part II evaluates the utility of the novel mouse models presented 

herein to study neutrophil function; and discusses the dominant pathogenic role of neutrophils 

in our mouse models of IgG-dependent anaphylaxis. 

• Chapter 5 Discussion / Part III discusses the divergent protective versus pathological roles of 

neutrophils in models of systemic inflammation used herein. 

• Chapter 5 Discussion / Part IV extends to the outcomes of our ongoing work to address the 

role of human IgG antibodies, antibody receptors, and neutrophils in anaphylaxis to 

neuromuscular blocking agents (NMBA):  

AIM 1: to develop and characterise a mouse model of anaphylaxis in response to the human 

drug allergen, NMBA Rocuronium Bromide. 

AIM 2: to investigate evidence an IgG-dependant pathway of neutrophil activation in a 

multicentric prospective cohort of patients suspected of perioperative anaphylaxis to 

NMBA; achieved in a large collaboration with a clinical consortium.   



 

  







 

33  A novel model of  inducible neutropenia reveals  
a  protective role for neutrophils  during 

systemic inflammation 

Neutrophils, the most abundant leukocytes in the peripheral blood, are cardinally involved in 

driving the immediate innate response to pathogens. Expressing a diverse panel of immunoreceptors 

and pattern recognition receptors (PRRs), neutrophils can achieve efficient bacterial killing using 

multiple strategies, including phagocytosis, production of reactive oxygen species (ROS), release of an 

array of enzymes (e.g. myeloperoxidase [MPO], elastase, cathepsin G) and antimicrobial peptides (e.g. 

defensins), and generation of neutrophil extracellular traps (NETs) [5, 33, 45, 273]. Yet it is also well 

understood that host defence can come at the expense of considerable collateral damage. 

Particularly in the context of excessive activation of PRRs by PAMPs, such as in systemic 

endotoxin exposure, products of neutrophil activation may be detrimental. NETs, which are released 

upon exposure to LPS [274], are thought to contribute to tissue and organ damage [45, 215, 275]. 

Mice deficient for neutrophil elastase and/or cathepsin G survive better than wild type mice after LPS 

injection [213]. Finally, MPO has been reported to contribute to both LPS-induced lung 

inflammation [276] and LPS-induced alterations in vasomotor function [277]. Thus it is generally 

considered that neutrophils exacerbate the inflammation and tissue damage associated with systemic 

exposure to LPS. On the other hand, systemic inflammation leads to a functionally heterogenous 

neutrophil compartment [278], and moreover, low-dose LPS exposure in humans induces the 

appearance of a subset of neutrophils that can suppress T cell activation ex vivo [225], suggesting that 

neutrophils might possess some immunosuppressive functions in the context of endotoxemia. 

Given the limitations of currently available genetic ablation or antibody-mediated depletion 

strategies, we developed a new approach for the specific, inducible and transient depletion of 

neutrophils. Mice expressing the Cre recombinase under the control of the human Mrp8 promoter, 

which restricts Cre activity to neutrophils (MRP8-cre) [279], were bred with mice carrying a loxP-

flanked STOP cassette upstream of the simean diphtheria toxin receptor (DTR), inserted into the 

ubiquitous ROSA26 locus (iDTRfl) [280]. Mice are resistant to diphtheria toxin (DT), as they do not 

express the appropriate receptor for binding of the toxin to the cell surface. Thus, using Cre-driven 

expression of the simean DTR on mouse neutrophils, specific depletion of neutrophils can be achieved 

by systemic administration of DT. The detailed characterisation of DT-mediated neutrophil depletion 

in MRP8-Cre+iDTRfl/+ (PMNDTR) mice is presented in Paper I. Briefly, 500ng DT administered i.p. is 



 

sufficient to eliminate neutrophils in the blood, spleen and bone marrow 24 hours later. Though the 

depletion is transient, neutropenia could be maintained by daily DT exposure, even during systemic 

inflammation. 

In Paper I we use a combination of antibody mediated depletion strategies and MRP8-

Cre+iDTRfl/+ (PMNDTR) mice to investigate the role of neutrophils in LPS-induced endotoxic shock, 

and capitalise on the crucial advantage of this new model; that neutrophil depleted PMNDTR mice are 

permissive to neutrophil transfer. We found, surprisingly, that neutrophils serve to protect the host 

from LPS-induced lethal inflammation: 

• We find that neutrophil depletion exacerbates the toxic effects and mortality associated 

with high-dose LPS exposure. 

• We demonstrate that Mpo-/- mice have considerably increased systemic inflammation 

and mortality in response to LPS challenge, and that pharmacological inhibition of 

MPO increases LPS-induced mortality. 

• Ex vivo imaging indicates that neutrophils represent the major source of MPO during 

endotoxemia 

• By adoptive transfer of MPO-sufficient or MPO-deficient neutrophils, we show that 

neutrophil-derived MPO mediates, at least in part, the protective functions of 

neutrophils during endotoxemia. 

This study was completed in close collaboration with Dr L. Reber, the laboratory of Pr S. Galli 

at Stanford University, and Dr F. Jönsson. The manuscript in its current form (Paper I) has been 

submitted as a Brief Report to the Journal of Experimental Medicine.1 C. Gillis 1st co-author (2nd 

position). 

1 Authorship contribution of C. Gillis amounts to approximately 30% of the manuscript in its current state. 
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3.1 PAPER I 

Neutrophil myeloperoxidase diminishes the toxic effects and mortality 

induced by lipopolysaccharide  
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Abstract 

Neutrophils have crucial antimicrobial functions, but are also thought to contribute to tissue injury 

upon exposure to bacterial products, such as lipopolysaccharide (LPS). To study the role of 

neutrophils in LPS-induced endotoxemia, we developed a new mouse model, PMNDTR mice, in 

which injection of diphtheria toxin induces selective neutrophil ablation. Using this model, we 

found, surprisingly, that neutrophils serve to protect the host from LPS-induced lethal 

inflammation. This protective role was observed in conventional and germ-free animal facilities, 

indicating that it does not depend on a particular microbiological environment. Blockade or 

genetic deletion of myeloperoxidase (MPO), a key neutrophil enzyme, significantly increased 

mortality after LPS challenge, and adoptive transfer studies confirmed that neutrophil-derived 

MPO contributes importantly to protection from endotoxemia. Our findings imply that, in addition 

to their well-established antimicrobial properties, neutrophils can contribute to optimal host 

protection by limiting the extent of endotoxin-induced inflammation in an MPO-dependent 

manner. 
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Introduction  

Innate immune recognition of invading pathogens by pattern-recognition receptors (PRRs) is 

important to initiate protective immune responses (Kawai and Akira, 2011; Medzhitov, 2007). Yet 

uncontrolled activation of PRRs by pathogen associated molecular patterns (PAMPs), such as 

lipopolysaccharide (LPS), can result in unbalanced cytokine production, and potentially fatal 

tissue injury. Neutrophils express multiple PRRs including the LPS receptor TLR4 (Hayashi et al., 

2003), and are typically the first immune cells to be recruited to sites of infection (Kolaczkowska 

and Kubes, 2013; Mayadas et al., 2014; Mocsai, 2013; Nauseef and Borregaard, 2014). 

Neutrophils can efficiently kill bacteria through different defense mechanisms (Borregaard, 2010; 

Kolaczkowska and Kubes, 2013; Mayadas et al., 2014; Mocsai, 2013), however some neutrophil 

products may be detrimental to the host, particularly in the context of excessive activation by 

PAMPs, such as during LPS-induced endotoxemia (Mayadas et al., 2014; Mocsai, 2013; Nauseef 

and Borregaard, 2014). Indeed, it is generally considered that neutrophils exacerbate the 

inflammation and tissue damage associated with LPS exposure. Surprisingly, there is a lack of 

formal evidence to demonstrate this detrimental role for neutrophils. Moreover, systemic 

inflammation leads to a functionally heterogeneous neutrophil compartment (Pillay et al., 2010) 

and, in humans, low-dose LPS exposure induces the appearance of a subset of CD62LdimCD11bhigh 

neutrophils that can suppress T cell activation ex vivo (Pillay et al., 2012). The latter finding 

suggests that some neutrophils might possess immunosuppressive functions in the context of 

endotoxemia. 

In the present study, we used mouse models to investigate further the role of neutrophils during 

LPS-induced endotoxemia. There is a paucity of suitable models available to study neutrophil 

functions in vivo: animals with constitutive neutropenia exhibit other immune abnormalities and 

are more susceptible to infections (Hock et al., 2003), whereas antibodies used at high doses to 

deplete neutrophils have known or likely effects on other cell populations (Conlan and North, 

1994; Daley et al., 2008). Therefore, we have developed a new mouse model, which we call 

PMNDTR mice, that allows selective and inducible ablation of neutrophils upon injection of 

diphtheria toxin (DT). Using this model, we discovered that, instead of exacerbating LPS-induced 

toxicity, neutrophils diminish the toxic effects and mortality induced by LPS in mice. We further 

demonstrated that this protective function is mediated by the major enzyme of neutrophils, 

myeloperoxidase (MPO). 
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Results and Discussion 

 

Antibody-mediated neutrophil depletion increases LPS-induced mortality 

To evaluate the contribution of neutrophils to LPS-induced endotoxemia in mice, we first assessed 

the phenotype of mouse neutrophil activation following intraperitoneal LPS administration. A 

marked dose-dependent decrease in expression of CD62L and increase in CD11b was observed in 

neutrophils from the blood (Fig. 1, A-C), peritoneal cavity and bone marrow (Fig. S1, A-D). This 

activated phenotype is consistent with the CD62LdimCD11bhigh subset of blood neutrophils 

observed after injection of low-dose LPS in humans, and which display immunosuppressive 

characteristics ex vivo (Pillay et al., 2012). We then assessed the role of neutrophils in the LPS-

induced endotoxemia model using neutrophil-depleting antibodies. Neutrophil depletion by 

treatment with anti-Gr-1 or anti-Ly6G antibodies greatly increased the hypothermia and mortality 

induced by LPS injection (Fig. 1, D-G). Despite the development of considerable neutrophilia in 

mice treated with isotype control antibodies, mice treated with neutrophil-depleting antibodies 

remained neutropenic after LPS injection (Fig. S1, E and F). We obtained very similar results at 

both Stanford University and Institut Pasteur (Fig. 1, F-G vs. H-I). However, WT mice maintained 

at Institut Pasteur were more susceptible to LPS toxicity than mice at Stanford University (data not 

shown). Such a difference in LPS reactivity could reflect differences in the microbiological 

environment. Given the known impact of commensal bacteria on neutrophil functions (Zhang et al., 

2015), we therefore compared responses to LPS, and the effect of neutrophil depletion, between 

mice housed in a conventional animal facility (specific pathogen-free, SPF) and those housed in a 

germ-free (GF) facility. We observed greatly reduced LPS-induced mortality in GF mice (Fig. 1, 

H and I), as described previously (Souza et al., 2004). Yet depletion of neutrophils using an anti-

Gr-1 antibody increased mortality in both SPF and GF mice, and responses of anti-Gr-1-treated 

SPF and GF mice were statistically indistinguishable (Fig. 1, H and I). Therefore, neutrophils 

appear to play a microorganism-independent role in limiting the extent of endotoxin-induced lethal 

shock. 

 

A new mouse model for selective and inducible ablation of neutrophils confirms that neutrophil 

depletion enhances susceptibility to endotoxemia and sepsis 

Since the efficiency and selectivity of neutrophil-depleting antibodies is still a matter of debate 

(Daley et al., 2008; Nigrovic, 2013; Wang et al., 2012; Yipp and Kubes, 2013), we generated a 

new transgenic mouse model allowing selective and inducible ablation of neutrophils. We used 
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MRP8-Cre mice expressing the Cre recombinase under the control of the neutrophil-associated 

human MRP8 promoter, with an ires-GFP reporter (Abram et al., 2013; Elliott et al., 2011; 

Passegue et al., 2004). First, we confirmed that GFP expression, as a marker of Cre activity, is 

restricted to neutrophils among major mature immune cell types in the blood, bone marrow, spleen 

and peritoneal lavage fluid (Fig. 2 A and S2 A). We then crossed these mice with iDTRfl/fl mice, 

which bear a Cre-inducible simian DT receptor (DTR) (Buch et al., 2005), to generate mice with 

DTR expression highly restricted to neutrophils. A single injection of DT had no effect in control 

mice (MRP8-Cre-; iDTRfl/+ mice, named hereafter PMNWT mice), but markedly reduced neutrophil 

numbers in the blood, spleen and bone marrow of MRP8-Cre+; iDTRfl/+ mice (named hereafter 

PMNDTR mice) at 24 h (Fig. 2, B-D and S2, B). We found no significant effect of DT on any of the 

other major immune cell types we assessed, or on bone marrow granulocyte-macrophage 

progenitors (GMPs) (Fig. 2, E-G and S2, D-G). Consistent with a lack of effect of DT on GMPs, 

the neutrophil depletion in PMNDTR mice was transient, and blood neutrophils started to reappear 

two days after DT injection (Fig. S2, C).  

 

In accord with the results obtained with neutrophil-depleting antibodies (Fig. 1), we found that 

PMNDTR mice were much more susceptible than PMNWT mice to the development of hypothermia 

and death after LPS injection (Fig. 2 H and I). Despite considerable neutrophilia in PMNWT mice, 

PMNDTR mice remained deficient in neutrophils after LPS injection (Fig. S3, A). We found 

elevated levels of cytokines and chemokines in the blood 6 h after LPS injection in PMNDTR mice 

as compared to PMNWT mice (Fig. S3, B-F), supporting a protective role for neutrophils in LPS-

induced endotoxemia.  

 

To validate PMNDTR mice as a model to study neutrophils in vivo in an inflammatory context, we 

also assessed responses in the cecal ligation and puncture (CLP) model of polymicrobial sepsis 

(Fig. 2, J and K). Although CLP induced a strong neutrophilia in PMNWT mice, neutrophils 

remained barely detectable in the blood and peritoneal cavity of DT-treated PMNDTR mice (Fig. S3, 

G and H). Confirming the critical role of neutrophils in defense against bacteria, we found that 

DT-treated PMNDTR mice had diminished survival after CLP as compared to DT-treated PMNWT 

mice (Fig. 2 J), with greater numbers of bacteria in the blood and peritoneal cavity (Fig. 2 K and 

S3 I), and elevated levels of cytokines and chemokines in the blood, 18 h after CLP (Fig. S3, J-M). 

Thus PMNDTR mice represent a valuable model for studying neutrophils during in vivo 
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inflammation, and confirm a protective role for neutrophils in LPS-induced endotoxemia and 

CLP-mediated polymicrobial sepsis. 

. 

 

Myeloperoxidase (MPO) plays a beneficial role during sepsis and endotoxemia.  

MPO is the major enzyme produced by neutrophils, and has an antibacterial function in sepsis 

(Klebanoff, 2005). A recent report indicates that diminished MPO expression might be a good 

predictor for identifying septic shock patients at high risk of death (Demaret et al., 2015). We 

therefore hypothesized that, in addition to its antimicrobial properties, MPO might contribute to 

the beneficial function of neutrophils during LPS-induced endotoxemia. We first confirmed that 

MPO-deficient mice have increased mortality, elevated levels of blood cytokines and chemokines, 

and higher bacterial burden in the CLP model (Gaut et al., 2001) (Fig. S4). We then assessed 

responses of Mpo-/- mice in the LPS-induced endotoxemia model. Circulating neutrophils from 

MPO-deficient animals acquired a similar CD62LdimCD11bhigh phenotype to those of MPO-

sufficient animals 6 h after injection of LPS (Fig. 3 A and S5, A and B). However, Mpo-/- mice 

developed significantly increased hypothermia and mortality in response to LPS compared to WT 

mice (Fig 3, B and C), and elevated blood levels of cytokines and chemokines, despite similar 

levels of neutrophils in the blood (Fig. S5, C-H). Furthermore, treatment of WT mice with the 

MPO inhibitor 4-ABAH (4-aminobenzoic acid hydrazide (Gross et al., 2009; Kettle et al., 1995; 

Zhang et al., 2013)) significantly increased mortality in response to LPS, supporting a protective 

role for MPO during endotoxemia (Fig. 3 D).  

 

Although several myeloid cell types can produce MPO, including neutrophils, monocytes and 

macrophages, we found that MPO levels in the peritoneal cavity were reduced by 70% in 

neutrophil-depleted PMNDTR mice compared to PMNWT mice 6 h after LPS injection (Fig. 3 E). 

Employing ex vivo bioluminescent imaging of MPO activity following luminol administration 

(Gross et al., 2009; Zhang et al., 2013), we found that MPO activity was increased in the spleen 

and liver of both WT and PMNWT mice after LPS, compared to PBS-treated controls (Fig. 3, F-G 

and I). The pronounced MPO activity detected in the lungs was comparable between PBS- and 

LPS-treated mice (Fig. 3 H and I). MPO activity was markedly reduced in both Mpo-/- and 

PMNDTR mice in all of the organs we examined, and statistically indistinguishable between MPO-

deficient and neutrophil-deficient animals (Fig. 3 F-I and S6), suggesting that neutrophils are the 

major source of MPO after LPS injection in vivo. 
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Finally, we performed adoptive transfer experiments to assess directly the importance of 

neutrophil-derived MPO during LPS-endotoxemia. As a control, we first tested the efficiency of 

neutrophil engraftment in neutrophil-depleted PMNDTR mice or PMNWT controls using purified 

YFP+ neutrophils (isolated from the bone marrow of MRP8-Cre+;iYFPfl/+ mice). We found 

significantly more circulating YFP+ neutrophils in the blood of PMNDTR mice compared to PMNWT 

mice 4 h after engraftment, indicating that PMNDTR mice (in which endogenous neutrophils are 

depleted) represent an attractive model for adoptive transfer experiments (Fig. S7). We then 

engrafted PMNDTR mice with neutrophils purified from either WT mice (WT PMNs  PMNDTR) or 

Mpo-/- mice (Mpo-/- PMNs  PMNDTR). LPS-induced hypothermia and survival in WT PMNs  

PMNDTR mice were similar to those observed in neutrophil-sufficient PMNWT mice (Fig. 3, J and 

K). By contrast, Mpo-/- PMNs  PMNDTR mice experienced significantly greater hypothermia and 

mortality compared to either WT PMNs  PMNDTR mice or PMNWT mice, and the responses in 

Mpo-/- PMNs  PMNDTR mice were statistically indistinguishable from those of PMNDTR mice not 

engrafted with neutrophils (Fig. 3, J and K). Thus, the adoptive transfer of MPO-sufficient, but 

not MPO-deficient neutrophils, ameliorated LPS-induced hypothermia and enhanced survival of 

neutrophil-depleted mice. Collectively, our data indicate that the protective function of neutrophils 

during endotoxemia is dependent, at least in part, on their major enzyme MPO. 

 

Endotoxin challenge is a model of systemic inflammation relevant to our understanding of 

inflammatory pathways in multiple disease states: critically ill, post-trauma or septic patients are 

characterized by severe systemic inflammation. Moreover, immune suppression is a secondary 

component of these conditions, and associated with poor patient outcome (Hotchkiss et al., 2013); 

‘defective’ neutrophil function is observed in such settings, although the heterogeneity of 

neutrophil subsets is rarely addressed (Pillay et al., 2010). Importantly, LPS exposure mimics the 

systemic immune activation that occurs during infection, yet decoupled from the presence of a 

pathogen. Here, we have identified an unexpected new role for neutrophils and neutrophil-derived 

MPO: enhancing innate host resistance to the toxic effects of LPS. Our results imply that, in 

addition to their direct antimicrobial functions, neutrophils and MPO can contribute to optimal 

host protection by modulating inflammation and limiting the toxic effects of endotoxins. 
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Materials and Methods 

 

Mice. C57BL/6J specific pathogen free (SPF) (WT) mice were bred at the Stanford University 

Research Animal Facility or purchased from Jackson Laboratories or Charles River and used for 

experiments after maintaining the mice for at least one week in SPF conditions in either animal 

facility (Stanford or Pasteur). C57BL/6J germ-free (GF) mice were obtained from the Unit of 

Transgenesis, Archiving and Animal Models TAAM, UPS44, Orleans, France, or from Institut 

Pasteur, and were maintained in sterile isolators at Institut Pasteur. iDTRfl/fl mice (C57BL/6-

Gt(ROSA)26Sortm1(HBEGF)Awai/J) were purchased from Jackson Laboratories (Bar Harbor, Me). 

MRP8-Cre/iresGFP mice (B6.Cg-Tg(S100A8-cre,-EGFP)1Ilw/J) were obtained from Irving 

Weissman (Stanford University) and Clifford Lowell (UCSF). MRP8-Cre/iresGFP mice were 

crossed with iDTRfl/fl mice to generate ‘PMNDTR’ mice (MRP8-Cre/iresGFP+; iDTRfl/+) and 

‘PMNWT’ littermate controls (MRP8-Cre/iresGFP-; iDTRfl/+). ROSA-EYFP reporter mice 

(B6.129X1-Gt(ROSA)26Sortm1(EYFP)Cos/J) were obtained from Gerard Eberl (Institut Pasteur) and 

crossed with MRP8-Cre/iresGFP mice to generate mice with YFP-fluorescent neutrophils that 

were used as donors for the adoptive transfer experiments in Figure S6. Mpo-/- mice (B6.129X1-

Mpotm1Lus/J) were purchased from Jackson Laboratories and bred in the Institut Pasteur or 

Stanford University SPF Animal Facilities. We used age-and sex-matched mice for all 

experiments. All animal care and experimentation were conducted in compliance with the 

guidelines of the National Institutes of Health and with the specific approval of the Institutional 

Animal Care and Use Committees of Stanford University and of the Animal Ethics committee 

CETEA (Institut Pasteur, Paris, France) registered under #C2EA-89. 

 

Diphtheria toxin- and antibody-mediated ablation of neutrophils. PMNDTR mice and PMNWT 

littermate control mice were injected i.p. with 500 ng diphtheria toxin (DT; Sigma). For antibody-

mediated neutrophil depletion, WT mice were injected i.p. with anti-Ly6G (clone 1A8, 500 mg), 

anti-Gr-1 (clone RB6-8C5, 300 mg) or respective isotype control antibodies (Rat IgG2a clone 2A3 

or Rat IgG2b clone LTF-2). Injections were performed in 200 mL PBS daily commencing 1 day 

prior to LPS challenge. The RB6-8C5 antibodies used at the Institut Pasteur (Figure 1H-I) were 

produced from hybridomas kindly provided by Robert Coffman (Dynavax Technologies 

Corporation, Berkeley, California, USA), and purified by Protein G-affinity purification from 

hybridoma supernatants. All other antibodies were from BioXCell. 
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In vivo treatments. Mice were injected i.p. with LPS at 15 mg/kg (for the experiments performed 

at Institut Pasteur, Fig. 1, H and I) or 25 mg/kg, or at indicated doses, in 200μL PBS (Fig. 1, A-C 

and S1, A-D) (E. coli, serotype 055:B5, Sigma). Hypothermia was monitored and mice were 

observed for mortality at least twice daily. Mice that were clearly moribund were euthanized. For 

experiments involving germ-free mice, treatments were performed in parallel between GF and SPF 

facilities at Institut Pasteur, and all solutions were prepared sterile. For pharmacological inhibition 

of MPO activity, mice were injected i.p. with 80 mg/kg MPO inhibitor 4-Aminobenzoic hydrazide 

(4-ABAH; Sigma) (Zhang et al., 2013) 3 h before, and 6, 24 and 36 h after challenge with LPS 

(Figure 4I). 

 

Measurements of MPO and MPO activity. MPO was quantified from peritoneal lavage fluid by 

ELISA according to the manufacturer’s instructions (R&D). Bioluminescent imaging of MPO 

activity was performed 6 h after LPS injection (Zhang et al., 2013). Mice were anesthetized 

(isoflurane inhalation) and 10 min after injection of luminol-R (a mixture of luminol [Sigma; 200 

mg/kg] and near-infrared quantum dots [QD800 from Life Sciences; 100 pmol]; 100 ml each i.p. + 

i.v.), animals were sacrificed and organs sampled for imaging (2 min; open filter). Imaging and 

analysis was performed using an IVIS Spectrum with LivingImage software (Xenogen Product 

from PerkinElmer).. We controlled for the in vivo distribution of luminol-R by fluorescent 

imaging of QD800 particles (Ex (nm) 745/ Em (nm) 800), and found no difference in fluorescence 

intensity between organs from LPS-treated neutrophil-sufficient and neutrophil-depleted mice or 

LPS-treated WT and Mpo-/- mice (data not shown).  

 

Adoptive transfer of neutrophils. Bone marrow neutrophils were purified from the tibia and femur 

by negative selection using the EasySep Mouse Neutrophil Enrichment Kit (StemCell 

Technologies; >90% Gr-1+ CD11b+ and Ly-6G+ CD11b+ on average). Neutrophils (107 cells in 

Fig. 3, J and K and 2-10x106 in Fig. S6) were transferred i.v. (20-30 min before LPS injection, 

Fig. 3, J and K). 

 

Statistical analyses. Data are presented as mean ± SEM or mean + SEM. Data were analyzed for 

statistical significance using a Mantel-Cox log-rank test, an unpaired Mann-Whitney U test or an 

unpaired Student t test, as indicated in figure legends. P values < 0.05 are considered statistically 

significant.  
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Further methods are detailed in Supplemental Information 
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Figure 1. Antibody-mediated neutrophil depletion results in increased mortality after LPS 

injection. (A-C) Representative flow cytometry profile (A) and quantification of CD62L (B) and 

CD11b (C) (by geometric mean fluorescence intensity) on Ly6G+ CD11b+ blood neutrophils 6 h 

after LPS injection at indicated concentrations. Red areas outlined in A provide a visual indication 

of CD62L and CD11b on the neutrophil population from the control ‘0’ group. B & C show values 

from individual mice, bars indicate means ± SEM pooled from 2 independent experiments. ** or 

*** = P < 0.01 or 0.001 vs. control ‘0’ group by two-tailed Mann-Whitney U test. (D-I) Changes 

in body temperature (ΔoC [mean ± SEM]) and survival (percentage of live animals) after LPS 

injection in C57BL/6J mice treated i.p. with anti-Ly6G (D & E) or anti-Gr-1 (F-I) neutrophil-

depleting antibodies, or respective isotype control antibodies. Data in D-G are pooled from 3 

independent experiments performed at Stanford University (total n=10-12/group). Data in H are 

pooled from 3 independent experiments performed in the Institut Pasteur conventional SPF animal 

facility (total n=21-26/group). Data in I are pooled from 2 independent experiments performed in 

the Institut Pasteur germ-free animal facility (total n=18/group). ** or *** = P < 0.01 or 0.001 vs. 

the corresponding isotype control group by Mantel-Cox log-rank test.  
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Figure 2. Injection of diphtheria toxin (DT) in PMNDTR mice induces selective ablation of 

neutrophils and enhances susceptibility to LPS-induced endotoxemia and polymicrobial 

sepsis. (A) GFP expression (MFI) among leukocytes in the blood, bone marrow, spleen and 

peritoneal lavage fluid of MRP8-Cre/iresGFP+ mice and MRP8-Cre/iresGFP- littermate controls. 

Results in A are pooled from 3 independent experiments, each column representing data from one 

mouse. Numbers of blood (B), spleen (C) and bone marrow (D) neutrophils, or blood monocytes 

(E), blood eosinophils (F) and blood basophils (G), 24 h after i.p. injection of 500 ng of DT into 

PMNDTR mice and PMNWT littermate control mice. Results in B-G show values from individual 

mice, bars indicate means ± SEM pooled from 3 (C, D, E & G; total n=7-8/group) or 4 (B & F; 

total n=15-16/group) independent experiments. (H & I) Changes in body temperature (ΔoC 

[mean ± SEM]) (H) and survival (percentage of live animals) (I) after LPS injection in DT-treated 

PMNDTR and PMNWT mice. Data are pooled from 3 independent experiments (total n=11/group). (J) 

Survival during the CLP model of sepsis in DT-treated PMNDTR (n=16) and PMNWT littermate 

control (n=12) mice. (K) Numbers of bacterial CFUs in the blood 18 h after CLP. Results in K 

show values from individual mice, with bars indicating means ± SEM pooled from 3 independent 

experiments (n=8-13/group). *, ** or *** = P < 0.05, 0.01 or 0.001 vs. PMNWT littermate control 

mice by two-tailed Mann-Whitney U test (K) or Mantel-Cox log-rank test (I & J).  
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Figure 3. Neutrophil-derived MPO diminishes LPS-induced hypothermia and mortality. (A) 

Representative flow cytometry profile of Ly6G+ CD11b+ blood neutrophils 0 or 6 h after LPS 

injection in WT or Mpo-/- mice. Areas outlined in red indicate values for neutrophils from the 

control (time 0) group; data are representative of results obtained in 2 independent experiments. (B 

& C) Changes in body temperature (ΔoC [mean ± SEM]) (B) and survival (percentage of live 

animals) (C) after LPS injection in WT and Mpo-/- mice. (D) Survival after LPS injection in WT 

mice treated with the MPO inhibitor 4-ABAH or vehicle. Data in B-D are pooled from 3 

independent experiments (total n=11-13/group). ** or *** = P < 0.01 or 0.001 vs. respective WT 

group (C) or vehicle-treated group (D) by Mantel-Cox log-rank test. (E) MPO in the peritoneal 

lavage fluid 6 h after injection with PBS (n=4) or LPS (n=7/group). Values from individual mice 

are shown, and bars indicate means ± SEM pooled from 2 independent experiments. ** or *** = P 

< 0.01 or 0.001 vs. PBS group, and ### = P < 0.001 vs. LPS-treated control group by unpaired 

Student t test. (F-I) Bioluminescent visualization of MPO activity in various organs 6 h after 

injection of PBS or LPS in the indicated group. (F-H) Quantification of bioluminescence in spleen 

(F), liver (G) and lung (H). Data in F-H are means + SEM from three independent experiments 

(total n=6-14/group) except for Mpo-/- mice (2 independent experiments with a total of 3-4 mice). *, 

** or *** = P < 0.05, 0.01 or 0.001 vs. PBS-treated WT group, and #, ## or ### = P < 0.05, 0.01 or 

0.001 vs. corresponding LPS-treated control group by unpaired Student t test. NS: not significant 

(P > 0.05). (I) Representative images of different organs (Sp: spleen; L: liver; St: stomach; C: 

cecum; Du: duodenum; Ki: kidney; H: heart; L: lung). (J-K) Changes in body temperature (J) and 

survival (K) after LPS injection in DT-treated PMNDTR mice (n=9), PMNWT littermate controls 

(n=24), and PMNDTR mice engrafted i.v. with 107 purified bone marrow neutrophils from WT mice 

(WT PMNs  PMNDTR; n=16) or from Mpo-/- mice (Mpo-/- PMNs  PMNDTR ; n=10). Data are 

pooled from 2 (Mpo-/- PMNs  PMNDTR group), 3 (PMNDTR group) or 5 (PMNWT and WT PMNs  

PMNDTR groups) independent experiments. *** = P < 0.001 vs. PMNWT group and # or ## = P < 0.05 

or 0.01 vs. WT PMNs  PMNDTR group by Mantel-Cox log-rank test.  
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Figure S1 

 

 

Figure S1. Phenotype of neutrophils in the peritoneum and bone marrow after LPS injection, 
and neutrophils in the blood of mice treated with neutrophil-depleting antibodies. (A-D)
Levels of CD62L (A & C) and CD11b (B & D) (depicted as geometric mean fluorescence 
intensity) on Ly6G+ CD11b+ peritoneal (A & B) or bone marrow (C & D) neutrophils 6 h after 
injection of various concentrations of LPS (as indicated). Results in A-D show values from 
individual mice, with bars indicating means ± SEM pooled from 2 independent experiments (total 
n=4-5/group). * = P < 0.05 vs. control ‘0’ group by two-tailed Mann-Whitney U test. (E & F) 
Percentage of Gr-1high CD11b+ blood neutrophils at the indicated time point after injection of 25 
mg/kg LPS (E) in C57BL/6J mice treated i.p. with an anti-Ly6G neutrophil-depleting antibody 
(clone 1A8; 500 μg/injection) or an isotype control antibody (Rat IgG2a), and (F) in C57BL/6J 
mice treated i.p. with an anti-Gr-1 neutrophil-depleting antibody (clone RB6-8C5; 300 
μg/injection) or an isotype control antibody (Rat IgG2b). Data in E & F are pooled from 3 
independent experiments (total n=10-12/group). ** or *** = P < 0.01 or 0.001 vs. the 
corresponding isotype control group by two-tailed Mann-Whitney U test. 
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Figure S2 

 
Figure S2. Analysis of GFP expression in various immune cell types from MRP8-Cre/IRES-
GFP mice, and levels of various cell populations 24 h after DT injection into PMNDTR mice. 
(A) Analysis of GFP expression (mean fluorescence intensity MFI) in the indicated cell 
populations in MRP8-Cre/IRES-GFP- and MRP8-Cre/IRES-GFP+ mice. Results are representative 
of 3 independent experiments. (C) Percentage of blood, spleen and bone marrow neutrophils 24 h 
after i.p. injection of 500 ng of DT into PMNDTR mice and PMNWT littermate control mice. (D) 
Percentage of blood neutrophils at the indicated time points after i.p. injection of DT on day 0. 
Results in D are the means ± SEM from n=3-8 mice per group pooled from 2 or 3 independent 
experiments. (E-H) Numbers of various cell populations in blood (E), spleen (F), peritoneal lavage 
fluid (G), and bone marrow (H) from PMNDTR mice and PMNWT littermate control mice 24 h after 
i.p. injection of 500 ng of DT. Results in C & E-H show values from individual mice, with bars 
indicating means ± SEM pooled from 2 independent experiments for bone marrow B cells (total 
n=5/group), 4 experiments for blood neutrophils (C; total n=15-16/group) or 3 independent 
experiments for all other cell populations (total n=7-12/group). P values < 0.3 are indicated (two-
tailed Mann-Whitney U test). WBCs: white blood cells; RBCs: red blood cells.  
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Figure S3 
 

 

 

Figure S3. DT-mediated neutrophil depletion in PMNDTR mice enhances susceptibility to 
polymicrobial sepsis and LPS-induced endotoxemia. (A-F) Responses of DT-treated PMNDTR 
mice and PMNWT littermate controls during LPS-induced endotoxemia. (A) Percentage of blood 
neutrophils before (time 0), 3, 6 and 20 h after LPS injection in DT-treated PMNDTR mice and 
PMNWT controls. Data show values from individual mice, with bars indicating means ± SEM 
pooled from 3 independent experiments (n=6-10/group). (B-F) Levels of TNF (B), IL-6 (C), IL-10 
(D), IFN-γ (E) and MCP-1 (F) in the plasma of DT-treated PMNDTR mice and PMNWT littermate 
controls before (time 0) and 6 h after LPS injection (n=6-16/group). Results in B-F are means + 
SEM pooled from 3 independent experiments. (G-M) Responses of DT-treated PMNDTR mice and
PMNWT littermate controls in the cecal ligation and puncture (CLP) model of polymicrobial sepsis. 
Numbers of blood (G) and peritoneal (H) neutrophils, and numbers of bacterial CFUs recovered 
from the total peritoneal lavage fluid (I), 18 h after CLP (n=8-13/group). Levels of TNF (J), IL-6 
(K), MCP-1 (L) and IL-12 (M) in the plasma 18 h after CLP (n=7-8/group). Results in G-I show 
values from individual mice, bars indicate means ± SEM; results in J-M are means + SEM. *, ** 
or *** = P < 0.05, 0.01 or 0.001 vs. PMNWT group, and #, ## or ### = P < 0.05, 0.01 or 0.001 vs. 
same group at time 0 by Mann-Whitney U test.  
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Figure S4 
 

 

 

Figure S4. MPO deficiency enhances susceptibility to polymicrobial sepsis. (A-I) Responses of 
WT and Mpo-/- mice in the cecal ligation and puncture (CLP) model of polymicrobial sepsis. (A) 
Survival (percentage of live animals) after CLP (n=12/group pooled from 3 independent 
experiments). Numbers of blood (B) and peritoneal lavage fluid (C) neutrophils, and numbers of 
blood (D) and peritoneal lavage fluid (E) bacterial CFUs, 18 h after CLP. Results in B-D show 
values from individual mice, with bars indicating means ± SEM pooled from 2 independent 
experiments (B & C, total n=7-8/group) or 3 independent experiments (D & E, total n=9-11/group). 
Levels of TNF (F), IL-6 (G), MCP-1 (H) and IL-12 (I) in the plasma of WT and Mpo-/- mice 18 h 
after CLP. Data in F-I are means + SEM from three independent experiments (total n=9-11/group). 
** or *** = P < 0.01 or 0.001 vs. WT group by Mantel-Cox log-rank test (A) or Mann-Whitney U
test (B-I).  
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Figure S5 
 

 
Figure S5. MPO deficiency enhances susceptibility to LPS-induced endotoxemia. 
Quantification of CD62L (A) and CD11b (B) levels (geometric mean fluorescence intensity) on 
Ly6G+ CD11b+ blood neutrophils before (time 0) or 6 h after injection of LPS in WT (C57BL/6J) 
or Mpo-/- mice. (C) Percentage of blood neutrophils before (time 0) and 20 h after LPS injection in 
WT and Mpo-/- mice. A-C show values from individual mice; bars indicate means ± SEM pooled 
from 2 (A-B) or 3 (C) independent experiments (total n=5-15/group). Levels of TNF (D), IL-6 (E), 
IL-10 (F), IFN-γ (G) and MCP-1 (H) in the plasma of WT and Mpo-/- mice before (time 0) and 6 h 
after LPS injection. Data in D-H are means + SEM from three independent experiments (total n=8-
12/group). * P < 0.05 vs. WT group by Mann-Whitney U test. #, ## or ### = P < 0.05, 0.01 or 0.001 
vs. same group at time 0 by unpaired Student t test (C) or Mann-Whitney U test (A-B, D-H). 
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Figure S6 
 

 

 
Figure S6. Neutrophils are the major source of MPO after LPS injection. Quantification of 
myeloperoxidase (MPO)-induced bioluminescence in the stomach (A), caecum (B), duodenum (C), 
kidney (D) and heart (E) 6 h after i.p. injection of PBS (in WT C57BL6/J mice) or LPS in WT 
(C57BL6/J), Mpo-/- mice, DT-treated PMNDTR mice and DT-treated PMNWT littermate controls, 
and 5 min after luminol injection. Data are means + SEM from three independent experiments 
(total n=6-14/group) except for Mpo-/- mice (2 independent experiments with a total of 3-4 mice). 
*, ** or *** = P < 0.05, 0.01 or 0.001 vs. PBS-treated WT group, and # = P < 0.05 vs. 
corresponding LPS-treated control group by unpaired Student t test. NS: not significant (P > 0.05). 
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Figure S7 
 

 

 

Figure S7. Neutrophils 4 h after adoptive transfer into DT-treated PMNDTR or PMNWT mice. 

(A) Experimental outline. We purified bone marrow neutrophils by negative selection using a 

commercially-available kit. Purified cells were > 95% Gr-1+ CD11b+ (as shown in A) and >90% 

Ly6G+ CD11b+ (not shown) on average for all adoptive transfer experiments (Figures 3 & S7). 

Cells were > 80% YFP+ on average for all adoptive transfer experiments (Figure S7). Various 

numbers of purified neutrophils were transferred intravenously (i.v.) into DT-treated PMNDTR mice 

(in which endogenous YFP- neutrophils were depleted) or DT-treated PMNDTR mice (which 

contained endogenous YFP- neutrophils). Four h after adoptive transfer, levels of YFP+ neutrophils 

(Ly6G+ CD11b+) were analyzed by flow cytometry in the blood (B & C), spleen (C) and bone 

marrow (D). 
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Supplementary Methods  

 

Flow cytometry and blood cell analyses. We used flow cytometry to identify and enumerate 

immune cells in bone marrow, peripheral blood, peritoneal lavage fluid and spleen. Briefly, red 

blood cells were lysed by treatment with pH 7.3 ACK lysis buffer (0.15 M NH4Cl, 1 mM KHCO3, 

and 0.1 mM EDTA, pH 8.0) or RBC lysis buffer (BD Biosciences). Peritoneal lavages were 

performed with 2 ml of ice-cold PBS, and cells were washed and counted using a hemocytometer 

chamber. Cells were blocked with unconjugated anti-FcgRII/III (CD16/CD32) antibodies 

(BioXcell) on ice for 5 min and then stained with a combination of antibodies on ice for 30 min. 

Immune cell populations were identified as follows: neutrophils (CD11b+; Gr-1high or CD11b+; 

Ly6G+ or CD45+; CD11b+; Ly6G+), monocytes (CD11b+; Gr-1low or CD11b+; Ly6G-), macrophages 

in peritoneal lavage fluid (CD11b+; F4/80+), basophils (CD49b+; FceRIa+), mast cells (c-KIT+; 

FceRIa+), eosinophils (Siglec-F+; SSChigh), dendritic cells (CD11c+), T cells (CD3e+; B220-) and B 

cells (CD3e-; B220+). For analysis of bone marrow progenitor cells (Figure S1), bone marrow cells 

were stained with lineage markers (Gr-1, Ter119, CD4, CD8, CD3, B220, CD19), Sca-1, c-KIT, 

CD34, and FcgRII/III (CD16/32). Bone marrow progenitor cell populations were identified as 

follows (see Figure S1 for an example of the gating strategy): granulocyte-macrophage progenitors 

(GMPs) (Lineage-; c-KIT+; Sca-1-; CD34+, and FcgRII/IIIhigh), common myeloid progenitors 

(CMPs) (Lineage-; c-KIT+; Sca-1-; CD34+, and FcgRII/IIIint), megakaryocyte-erythrocyte 

progenitors (MEPs) (Lineage-; c-KIT+; Sca-1-; CD34-, and FcgRII/III-). Antibodies used were: Gr-

1 (clone RB6-8C5), Ly6C (AL21), Ly6G (1A8), CD11b (M1/70), F4/80 (BM8), FceRIa (MAR-1), 

c-KIT (2B8), CD49b (DX5), Siglec-F (E50-2440), CD11c (N418), CD3e (145-2C11), CD4 (RM4-

5), CD8 (53-6.7), CD19 (6D5), CD34 (RAM34), CD45 (30F11), Sca-1 (D7), B220 (RA3-6B2) or 

CD62L (MEL-14). All antibodies were purchased from eBioscience, BD Pharmingen, Miltenyi or 

Biolegend. Data were acquired using FACSCalibur, LSRII, Accuri C6 (all from BD Biosciences) 

or MACSQuant (Miltenyi) flow cytometers. FITC channel was used for analysis of GFP or YFP 

expression (Figures 1, S1 and S6). Data were analyzed with FlowJo software (TreeStar). Dead 

cells (identified by staining with propidium iodide, or LIVE/DEAD Fixable Dead Cell Stains; 

Invitrogen) were not included in the analysis. For complete blood analysis (Supplementary Figure 

3) total red blood cells (RBCs), white blood cells (WBCs), and platelets were counted using the 

Abbott Cell-Dyn 3500 automated hematology analyzer. 
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Cecal Ligation and Puncture. CLP was performed as described previously (Piliponsky et al., 

2012). Briefly, mice were deeply anesthetized by an intramuscular injection of 100 mg/kg 

ketamine and 20 mg/kg xylazine, and the cecum was exposed by a 1- to 2-cm midline incision on 

the anterior abdomen and subjected to ligation of the distal half of the cecum and single puncture 

(with a 22-gauge needle) of the ligated segment. The cecum was then replaced into the abdomen, 1 

ml of sterile saline (pyrogen-free 0.9% NaCl) was administrated into the peritoneal cavity, and the 

incision was closed using 9-mm steel wound clips. Mice were observed for mortality at least four 

times daily. Mice that were clearly moribund were euthanized by CO2 inhalation.  

 

Quantification of Bacterial CFUs. Dilutions of peritoneal lavage fluids or blood were performed 

and samples were plated on LB agar for peritoneal fluids or tryptose blood agar (BD Biosciences), 

respectively. Colonies were counted after overnight incubation at 37°C. 

 

Quantification of cytokines and chemokines in plasma. Levels of selected cytokines and 

chemokines in mouse plasma were analyzed by Cytometric Bead Array (mouse inflammation 

CBA kit, BD Bioscience) and quantified using an Accuri C6 flow cytometer (BD Biosciences). 

 

Supplementary Reference 

Piliponsky, A.M., C.C. Chen, E.J. Rios, P.M. Treuting, A. Lahiri, M. Abrink, G. Pejler, M. Tsai, 

and S.J. Galli. 2012. The chymase mouse mast cell protease 4 degrades TNF, limits inflammation, 

and promotes survival in a model of sepsis. Am J Pathol 181:875-886. 

 

 

  







 

44  Neutrophils  contribute to IgG-dependent anaphylaxis  
in FcγR-humanised mice 

Systemic shock is also the most severe manifestation of an allergic hypersensitivity reaction, 

otherwise known as anaphylaxis. Although anaphylaxis is classically attributed to an IgE-mediated 

mast cell-dependent paradigm of allergic reactivity, mouse models have provided ample evidence of 

alternative pathways of anaphylaxis, dependant on IgG antibodies, FcγR, and other myeloid cells. 

IgG-dependent anaphylaxis in the mouse can proceed via the engagement of either mFcγRIII or 

mFcγRIV, with a dominant role for the former, resulting in the activation of one or more of several 

different myeloid cell populations. Neutrophils, monocytes, basophils, and mast cells all express 

activating FcγR, can release anaphylactogenic mediators such as histamine and PAF, and have 

demonstrable roles in anaphylaxis induction; however the relative contribution of each of these 

populations to IgG-dependent anaphylaxis depends on the model used [249-251, 281]. Indeed, we 

demonstrated that the different subclasses of IgG used in PSA models engage different pathways of 

anaphylaxis induction ([247]; paper accepted in JACI 2016, and included in this thesis as Annex 7.1; 

C. Gillis 2nd author). 

Human IgG receptors (hFcγR) are highly distinct from mouse IgG receptors in structure, 

function and expression on immune cells (Figure 1.2). Human hFcγRs comprise hFcγRI (CD64), 

hFcγRIIA (CD32A), hFcγRIIB (CD32B), hFcγRIIC (CD32C), hFcγRIIIA (CD16A) and hFcγRIIIB 

(CD16B). All these receptors trigger cell activation and phagocytosis, except hFcγRIIB that inhibits 

cell activation and phagocytosis. Prior studies have demonstrated that hFcγRI and hFcγRIIA expressed 

in transgenic mice were each individually sufficient to mediate PSA, the symptoms of which were 

alleviated by pre-treatment with blocking antibodies [142, 161]. PSA mediated by hFcγRIIA was 

independent of mast cells and basophils, but rather dependent on neutrophils and 

monocytes/macrophages [161]. Furthermore, hFcγRI and hFcγRIIA were each individually sufficient 

to mediate ASA in transgenic mice, resulting in both hypothermia and death [142, 161]. hFcγRI-

dependent ASA required neutrophils and the release of PAF [142]. These data demonstrate that 

hFcγR expressed on neutrophils and monocytes can mediate fatal anaphylactic reactions in vivo. On 

the other hand, these results were obtained in mice expressing only one human FcR as a transgene, in 

the absence of inhibitory hFcγRIIB, and in the absence of other hFcγRs that may regulate or 

contribute to anaphylaxis. A mouse model expressing the range of five common hFcγR as transgenes 

has been generated: that is, hFcγRItgIIAtgIIBtgIIIAtgIIIBtg mice, on an mFcγRnull background. In these 



 

mice, which retain anomalous expression of some individual transgenes, administration of aggregated 

human IgG was sufficient to trigger anaphylaxis, indicating that human IgG immune complexes can 

trigger anaphylaxis in a context of multiple hFcγR, however the causal mechanisms were not 

addressed (Smith et al., 2012). 

In collaboration with Regeneron Pharmaceuticals, we developed a novel knock-in mouse 

model, VG1543 mice, consisting of the targeted insertion of the entire low-affinity hFcγR locus into 

the corresponding mouse locus on chromosome 1. This approach preserves the human intergenic 

sequences and permits the study of low-affinity hFcγR in a native context of activating (CD32A, 

CD16A, CD16B) and inhibitory (CD32B) hFcγRs. The following manuscript describes, in human 

low-affinity IgG receptor locus knock-in mice (VG1543): 

• The characterisation of hFcγR expression on immune cells, with comparison to human blood 

samples and published data. 

• Fatal active anaphylaxis following immunisation and challenge with antigen 

• Severe passive anaphylaxis induced by aggregated human IgG 

• A central role for hFcγRIIA on neutrophils in anaphylaxis induction, and a minor contribution 

of basophils 

• A contribution of the mediators PAF and histamine 

Thus using a new mouse model, including robust expression of inhibitory hFcγRIIB, we 

demonstrate that activation of neutrophils via hFcγRIIA can cause systemic anaphylaxis in response to 

circulating aggregates of human IgG. This study (Paper II) was accepted in the Journal of Allergy and 

Clinical Immunology in 2016, and is currently in press2. C. Gillis 1st author and co-corresponding 

author. 

2 Authorship of C. Gillis amounts to approximately 65% of the manuscript 
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ABSTRACT 

Background: Anaphylaxis can proceed through distinct IgE‐ or IgG‐dependant 

pathways, which have been investigated in various mouse models. We developed a 

novel mouse strain in which the human low‐affinity IgG receptor locus, comprising 

both activating (hFcγRIIA, hFcγRIIIA, hFcγRIIIB) and inhibitory (hFcγRIIB) hFcγR 

genes, has been inserted into the equivalent murine locus, corresponding to a locus 

‘swap’.  

Objective: We sought to determine the capabilities of hFcγRs to induce systemic 

anaphylaxis, and identify the cell types and mediators involved.  

Methods: hFcγR expression on mouse and human cells was compared to validate the 

model. Passive systemic anaphylaxis was induced by injection of heat‐aggregated 

human IVIG, and active systemic anaphylaxis following immunisation and challenge. 

Anaphylaxis severity was evaluated by hypothermia and mortality. The contribution of 

receptors, mediators or cell types was assessed by receptor blockade or depletion.  

Results: The human to mouse low‐affinity FcγR locus swap engendered 

hFcγRIIA/IIB/IIIA/IIIB expression in mice comparable to that in humans. Knock‐in 

mice were susceptible to passive and active anaphylaxis, accompanied by 

downregulation of both activating and inhibitory hFcγR expression on specific myeloid 

cells. The contribution of hFcγRIIA was predominant. Depletion of neutrophils 

protected against hypothermia and mortality. Basophils contributed to a lesser extent. 

Anaphylaxis was inhibited by Platelet-Activating Factor receptor or Histamine receptor-

1 blockade.  

Conclusion : Low‐affinity FcγR locus‐switched mice represent an unprecedented 

model of cognate hFcγR expression. Importantly, IgG‐anaphylaxis proceeds within a 

native context of activating and inhibitory hFcγRs; indicating that, despite robust 

hFcγRIIB expression, activating signals can dominate to initiate a severe anaphylactic 

reaction. 
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CLINICAL IMPLICATIONS 

In a mouse model of cognate human IgG receptors expression, hFcγR engagement with 

IgG immune complexes induced severe anaphylaxis. These findings benefit the 

understanding of human IgG-dependent anaphylaxis, whether non-classical (IgE-

independent) or following IgG-based therapies. 

 

 

CAPSULE SUMMARY 

 

Antibodies of the IgG class can contribute to anaphylaxis. This report reveals that 

human IgG receptor knock-in mice are susceptible to systemic anaphylaxis, 

demonstrating the predominance of activating over inhibitory IgG receptors and the 

major contribution of human FcγRIIA, neutrophils and platelet-activating factor. 
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ABBREVIATIONS USED 

 

FcγR: IgG Fc receptor 

PAF: Platelet-Activating Factor 

WT: Wild-Type 

PSA: Passive Systemic Anaphylaxis 

ASA: Active Systemic Anaphylaxis 

BSA: Bovine Serum Albumin 

HA: heat-aggregated 

mAb: monoclonal Antibody 

PBS: Phosphate Buffered Saline 

BBS: Borate Buffered Saline 

GeoMean: Geometric Mean 

SEM: Standard Error of the Mean 
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INTRODUCTION 

 

Anaphylaxis is a severe, systemic allergic reaction, the reported incidence of 

which is increasing worldwide1-3. Reactions are clinically heterogeneous, yet 

characterised by rapid symptom progression and risk of death: intense vasodilation and 

bronchoconstriction can lead to hypotension, hypothermia, tachycardia, and respiratory 

distress, which may result in heart and lung failure. In children the most common 

causative agent is food, whereas in adults drug-induced anaphylaxis accounts for the 

majority of cases, and indeed the majority of fatal reactions. Anaphylaxis is classically 

attributed to an IgE-mediated reaction driven by mast cell activation and release of 

histamine and tryptase4. 

Many cases of human anaphylaxis, in particular to drugs, are not accompanied 

by elevated serum tryptase or detectable antigen-specific IgE5-8. Alternative, IgE-

independent pathways may actually underlie a significant fraction of these anaphylactic 

events: indeed, non-IgE reactions have been reported to account for up to 30% of cases 

of drug-induced anaphylaxis9. Furthermore, measures of histamine and mast cell 

tryptase in patients’ sera do not reflect the severity of reactions7, 10, whereas serum 

platelet-activating factor (PAF) levels were found to directly correlate with anaphylaxis 

severity11, 12. Supporting these notions, experimental animal models have demonstrated 

that fatal systemic anaphylaxis following intravenous challenge proceeds via PAF 

release triggered by non-IgE-dependant pathways, and in particular by IgG-dependant 

pathways (reviewed in 13, 14). The respective contribution of IgE- and IgG-mediated 

pathways in human anaphylaxis remains however to be determined. 

 

Passive systemic anaphylaxis (PSA) may be induced in mice by the transfer of 

specific IgE or IgG antibodies prior to a challenge with a specific antigen, or by the 

transfer of pre-formed IgG immune complexes. Active systemic anaphylaxis (ASA) is 

elicited by immunisation with an antigen prior to challenge with the same antigen; a 

polyclonal IgE and IgG antibody response is generated, and death can result from 

antigen challenge. In both models, use of the intravenous route for allergen challenge 

mimics drug-induced anaphylaxis in patients. ASA does not depend on IgE antibodies, 

activating IgE receptors, or mast cells15, 16, but rather requires activating IgG receptors 
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(FcγR), and the contribution of other myeloid cells: neutrophils, basophils or 

monocyte/macrophages17-19. Platelet-activating factor (PAF) was identified as the 

dominant downstream mediator of IgG-induced anaphylaxis, and PAF alone, like 

histamine, can reproduce the signs and symptoms of anaphylaxis20, 21. Thus mouse 

models suggest a pathway of anaphylaxis driven by IgG-mediated activation of myeloid 

cells and relying on PAF release. 

 

Allergic patients that possess detectable allergen-specific IgE also possess 

detectable allergen-specific IgG. These anti-allergen IgG antibodies are mainly of the 

IgG1 isotype, whereas anti-allergen IgG4 antibodies increase following allergen 

immunotherapy22-25. Allergen-specific IgG4 levels are considered a good correlate to 

successful allergen immunotherapy, however it remains unknown if allergen-specific 

IgG1 participate in, or are even responsible for, non-IgE mediated human anaphylaxis. 

Humans express a family of IgG receptors (FcγR), comprised of activating IgG 

receptors (hFcγRI/CD64, hFcγRIIA/CD32A, hFcγRIIC/CD32C, hFcγRIIIA/CD16A, 

hFcγRIIIB/CD16B) and a single inhibitory receptor (hFcγRIIB/CD32B), that all bind 

human IgG1 and that mediate most of the biological functions of IgG26. Although mice 

also express both activating and inhibitory FcγRs, murine FcγRs do not structurally or 

functionally mirror those of humans: differential antibody binding affinities and 

variable expression on immune cell subsets prevent extrapolation from one species to 

another26. We reported previously the induction of anaphylaxis (PSA and fatal ASA) in 

mice transgenic either for hFcγRI/CD64 or hFcγRIIA/CD32A on a background 

deficient in endogenous mFcγR19, 27. PSA mediated by hFcγRIIA was independent of 

mast cells and basophils, and relied on neutrophils and monocytes/ macrophages28, and 

hFcγRI-dependent ASA required neutrophils and PAF release27. An important caveat of 

these results is that they were obtained in mice expressing only one hFcγR, in the 

absence of potential regulatory or cooperative effects of other hFcγRs. In a model 

generated by intercrossing of five different hFcγR-transgenic mice, incorporating 

activating and inhibitory hFcγRs, administration of aggregated human IgG to [hFcγRItg 

hFcγRIIAtg hFcγRIIBtg hFcγRIIIAtg hFcγRIIIBtg] mice on a mFcγRnull background was 

sufficient to trigger anaphylaxis, although the mechanisms were not addressed29. This 

model reproduces, however, aberrant expressions seen in mice carrying the individual 
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transgenes, including extremely high expression of hFcγRIIB on mouse monocytes and 

granulocytes26. 

 

Here, we present a novel mouse model in which we have employed highly 

efficient knock-in technology to insert the entire low-affinity hFcγR locus into the 

corresponding mouse locus on chromosome 1. This approach engendered expression of 

activating hFcγRIIA/CD32A, hFcγRIIIA/CD16A and hFcγRIIIB/CD16B, and of 

inhibitory hFcγRIIB/CD32B in mice, in a manner resembling expression patterns seen 

in humans. This unprecedented model permits analyses of the role of hFcγRs and the 

cell types that express them in IgG-mediated anaphylaxis, within a cognate context of 

activating and inhibitory hFcγRs. 
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METHODS 

 

Mice 

VG1505 and VG1543 mice were designed and generated by Regeneron 

Pharmaceuticals, Inc. on a mixed 62.5% C57BL/6N, 37.5% 129S6/SvEv genetic 

background (refer to Supplemental Methods), and backcrossed one generation to 

C57BL/6N. Mice were bred at Institut Pasteur and used for experiments at 7-11 weeks 

of age. VG1505 and VG1543 mice demonstrate normal development and breeding 

patterns. All mouse protocols were approved by the Animal Ethics committee CETEA 

(Institut Pasteur, Paris, France) registered under #C2EA-89. 

 

Active Systemic Anaphylaxis 

Mice were injected intraperitoneally on day 0 with 200μg BSA in CFA, and boosted 

intraperitoneally on day 14 with 200μg BSA in IFA. BSA-specific IgG1, IgG2a/b/c and 

IgE antibodies in serum were titered by ELISA on day 21 as described19. Mice with 

comparable antibody titers were challenged intravenously with 500μg BSA 10-14 days 

after the last immunisation. Central temperature was monitored using a digital 

thermometer (YSI) with rectal probe.  

 

Passive Systemic Anaphylaxis 

Human Intravenous Immunoglobulin (IVIG; Gamunex®, Grifols) was heat-aggregated 

by incubation at 25mg/mL in BBS (0.17M H3BO3, 0.12M NaCl, pH8) for 1 hour at 

63°C, then diluted in 0.9% NaCl for iv injection at 100μL per mouse. Central 

temperature was monitored using a digital thermometer with rectal probe. Control non-

aggregated IVIG was similarly diluted without heating. For hFcγR expression analysis 

following IVIG-PSA, heparinised blood was sampled 1hour after IVIG injection. IgE-

dependant PSA was induced by challenge with 500μg TNP-BSA 16 hours after passive 

transfer of IgE anti-TNP (50μg clone C48.2). PSA was induced also by PAF injection at 

0.3μg per mouse i.v., and hypothermia monitored immediately afterwards. 

 

In vivo blocking and depletion 
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Anti-FcγRIIA mAbs (Clone IV.3, 60μg /mouse) were injected twice intravenously (24 

hours and 4 hours) before challenge. Note that, unlike in FcγRIIAtg mice 30, IV.3 

administration did not induce hypothermia or symptoms of anaphylaxis, nor platelet 

depletion. 300μg /mouse anti-Gr-1 (RB6-8C5), 300μg /mouse anti–Ly-6G (NIMP-R14), 

30μg/mouse (Supplementary Figure 5A&D, Supplementary Figure 6B) or 60μg/mouse 

anti-CD200R3 (Ba103) (Figure 4E), 300μg /mouse anti–Ly-6C (Monts 1, rat IgG2a) 

mAbs, or corresponding rat IgG2b or IgG2a isotype control mAbs were injected 

intravenously 24 hours before challenge. Note that the NIMP-R14 antibody clone is 

specific to the Ly-6G antigen (Supplementary Figure 4A-C). 300μL /mouse PBS- or 

clodronate-liposomes were injected intravenously either 24 hours before challenge, or 

both 24 and 48 hours before challenge. Specificity of cell depletion was evaluated in the 

blood, spleen and peritoneal lavage of naive 1543 mice 24 hours after NIMP-R14 

(Supplementary Figure 4C-E) or Ba103 (Supplementary Figure 5).  Please refer to 

“Specificity and efficiency of cell depletion strategies” in the Supplemental Methods for 

more information. 

PAF-R antagonists ABT-491 (25μg/mouse) or CV-6209 (66μg/mouse) in 0.9% NaCl 

were injected intravenously 15min or 10min prior to challenge, respectively. H1-

receptor antagonists cetirizine DiHCl, pyrilamine maleate , or triprolidine HCl at 

300μg/mouse in 0.9% NaCl were injected intraperitoneally 30 minutes before challenge.  

 

Please refer to Supplemental Methods for details on: Generation of knock-in mice, 

Antibodies and reagents, Flow cytometry, Specificity and efficiency of cell depletion 

strategies, Statistics. 
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RESULTS 

 

Creation of VG1505 (mFcγRIIB-/- mFcγRIII-/- mFcγRIV-/-) and VG1543 

(mFcγRIIB-/- mFcγRIII-/- mFcγRIV-/- hFcγRIIAKI hFcγRIIBKI hFcγRIIIAKI 

hFcγRIIIBKI) mice 

To delete the mouse low-affinity Fc receptors, a large targeting vector 

(BACvec)31, 32 was constructed (as described in supplemental methods) to delete 106 kb 

of mouse genomic sequence encompassing the mouse Fcgr2b, Fcgr3, and Fcgr4 genes, 

and used to target VGF1 ES cells33. The low-affinity FcγR deleted allele (deletion of 

1:170,956,770-171,063,353 from Chr1_H3 based on the mouse GRCh38 assembly) was 

given the designation VG1505 (Figure 1A). 

To insert human FCGR3A and FCGR2A genes, a BACvec containing 69 kb of 

the corresponding human sequence flanked by long mouse homology arms was 

generated (refer to Supplemental Methods) and used to retarget VG1505 ES cells31. The 

subsequent allele in which the three mouse low affinity Fc receptors were replaced with 

hFCGR3A and hFCGR2A was given the designation VG1528 (Figure 1B). To insert 

human FCGR2B, FCGR2C and FCGR3B genes next to the human FCGR3A and 

FCGR2A genes, a BACvec was constructed containing an additional 142 kb of human 

sequence between a human homology arm, homologous to the end of the human insert 

in VG1528, and a mouse homology arm. This BACvec was used to retarget VG1528 ES 

cells, and resulted in an allele designated VG154331, 32 (insertion of human sequence 

from 1:161,500,441-161,679,348 on Chr1_q23.3 based on the human GRCh38 

assembly) in which all five human low-affinity FcγR receptor genes replace the three 

mouse low-affinity FcγR genes (Figure 1C). The inserted human low-affinity FcγRs are 

in the same order as in the human genome and the human intergenic sequences are 

retained intact. The human BAC sequences used encode for the polymorphic variants 

hFcγRIIA(H131), hFcγRIIB(I232), hFcγRIIC(Stop13), hFcγRIIIA(V158) and 

hFcγRIIIB(NA2); therefore no expression of hFcγRIIC is expected in VG1543 mice. 

 

VG1543 mice exhibit hFcγR expression patterns on immune cells comparable to 

that of humans 
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First, we determined that VG1505 and VG1543 mice exhibit normal immune 

cell composition (Supplementary Table 4). VG1505 mice demonstrate slightly elevated 

frequencies of granulocytes and monocytes in the blood and spleen, and macrophages in 

the peritoneum compared to VG1543 (Supplementary Figure 1A-C). Furthermore, 

VG1505 and VG1543 mice exhibit comparable mFcεRI and mFcγRI expression 

(Supplementary Figure 1D-F). 

To compare the expression pattern of hFcγRs in VG1543 mice to that of humans, 

specific antibody staining and flow cytometry analysis was performed on cells isolated 

either from the blood of healthy human donors, or from the blood, spleen, lymph nodes, 

bone marrow, peritoneum and broncho-alveolar lavage (BAL) of VG1543 mice. All 

myeloid cells examined, including monocytes, macrophages, eosinophils, basophils and 

mast cells, and among lymphocytes B and NK cells, but not T cells, expressed at least 

one hFcγR (Figure 2A-B). 

We detected hFcγRIIA (CD32A) staining on neutrophils, monocytes, 

eosinophils and platelets from the blood of healthy human donors (Figure 2A) as 

expected26, and from the blood, spleen, lymph nodes, bone marrow, peritoneum and 

broncho-alveolar lavage of VG1543 mice (Figure 2B). VG1543 peritoneal mast cells 

also expressed hFcγRIIA. Like human blood basophils, VG1543 blood basophils 

expressed variably hFcγRIIA (Figure 2A-B), but not basophils from the spleen or bone 

marrow; the low level of expression of hFcγRIIA on VG1543 blood basophils is in the 

range of expression found on basophils from human donors (Figure 2C). As expected, 

lymphocytes, including B, T and NK cells, did not express hFcγRIIA in humans and 

VG1543 mice (Figure 2A-B); notably we observed some background staining for 

hFcγRIIA on human B cells, as published previously28. Thus the hFcγRIIA expression 

pattern and level is comparable between VG1543 mice and blood from normal human 

donors. 

In human blood hFcγRIIB was detected at high levels on all B cells and basophils, 

at lower levels variably on a proportion of monocytes (2-38% positive; n=4 donors), 

whereas other cells were mostly negative, i.e. neutrophils, eosinophils, NK cells, T cells, 

platelets (Figure 2A and Supplemental Figure 1A), as expected34, 35. Similarly, VG1543 

mice expressed high levels of hFcγRIIB on B cells from blood, spleen, lymph node and 

peritoneum (Figure 2B). Furthermore, we observed variation in hFcγRIIB staining 

among B cell subpopulations isolated from the bone marrow and the peritoneum of 
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VG1543 mice (Supplementary Figure 1B-C). VG1543 mice demonstrated robust 

hFcγRIIB expression on monocyte populations in the blood and lymphoid organs, yet 

no staining was observed on Ly6Chi monocytes from the bone marrow. Only a fraction 

of donors we analysed demonstrated hFcγRIIB expression on blood monocytes 

(Supplemental Figure 2A), consistent with its previously reported variable expression 

on CD14lo monocytes and absence of expression on CD14hi monocytes36. Thus VG1543 

exhibit over-expression of hFcγRIIB on blood monocytes compared to human blood 

monocytes. Interestingly, hFcγRIIB staining was higher on Ly6Clow “patrolling” 

monocytes than on Ly6Chi “classical” monocytes from VG1543 mice (Supplemental 

Figure 2D), as it is on the analogous populations in human blood, CD14lowCD16hi 

“patrolling” monocytes and CD14hi “classical” monocytes (Supplemental Figure 2E). 

Furthermore, spleen monocytes in human36 and VG1543 mice express significant levels 

of hFcγRIIB, reconciling hFcγRIIB expression on monocytes in this compartment 

between human donors and VG1543 mice. Macrophages from the peritoneum, but not 

from BAL, of VG1543 mice were found positive for hFcγRIIB (Figure 2B). Although 

human basophils express high levels of hFcγRIIB37, basophils from VG1543 mice were 

negative (Figure 2A-B). Overall, VG1543 mice appear to express hFcγRIIB at similar 

levels on B cells, at the high end of the range on monocytes, but not on basophils, 

compared to humans. 

Human neutrophils, monocytes, eosinophils, NK cells and a small proportion of 

basophils were labelled positive with an anti-CD16 antibody recognizing both 

hFcγRIIIA and hFcγRIIIB (Figure 2A), in accordance with known hFcγRIIIA (NK cells, 

monocytes/macrophages and eosinophils) and hFcγRIIIB expression (neutrophils and 

some basophils)35. Similarly, in the blood and organs from VG1543 mice, neutrophils 

stained at high levels, and monocyte/macrophages, NK cells and basophils at variable 

levels with anti-CD16 (Figure 2B and Supplemental Figure 1). Eosinophils from 

VG1543 mice did not show detectable CD16 labelling, in accordance with 25% of 

human donors (Supplemental Figure 1F). Interestingly, CD16 was apparent on only 30-

45% of NKp46+ NK cells from the spleen of VG1543 mice, compared to 85-98% of 

CD56+ NK cells from human blood. Overall, VG1543 mice appear to express 

hFcγRIIIA and hFcγRIIIB at similar levels on neutrophils and NK cells, at higher levels 

on blood monocytes, but not on eosinophils nor on blood basophils, respectively, 

compared to humans. 
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Induction and mechanism of active systemic anaphylaxis in VG1543 mice 

Among human low-affinity hFcγRs, the activating IgG receptors hFcγRIIA and 

hFcγRIIIA, and the inhibitory IgG receptor hFcγRIIB, can bind mouse IgG isotypes26, 28, 

35 (Table 1): we therefore explored the capacity of these receptors to mediate active 

systemic anaphylaxis (ASA) triggered by i.v. BSA challenge in VG1505 and VG1543 

mice immunised with BSA (Supplemental Figure 3). Following challenge, VG1543 

mice, but not in VG1505 mice, suffered from a severe drop in body temperature and 50-

100% mortality within 30 minutes (Figure 3A). Pre-treatment of VG1543 mice with 

blocking antibodies against activating hFcγRIIA (mAb IV.3)28 abolished hypothermia 

and mortality (Figure 3B). hFcγRIIA is expressed by neutrophils, 

monocyte/macrophages, eosinophils, basophils and mast cells in VG1543 mice. Of 

these, neutrophils, monocyte/macrophages and basophils have been reported to 

contribute to IgG-PSA in mice17-19. Neutrophil depletion using either anti-Ly6G or anti-

Gr1 mAbs protected VG1543 mice from ASA, but neither monocyte/macrophage nor 

basophil depletion (Figure 3C; Supplemental Figure 5B-E). Finally, PAF-receptor 

blockade protected from ASA-associated death and hypothermia, while H1-receptor 

antagonist cetirizine had no effect (Figure 3D, Supplemental Figure 5F-G). Altogether 

these data, obtained in this model of ASA contingent on hFcγR binding of mouse IgGs, 

demonstrate that VG1543 mice present with anaphylactic symptoms and a fatal reaction 

dependent on hFcγRIIA, neutrophils and PAF. They also demonstrate that mouse FcγRI, 

which is still expressed in both VG1505 mice and VG1543 mice, cannot induce 

anaphylaxis. 

 

Aggregated human IVIG triggers passive systemic anaphylaxis in VG1543 mice 

Although interactions between mouse IgG isotypes and some human FcγRs can 

result in the induction of anaphylactic reactions (Figure 3, Table 1 and 19, 27, 28), such 

models are far from recapitulating the variety of human IgG interactions with both 

activating and inhibitory hFcγRs38. We therefore investigated whether anaphylaxis 

could be initiated by triggering human FcγRs in VG1543 mice using aggregated human 

intravenous immunoglobulin (IVIG) as a surrogate for human IgG-immune complexes. 

Intravenous injection of 1mg heat-aggregated IVIG induced passive systemic 

anaphylaxis (IVIG-PSA) in VG1543 mice, manifested by visual signs and severe 
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hypothermia, with a maximum temperature loss of 6-8°C 30-40 min after injection. This 

reaction was dependant on the expression of hFcγR, since VG1505 mice were resistant 

(Figure 4A). A dose response of heat-aggregated IVIG demonstrated that hypothermia 

reaches a maximum at 1 mg, was lower at 500 or 300 μg, and was not observed at 30 μg 

(Figure 4B & Supplemental Figure 4). A dose of 1mg was therefore chosen for all 

subsequent IVIG-PSA, as it consistently induced in VG1543 mice a shock at sufficient 

magnitude to assess the effect of receptor, cell and mediator blockade. 

 

hFcγRIIA and neutrophils contribute to IVIG-PSA in VG1543 mice 

hFcγRIIA blockade protected against both anaphylactic symptoms and 

hypothermia during IVIG-PSA in VG1543 mice, (Figure 4C), even though VG1543 

mice express also hFcγRIIIA and hFcγRIIIB that may induce cell activation26, 35, 39. 

Monocyte/macrophage depletion by toxic liposome administration had no effect (Figure 

4D), whereas basophil depletion modestly reduced IVIG-PSA in VG1543 mice (Figure 

4E). Neutrophil depletion, however, was protective (Figure 4F). Appropriate antibody-

mediated cell depletion was confirmed by flow cytometry analysis (Supplemental 

Figure 4 and 5A), and we have previously demonstrated efficient monocyte/macrophage 

depletion in the blood and spleen following liposome injection (Beutier et al 2016). 

hFcγRIIB blockade, even using high doses of blocking mAb, did not modulate 

anaphylactic symptoms in VG1543 mice induced by optimal (1mg; not shown) or 

suboptimal (250μg; Figure 4G) doses of heat-aggregated IVIG. Thus VG1543 mice are 

susceptible to PSA induced by human IgG, and the reaction proceeds primarily through 

neutrophils and the activating receptor hFcγRIIA, with a minor contribution of 

basophils, but does not require monocyte/macrophages, and is not negatively regulated 

by inhibitory hFcγRIIB.  

 

Changes in hFcγR expression on myeloid cells following anaphylaxis 

It has been proposed that changes in Fc receptor expression may be used as a 

biological marker for anaphylaxis, or an indicator of different pathways of activation40. 

We therefore investigated changes in hFcγR expression on circulating myeloid cell 

populations following IVIG-PSA in VG1543 mice. One hour after anaphylaxis 

induction, staining for activating hFcγR receptors was substantially reduced on 

neutrophils (Figure 5A), Ly6Chi (Figure 5B) and Ly6Clow monocytes (Figure 5C) in the 
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blood of VG1543 mice; entailing almost complete loss of hFcγRIIA on neutrophils and 

monocytes, and significant downregulation of hFcγRIII on neutrophils and Ly6Clow 

monocytes. The inhibitory receptor hFcγRIIB was also significantly reduced on Ly6Chi 

monocytes, yet unchanged on Ly6Clow monocytes and neutrophils. These changes in 

receptor staining were not due merely to increased quantities of circulating IgG, as the 

injection of non-aggregated IVIG did not affect receptor expression (Figure 5A-C). 

Receptor detection by anti-hFcγR mAbs may be influenced by pre-bound human IgG-

immune complexes; however we confirmed that this was not the case using a panel of 

different antibodies with different recognition sites, both within and outside of the 

ligand-binding region. Furthermore, hIgG could be detected at low amounts on the 

surface of VG1543 neutrophils and monocytes isolated after IVIG-PSA (Supplementary 

Figure 7 and Supplementary Methods), yet the limited amount of bound hIgG that we 

observe after PSA, particularly on neutrophils, certainly does not account for the several 

logs of reduction in receptor staining intensity. These data indicate active engagement 

of hFcγR on neutrophils and monocytes during IVIG-PSA, and suggest that these cells 

are each involved in responding to IgG-immune complexes, even though, in the case of 

monocytes, they may not be required for the induction of anaphylactic symptoms in 

VG1543 mice. 

 

PAF and histamine contribute to IVIG-PSA in VG1543 mice 

We assessed the contribution of the mediators PAF and histamine to IVIG-PSA 

in VG1543 mice, using receptor antagonists administered before PSA induction. PAF 

receptor blockade using two different antagonists (ABT-491 and CV-6209) 

significantly reduced the hypothermia associated with IVIG-PSA in VG1543 mice 

(Figure 6A-B). Cetirizine, Pyrilamine and Tropolidine are different histamine-receptor 1 

antagonists that inhibit IgE-induced PSA to various extents (Supplemental Figure 8A-

C). Cetirizine had no effect on IVIG PSA in VG1543 mice, unless combined with PAF-

R antagonist ABT-491 (Supplemental Figures 8D-E). Pyrilamine and Tropolidine, 

however, significantly reduced the hypothermia associated with IVIG-PSA in VG1543 

mice (Figure 6C-D). Of note, PAF-R antagonist ABT-491 injected at higher doses did 

not confer greater protection (Supplemental Figure 8F). Therefore both PAF and 

histamine contribute to IVIG-PSA, in agreement with the contribution of neutrophils 

and basophils, in knock-in mice expressing human low-affinity IgG receptors. 
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DISCUSSION 

 

We demonstrate here that VG1543 mice, which exhibit genuine expression of all 

human low-affinity FcγRs, are susceptible to IgG-dependant anaphylaxis. VG1543, but 

not VG1505, mice experienced severe hypothermia following transfer of aggregated 

human IgG or following immunisation and challenge with the same antigen. These data 

show for the first time that, in a cognate context of activating and inhibitory human 

FcγR signalling, immune complexes formed by either mouse or human IgG can trigger 

cell activation, mediator release, and severe anaphylaxis. 

 

Several transgenic mouse models have been developed previously to investigate 

the in vivo functions of human FcγRs (reviewed in 14, 35). Transgenic approaches have 

their inherent flaws, however, in terms of reproducibility of human FcγR expression, 

heterogeneity of transgene expression between individuals of the same genotype, and 

instability between generations, as a result of random transgene integration into the 

genome. hFcγRIIA(R131)tg mice41, hFcγRIIB(I232)tg 42, hFcγRIIIA(F158)tg and 

hFcγRIIIBtg (unknown polymorphic variant)43 mice each employ their respective 

genuine human promoter to drive transgene expression. Of these, it appears that only 

hFcγRIIA(R131)tg mice recapitulate the corresponding human expression patterns28, 41, 

whereas hFcγRIIB(I232)tg mice exhibit abnormally high expression on circulating 

monocytes and granulocytes, and hFcγRIIIA(F158)tg hFcγRIIIBtg mice have aberrant 

expression on DCs and eosinophils29, 42. Furthermore, the study of hFcγR-transgenic 

strains necessitates genetic backgrounds lacking endogenous mFcγRs, because mouse 

and human FcγRs cross-bind human and mouse IgG, respectively (Table 1). hFcγR-

transgenic mice have been studied on a background deficient in the FcR γ-chain 

signalling subunit (FcRγKO), that lacks functional expression of mFcγRI, mFcγRIII, 

mFcγRIV and mFcεRI44. Unfortunately FcRγKO mice have deficiencies in signalling 

through several non-FcR molecules, including integrin, cytokine and growth factor 

receptors, affecting leukocyte recruitment and vascular haemostasis; and these mice 

maintain inhibitory mFcγRIIB expression that can modulate hFcγR-induced signalling35, 

45-47. A mFcγRnull background, lacking all mouse IgG receptor expression but 

maintaining FcR γ-chain expression, is a preferable approach, as exemplified in the 
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generation of hFcγRItgIIAtgIIBtgIIIAtgIIIBtg mFcγRnull mice by intercrossing of the five 

single hFcγR-transgenic strains described above29. 

 

To circumvent the inherent issues of randomly integrated transgenics, we 

employed gene knock−in technology to generate a mouse model deficient for the low-

affinity mouse IgG receptor locus (mFcγRIIB/III/IVKO; VG1505), and to insert the 

human low-affinity IgG receptor locus in its stead (hFcγRIIA(H131)-hFcγRIIB(I232)- 

hFcγRIIC(Stop13)-hFcγRIIIA(V158)-hFcγRIIIB(NA2)KI; VG1543). Consequently, 

VG1543 mice demonstrate hFcγR expression consistent with that observed in humans26, 

35, with some minor differences: eosinophils lack hFcγRIIIA expression and basophils 

lack hFcγRIIB expression. In addition, hFcγRIIIA and hFcγRIIB expression is higher 

on blood monocytes compared to humans; nevertheless hFcγRIIB on these cells in 

VG1543 remains very much closer to that observed in humans, when compared to the 

expression reported in hFcγRItgIIAtgIIBtgIIIAtgIIIBtg mFcγRnull mice29. Of note, VG1543 

represent the first mouse model of hFcγRIIA(H131) and hFcγRIIIA(V158) expression, 

which is particularly advantageous for the study of human IgG2. Indeed hFcγRIIA(H131) 

binds significantly better human IgG2 than the polymorphic variant hFcγRIIA(R131), 

which is expressed in hFcγRIIA transgenic animals38, 48; and hFcγRIIIA(V158) binds 

human IgG2 whereas polymorphic variant hFcγRIIIA(F158), expressed in hFcγRIIIAtg 

mice, does not38, 43, 48.  

Here we identify for the first time that, within the context of native co-

expression with other activating and inhibitory hFcγRs, hFcγRIIA drives IgG-

anaphylaxis induction. hFcγRIIA blockade indeed protected VG1543 mice against 

systemic anaphylaxis induced by aggregated human IVIG. The transfer of IVIG 

aggregated ex vivo mimics the formation of polyclonal hIgG immune complexes in vivo, 

since the subclass composition reflects that of human serum: 63% IgG1, 29% IgG2, 5% 

IgG3 and 3% IgG4. All human FcγRs expressed in VG1543 mice bind human IgG1 and 

IgG3, only hFcγRIIA(H131) and hFcγRIIIA(V158) bind human IgG2, and all except 

hFcγRIIIB(NA2) bind human IgG4. Yet hFcγRIIA(H131) binds IgG2 with >7-fold 

higher affinity than hFcγRIIIA(V158)38, and therefore the IgG2 component of aggregated 

IVIG may bias towards hFcγRIIA(H131) engagement over the other hFcγRs expressed in 

VG1543 mice. hFcγRIIA blockade also protected VG1543 mice from systemic 
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anaphylaxis and death following immunisation and challenge with the same antigen. 

This is a less physiological model, as it relies on human hFcγRs cross-binding mouse 

IgGs. Among the activating receptors expressed in VG1543 mice, only hFcγRIIA binds 

mouse IgG1 (Table 1) - the predominant IgG isotype produced during ASA 

immunisation - and logically therefore predominantly contributes to anaphylaxis 

induction. 

While the protective effect of hFcγRIIA blockade in IVIG-PSA suggests that 

hFcγRIIIA and hFcγRIIIB are not individually capable of triggering systemic 

anaphylaxis, we cannot formally exclude a cooperative role of these receptors in 

anaphylaxis induction via hFcγRIIA in VG1543 mice. Indeed, we could not efficiently 

block hFcγRIIIA and/or hFcγRIIIB in vivo using available anti-hFcγRIII antibodies 

(data not shown). We did observe significant hFcγRIIIA/B down-regulation on 

circulating neutrophils and monocytes after IVIG-PSA, but not after injection of non-

aggregated IVIG (Figure 6), supporting the notion that these receptors are actively 

engaging with IgG immune complexes, despite not triggering a systemic reaction. 

Indeed, in models of autoantibody-induced inflammation, hFcγRIIA and hFcγRIIIB 

expressed on neutrophils were found to individually and cooperatively promote immune 

complex-induced reactions; however hFcγRIIA alone promoted associated injury and 

inflammation, whereas hFcγRIIIB rather mediated homeostatic clearance of immune 

complexes39, 49, suggesting that hFcγRIIA, but not hFcγRIIIB, is able to induce 

detrimental reactions in vivo. Anaphylaxis induced by aggregated IVIG was also 

demonstrated in the hFcγRItgIIAtgIIBtgIIIAtgIIIBtg mFcγRnull mouse model29, but the 

contributing hFcγRs were not identified. 

 

Importantly, VG1505 and VG1543 mice still express the high-affinity mouse 

receptor mFcγRI, which is expressed on monocytes, tissue resident monocyte-derived 

cells and specific macrophage populations26, 50, 51 (Supplementary Figure 1). Even so, 

VG1505 mice were resistant to IVIG-PSA (and active anaphylaxis) induction, 

demonstrating that mFcγRI alone cannot trigger anaphylaxis, and that anaphylactic 

reactions in VG1543 mice rely exclusively on hFcγR triggering. We previously reported 

that the human counterpart of mFcγRI, hFcγRI (CD64) was sufficient to induce 

systemic anaphylaxis in transgenic mice lacking mouse FcγRs27. We used for this 

former study the only reported hFcγRI-transgenic mouse: it expresses this receptor on 
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monocytes and macrophages as in humans, but also constitutively on neutrophils, 

contrarily to humans35, 52. Anaphylaxis in these mice relied on both neutrophils and 

monocytes/macrophages27. Human FcγRI is not expressed in the VG1543 background, 

and the question remains open whether hFcγRI can participate in IgG-induced 

anaphylaxis in a context of native hFcγR expression. We have developed a novel 

hFcγRI knock-in mouse strain that does not present the discrepant expression of 

existing hFcγRI-transgenic models29, 52: hFcγRI is expressed on monocytes, 

macrophages and dendritic cells, but not constitutively on neutrophils (data not shown). 

We are currently crossing this mouse strain to VG1543 mice, to create a fully hFcγR-

humanized knock-in mouse model, which should enable us in the future to address the 

relative contribution of hFcγRI in a model recapitulating all hFcγR expression. 

 

Anaphylaxis is driven by the release of anaphylactogenic mediators from 

myeloid cells4, 53. The contribution of any given cell population is therefore determined 

by the requisite expression of activating FcγR, the capacity of the cells to release active 

mediators, and a cells’ potential for negative inhibition of FcγR signalling by expression 

of inhibitory FcγRIIB54. In wild-type (wt) mice, pathways of active systemic 

anaphylaxis and passive IgG anaphylaxis rely predominantly on monocyte and/or 

neutrophil activation via mFcγRIII, with a minor contribution of mFcγRIV, and 

subsequent PAF release18, 19, 55. Considering genetic evolution, the functional homolog 

of mFcγRIII is hFcγRIIA, and that of mFcγRIV is hFcγRIIIA (H. Watier, personal 

communication)35. It is therefore consistent that hFcγRIIA, which exhibits prominent 

expression on all circulating myeloid cells, like mFcγRIII, may be the predominant IgG 

receptor contributing to anaphylaxis in VG1543 mice. We previously demonstrated that 

transgenic expression of hFcγRIIA(R131) was sufficient to induce passive active 

systemic anaphylaxis, and that IgG-induced PSA in hFcγRIIA(R131)tg mFcγRI/IIB/IIIKO 

mice required monocytes and neutrophils28.  

Here, we identify that neutrophils are mandatory for anaphylaxis in VG1543 

mice, whereas we could not identify a contribution for monocytes/macrophages, 

although they express hFcγRIIA. This discrepancy between mouse models may be due 

to expression of inhibitory hFcγRIIB, absent in hFcγRIIA(R131)tg mFcγRI/IIB/IIIKO mice, 

but elevated on VG1543 blood monocytes compared to humans. Blood monocytes 

express consistently hFcγRIIB in VG1543 mice but we and others have identified 
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variable hFcγRIIB on monocytes, particularly CD14lo blood monocytes, and prominent 

expression on only a fraction of human donors36 (Supplementary Figure 2). Spleen 

monocytes, however, significantly express hFcγRIIB in humans36 and VG1543 mice. 

Indeed, hFcγRIIB binds to all subclasses of human IgG38 and therefore may inhibit 

monocyte activation following engagement by IVIG aggregates in VG1543 mice. On 

one hand, we observed down-regulation of inhibitory hFcγRIIB on circulating Ly6Chi 

and Ly6Clow monocytes following IVIG-PSA suggesting its engagement by IVIG-

immune complexes and potential inhibitory signalling by this receptor; on the other 

hand blockade of hFcγRIIB did not modulate anaphylactic symptoms in VG1543 mice. 

hFcγRIIB, and the inhibitory signals it can induce, do not appear to regulate this model 

of anaphylaxis. These data do not favour a contribution of monocytes to anaphylaxis in 

VG1543 mice. We cannot, however, exclude a potential contribution of blood 

monocytes (mostly hFcγRIIB negative) to human anaphylaxis. 

 

The contribution of basophils to anaphylaxis models in mice remains 

controversial: mIgG1-induced PSA17 and mIgG2a-induced PSA55 were inhibited 

following antibody-mediated basophil depletion, but mIgG1-induced PSA was 

unaffected in Mcpt8-cre mice that exhibit >90% basophil deficiency56. In an active 

model of peanut-induced anaphylaxis, involving both IgE and IgG, both antibody- or 

diphtheria toxin-mediated basophil depletion significantly reduced hypothermia57. 

Human basophils express variable levels of hFcγRIIA and high levels of hFcγRIIB, yet 

could not be activated by hIgG immune complexes in vitro, suggesting that hFcγRIIB-

dependent negative regulation is dominant over hFcγRIIA-dependent basophil 

activation37. VG1543 mice express hFcγRIIA at low levels on circulating basophils, but 

within the range of that observed on peripheral blood cells from healthy donors (Figure 

2A-B). Unlike human basophils, however, VG1543 basophils do not express hFcγRIIB: 

that we do not identify a major contribution of basophils to anaphylaxis in VG1543 

mice cannot be due to hFcγRIIB inhibition of hFcγRIIA-mediated signalling.  

We reported previously that neutrophils predominantly contribute to ASA in wt 

mice and that the transfer of human neutrophils can restore anaphylaxis in resistant 

mice13, 19. Neutrophils were mandatory for IVIG-PSA (and ASA) in VG1543 mice, 

since neutrophil depletion abolished hypothermia and protected from death. Both of 

these anaphylaxis models were dependent on hFcγRIIA, which is expressed at very high 
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levels on both human and VG1543 mouse neutrophils, whereas inhibitory hFcγRIIB 

expression is found only on a small subset of neutrophils. This low or absent hFcγRIIB 

expression implies that, unlike monocytes, neutrophil activation is not, or marginally, 

regulated by inhibitory hFcγRIIB. Neutrophils also contributed to hFcγRIIA-dependent 

PSA in hFcγRIIA(R131)tg mFcγRI/IIB/IIIKO mice28 in the absence of other hFcγR 

expression. We demonstrate now that the contribution of neutrophils to IgG-induced 

anaphylaxis is also predominant in the context of native hFcγR expression in VG1543 

mice. Such an observation is of crucial consideration when we acknowledge that 

neutrophils comprise >60% of circulating blood cells in humans. 

 

Finally, we identified that the soluble mediator PAF was responsible for a 

significant proportion of IVIG-PSA-induced hypothermia (and ASA-associated death), 

a finding concurrent with a dominant pathway initiated by hFcγRIIA on neutrophils. 

Neutrophils are indeed the major producers of PAF in humans58. Among the three 

Histamine receptor antagonists tested, two (Pyrilamine and Tripolidine) significantly 

inhibited IVIG-induced anaphylaxis by themselves, and one (Cetirizine) only had an 

effect when combined with PAF-R antagonists. These findings suggest that both PAF 

and histamine contribute to hypothermia and mortality in the VG1543 model. These 

results are in agreement with the inefficacy of H1-antihistamine treatment alone on 

systemic anaphylactic symptoms in patients. Reports by Vadas and colleagues indicate 

a correlation between levels of circulating PAF, rather than histamine, with anaphylaxis 

severity12, and identified PAF as a central mediator of human anaphylaxis 

pathogenesis59; which aligns with our findings reported herein using locus-swapped 

human low-affinity hFcγRKI mice. 

 

Our data indicate that IgG-dependant anaphylaxis in VG1543 mice proceeds via 

an activating pathway dependent on hFcγRIIA and neutrophils, with a contribution of 

basophils, and driven by the mediators PAF and histamine. Although expressed in this 

novel knock-in mouse model, hFcγRIIIA and hFcγRIIIB were not sufficient to trigger 

anaphylaxis. That such drastic anaphylaxis induction is possible in the context of native 

inhibitory and activating hFcγR expression suggests a similar pathway may occur in 

humans. VG1543 mice represent an attractive knock-in model for the study of human 

low-affinity IgG receptors, in which the encoding genes remain expressed in their 
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cognate genetic environment, including intergenic sequences; and consequently cell 

surface expression largely reflects that of humans. Although the polymorphisms 

expressed in the VG1543 mouse represent a section of individuals within the population, 

other people express alternate and/or heterozygous polymorphisms, some of which have 

been demonstrated to predispose to immunological susceptibility or resistance14. It 

would be clinically relevant to extend studies in hFcγR-knock in mice to understand the 

effect of hFcγR polymorphisms on cell activation and subsequent biological responses, 

and therefore on sensitivity to anaphylaxis or other allergic diseases involving IgG 

antibodies. 
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FIGURES and LEGENDS 

 
Figure 1: Humanization of the mouse low-affinity receptor locus. Representations 

are not drawn to scale. (A) Deletion of mouse Fcgr2b, Fcgr4 and Fcgr3 genes in a single 

targeting step, deleting mouse sequences from 1:170,956,770 to 1:171,063,353 on 

mouse Chr1_H3 (based on mouse GRCh38). (B) Insertion of human FCGR3A and 

FCGR2A genes and (C) insertion of FCGR2B, FCGR3B and FCGR2C genes. The total 

human sequence inserted in VG1543 ranges from 1:161,500,441 to 1:161,679,348 on 

human Chr1_q23.3, based on human GRCh38. Mouse genomic coordinates are in black, 

human genomic coordinates are in grey, light grey block arrow indicates Hygromycin 

selection cassettes, dark grey block arrows indicate Neomycin selection cassettes, black 

triangles represent Loxp sites, empty triangles represent Frt sites and grey triangles 

represent Lox2372 sites. 
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Figure 2: Human FcγγR expression on immune cell populations from VG1543 mice 

recapitulates expression patterns in humans 

 (A) hFcγRIIA, hFcγRIIB, hFcγRIIIA and hFcγRIIIB staining on immune cells from 

human peripheral blood, assessed by fluorescent antibody labelling and flow cytometric 

analysis. Shaded histograms indicate staining with an isotype control antibody, 

excepting hFcγRIIB where shaded histograms indicate a fluorescence-minus-one 

(FMO) control. (B) hFcγR staining on immune cells isolated from different tissues of 

VG1543 mice, as indicated. Shaded histograms indicate background staining from 

VG1505 mice. Data are representative of at least 2 independent experiments; total n>3. 

BAL: bronchoalveolar lavage. Numbers indicate frequency of cells positive for FcγR 

staining. (C) Individual variation in hFcγRIIA expression on basophils isolated from 4 

different blood donors (upper panels) or from 4 different1543 mice (lower panels). 
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Figure 3: VG1543 mice are susceptible to active systemic anaphylaxis, dominantly 

mediated by hFcγγRIIA, neutrophils and PAF. 

Indicated mice were immunised and challenged with BSA, and central temperatures and 

survival rates were monitored. (A) Change in body temperature (upper panel) and 

survival (lower panel) during BSA-ASA in VG1505 (crossed circles) and VG1543 

(squares) mice. (B-D) BSA-ASA in VG1505 and VG1543 mice, and VG1543 mice 

treated with (B) anti-hFcγRIIA blocking mAbs or isotype control, (C) anti-Ly6G mAbs 

or isotype control, (D) vehicle (NaCl) or PAF-R antagonist ABT-491. Data are 

represented as mean ± SEM and are representative of at least 2 independent experiments. 

Numbers indicate mortality per experimental group; X represents 100% mortality. (# 

p<0.05 ; ### p<0.001, Log-rank (Mantel-Cox) test for survival; * p<0.05, ** p<0.01, 

Student’s t-test of individual time points from 10 to 40min) 
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Figure 4: Aggregated human IVIG triggers passive systemic anaphylaxis in 

VG1543 mice, mediated by hFcγγRIIA and neutrophils. 

VG1505 (circles) and VG1543 (squares) mice were injected with (A) 1mg or (B) 

indicated amounts of heat-aggregated IVIG and central temperatures monitored. (C-F) 

IVIG-PSA (1mg) in VG1543 mice injected with (C) anti-hFcγRIIA blocking mAbs, (D) 

toxin-containing liposomes, (E) anti-CD200R3 mAbs, (F) anti-Ly6G mAbs, or 

corresponding isotype or PBS controls, prior to anaphylaxis induction. (G) IVIG-PSA 

(250μg) in VG1543 mice injected with indicated amounts of anti-hFcγRIIB blocking 

mAbs. White or grey squares indicate treated mice; black squares indicate isotype or 

vehicle controls. (A-F) Data are represented as mean ± SEM and are representative of at 

least 2 independent experiments. (G) Data are represented as mean values of 

independent experiments. (*p<0.05, **p<0.01; 2-way RM-ANOVA). 
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Figure 5: Reduction in hFcγγR expression on circulating myeloid cell populations 

after IVIG-PSA. hFcγRIIA, hFcγRIIB and hFcγRIII expression on (A) blood 

neutrophils, (B) Ly6Chi and (C) Ly6Clow monocytes from VG1543 mice; 1 hour after 

injection of vehicle (NaCl), non-aggregated IVIG (non-agg) or heat aggregated-IVIG 

and PSA induction (HA-IVIG). Background staining on cells from VG1505 mice is 

shown 1 hour after injection of heat aggregated-IVIG. Values represent ∆GeoMean 

between specific staining and corresponding isotype or FMO control, pooled from three 

independent experiments. Representative histograms are shown in (D); background 

staining of isotype control is indicated by shaded histograms; VG1505 mice by grey 

histograms. (***p<0.001, *p<0.05, unpaired t test with Welch’s correction) 
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Figure 6: The anaphylactic mediators PAF and histamine are responsible for 

IVIG-PSA in VG1543 mice. PSA was induced by 1mg heat-aggregated IVIG and 

central temperatures monitored: indicated mice were pre-treated,with PAF-R 

antagonists (A) ABT-491 or (B) CV-6209, H1-R antagonists (C) pyrilamine maleate or 

(D) triprolidine hydrochloride, or with vehicle (NaCl). Data are represented as mean ± 

SEM and are representative of at least 2 independent experiments (*p<0.05, **p<0.01, 

VG1543 treated vs controls, 2-way RM-ANOVA) 
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TABLES 

 

Table 1: Binding and crossbinding of human and mouse IgG subclasses to human and 

mouse FcγRs 

-, no binding; +/-, very-low binding; +, low-binding; ++, medium binding; +++, high 

binding. Adapted from data reported in 19, 38, 60, 61 and unpublished data. 
    HUMAN MOUSE 

    IgG1 IgG2 IgG3 IgG4 IgG1 IgG2a/c IgG2b IgG3 

hFcγRI +++ - +++ +++ - +++ +++ +/- 

hFcγRIIA(H131) ++ + + + + + + - 

hFcγRIIA(R131) ++ + + + ++ + + - 

hFcγRIIB + +/- + + - - +/- - 

hFcγRIIC + +/- + + - - +/- - 

hFcγRIIIA(V158) + +/- +++ + - +/- - - 

hFcγRIIIA(F158) + +/- ++ + - - - - 

hFcγRIIIB(NA1) + - ++ - - - - - 

hFcγRIIIB(NA2) + - ++ - - - - - 

HUMAN 

hFcγRIIIB(SH) + - ++ - - - - - 

mFcγRI +++ - ++ ++ - +++ + +/- 

mFcγRIIB - +/- - - ++ + ++ - 

mFcγRIII ++ ++ +/- - + + + - 
MOUSE 

mFcγRIV ++ + ++ +/- - +++ +++ - 
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SUPPLEMENTAL METHODS 

 

Generation of mFcγγRIIB, mFcγRIII and mFcγRIV knock-out mice.  

A targeting construct (Figure 1A) for deleting the mouse Fcgr2b, Fcgr3 and 

FcgR4 genes (encoding mFcγRIIB, mFcγRIII, and mFcγRIV respectively) in a single 

targeting step was constructed by using VELOCIGENE technology1. Mouse sequences 

were obtained from bacterial artificial chromosome (BAC) clone RP23-395F6. A donor 

fragment was constructed by cloning a lox’d neomycin cassette flanked by site-specific 

recombination sites. More specifically, 5′ mouse homology arm, corresponding to 

270bp of mouse sequence located 3796 bp downstream of Fcgr2b, was PCR’ed using 

oligos (Supplemental Tables 1 and 2) and cloned upstream of a mutant lox’d neomycin 

selection cassette followed by a mouse 3′ homology arm corresponding to 342 bp of 

mouse sequence (PCR using oligos noted in Supplemental Tables 1 and 2) located 4001 

bp upstream of the ATG of Fcgr3. This donor fragment was inserted into Escherichia 

coli strain DH10B containing the mouse BAC clone RP23-395F6 and a recombination 

enzyme vector. Cells were grown in drug selection medium. Upon homologous 

recombination (BHR) at the locus, a drug selection cassette replaces the Fcgr2b, Fcgr3 

and Fcgr4 genes. Individual clones were grown, and the targeted BAC DNA that 

contains a lox’d drug cassette in place of the Fcgr2b, Fcgr3 and Fcgr4 genes was 

extracted.  Targeted cells were identified by PCR using up detect primer set and down 

detect primer set (Supplemental Tables 1 and 2). Part of the vector was sequenced to 

confirm proper mouse-cassette junctions and pulsed field gel electrophoresis was used 

to establish insert size and expected restriction fragment length.  

The targeting vector (LTVEC) VG1505 was linearized and used to electroporate 

VGF1 mouse embryonic stem (ES) cells. Upon homologous recombination at the locus 

106kb of the endogenous Fcgr2b, Fcgr3 and Fcgr4 locus is thereby deleted & replaced 

by lox’d neomycin cassette resulting in an ES cell that does not express endogenous 

Fcgr2b, Fcgr3 and Fcgr4 genes. Correctly targeted ES cells were introduced into an 

eight cell stage mouse embryo by the VELOCIMOUSE method2. VELOCIMICE (F0 

mice fully derived from the donor ES cell) bearing the deleted Fcgr2b, Fcgr3 and Fcgr4 

genes were identified by genotyping for loss of mouse allele using a modification of 

allele assay (Supplemental Table 3). 
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Generation of knock-in hFcγγRIIA(H131)-hFcγRIIB(I232)-hFcγRIIC(Stop13)-

hFcγRIIIA(V158)-hFcγRIIIB(NA2) mice 

Targeting constructs (Figure 1B-C) for subsequent humanization of mouse 

mFcγRs by two sequential targeting steps, were constructed by using VELOCIGENE 

technology1. For the first targeting construct, VG1528, human sequences were obtained 

from bacterial artificial chromosome (BAC) clone CTD-2514J12. BACvec VG1528 

was constructed in four steps as described in Supplemental Tables 1 and 2. In step 1, a 

donor fragment was constructed by cloning a frt’d hygromycin cassette flanked by site-

specific recombination sites. More specifically, 5′ BAC backbone homology arm, 

corresponding to 384bp of pBeloBAC11, was PCR’ed using oligos (Supplemental 

Table 1) and cloned upstream of a frt’d hygromycin selection cassette followed by a 

human 3′ homology arm corresponding to 342bp of human sequence (PCR’d using 

oligos in Supplemental Tables 1 and 2) located 19kb upstream of the human FCGR3A 

gene (encoding hFcγRIIIA). BHR with this donor fragment deleted 41kb from the 5’ 

end of CTD-2514J12, replacing it with an I-CeuI site and the frt’d hygromycin cassette 

to make VI209. In step 2, VI209 was modified by BHR to insert a PI-SceI site and spec 

cassette at the 3’ end to make VI212 (Supplemental Tables 1 and 2). In step 3, RP23-

395F6 was modified by BHR to delete the entire 106kb mouse low-affinity mFcγR 

locus (Fcgr2b, Fcgr3 and Fcgr4 genes), replacing it with a lox’d neomycin cassette 

flanked by a 5’ I-CeuI site and a 3’ PI-SceI site. The extra PI-SceI site in the backbone 

was then deleted by AscI digestion and ligation to make VI208. In step 4, the 69kb 

human hFcγRs-encoding fragment from VI212 was ligated into the I-CeuI and PI-SceI 

sites of VI208, replacing the lox’d neomycin cassette to make the final LTVEC 

VG1528. 

For the second targeting construct VG1543, human sequences were obtained 

from bacterial artificial chromosome (BAC) clone RP11-697E5. BACvec VG1543 was 

constructed in three steps as described in Supplemental Tables 1 and 2.  In step 1, a 

donor fragment was constructed by cloning a spectinomycin cassette flanked by site-

specific recombination sites. More specifically, 5′ homology arm, corresponding to 

59bp of human sequence and BAC backbone sequence that is 4558 bp downstream of 

FCGR3A, was ligated to a spectinomycin selection cassette followed by a 3′ homology 

arm corresponding to 333bp of backbone sequence in pBACe3.6. BHR with this donor 

fragment trimmed the human hFcγR locus on the proximal end of RP11-697E5, 
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deleting the PI-SceI site, to make VI217. In step 2, VI217 was modified by BHR using 

a donor fragment consisting of 5’ homology arm corresponding to 258bp of BAC 

backbone sequence in pBACe3.6, a frt’d hygromycin cassette flanked by a 5’ NotI site 

and a 3’ PI-SceI site, and 3’ homology arm corresponding to 274bp of human sequence 

1188bp upstream of FCGR2B to make VI222. In step 3, the 47kb mouse distal 

homology arm with lox’d neomycin cassette from VI208 was ligated into the NotI and 

PI-SceI sites of VI222, replacing the frt’d hygromycin cassette to make the final 

LTVEC VG1543. 

The targeting vectors were linearized and used to electroporate mouse 

embryonic stem (ES) cells 3. Upon homologous recombination at the locus 106kb of the 

endogenous mouse low-affinity FcγR locus (Fcgr2b, Fcgr3 and Fcgr4 genes) is thereby 

deleted & replaced by human FCGR2B, FCGR3B, FCGR2C, FCGR3A and FCGR2A 

genes (encoding hFcγRIIB variant I232, hFcγRIIIB variant NA2, hFcγRIIC variant 

stop13, hFcγRIIIA variant V158, and hFcγRIIA variant H131) by sequential targeting of 

VG1528 and VG1543, resulting in an ES cell that expresses low-affinity human hFcγR 

genes instead of endogenous low-affinity mouse mFcγR genes. Correctly targeted ES 

cells were introduced into an eight cell stage mouse embryo by the VELOCIMOUSE 

method 2. VELOCIMICE (F0 mice fully derived from the donor ES cell) bearing the 

human FCGR2B, FCGR3B, FCGR2C, FCGR3A and FCGR2A genes were identified 

by genotyping for loss of mouse allele & gain of human allele using a modification of 

allele assay (Supplemental Table 3). 

 

Antibodies and reagents 

Bovine serum albumin (BSA), complete and incomplete Freund’s adjuvant 

(CFA, IFA) and ABT-491 were from Sigma-Aldrich; Cetirizine DiHCl was from 

Selleck Chemicals; TNP-BSA was from Santa Cruz. Fluorescently labelled anti-mouse 

CD11b, CD43, CD49b, CD115, CD335 (NKp46), Ly6C, Ly6G, Gr-1, B220, IgD and 

SiglecF were from BD Biosciences; anti-mouse CD19 and IgM from Biolegend; and 

anti-mouse IgE from eBioscience. Fluorescently labelled anti-human CD3, CD11b, 

CD14, CD15, CD19, CD56 were from Miltenyi Biotec; anti-human CD61 and CD16 

(3G8) from BD Biosciences; anti-hFcγRIIA (IV.3) from Stem Cell Technologies. 

Fluorescently labelled anti-hFcγRIIB (2B6) in a chimeric mouse-human IgG1 N297A 

form was prepared in-house. 
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PBS-liposomes and Clodronate-liposomes were prepared as published4. The 

hybridoma producing mAbs anti-hFcγRIIA (IV.3) was provided by C.L. Anderson 

(Heart & Lung Research Institute, Columbus, OH, USA), anti-Gr1 (RB6-8C4) by R. 

Coffman (DNAX Research Institute, Palo Alto, California,USA), and anti–Ly-6G 

(NIMP-R14) by C. Leclerc (Institut Pasteur, Paris, France). mAbs were purified from 

hybridoma supernatants by Protein G-affinity purification. Purified mAbs anti-Ba103 

were provided by H. Karasuyama (Tokyo Medical and Dental University Graduate 

School, Tokyo, Japan). 

 

Tissue processing 

Cells were isolated from the blood and organs of VG1505 and VG1543 mice as 

follows. Spleens were dissociated through a 70μm cell strainer into MACS buffer (PBS 

/0.5%BSA /2mM EDTA) and RBC lysis was performed using an ammonium chloride-

based buffer. For isolation of skin cells, ears were split into dorsal and ventral halves 

and roughly chopped before digestion with 0.25mg/mL Liberase TL ResearchGrade 

(Roche) + 0.1mg/mL DNase (Sigma) for 1h at 37°C (800rpm; Eppendorf 

Thermomixer), washed with 10x volume of PBS/ 10%FBS /2mM EDTA and processed 

through a 100μm cell strainer. Livers were perfused with cold PBS before dissection, 

and processed using the GentleMACS liver dissociation kit and the Octo Dissociator 

(Miltenyi Biotec). Cells were isolated from the peritoneum by lavage with 6mL cold 

PBS; BALs were performed 3x with 1mL PBS. For blood leukocyte analysis, a precise 

volume of heparinised blood was subjected to RBC lysis and washed with MACS 

buffer. 

 

Flow cytometry 

Human EDTA-collected blood was obtained from the blood bank 

« Établissement Français du Sang ». After red blood cell lysis, leukocytes were stained 

with fluorescently labelled mAbs for 30min at 4°C. Human cell populations were 

distinguished as: CD15+CD193neg neutrophils; CD193+CD15low eosinophils; CD3+ T 

cells; CD19+ B cells; CD56+ NK cells; CD123+CD203clowFcεRIhi basophils; CD14+ 

monocytes; CD14hiCD16low classical monocytes and CD14lowCD16hi patrolling 

monocytes; CD61+ platelets. 
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Isolated single cell suspensions from mouse blood and organs were stained with 

fluorescently labelled mAbs for 30-40min at 4°C. Mouse cell populations were 

distinguished by FSC/SSC characteristics and by surface markers as follows: 

neutrophils (CD11b+ Ly6Clow Ly6G+), monocytes (classical CD11b+ Ly6Gneg Ly6Chi or 

patrolling CD11b+ Ly6Gneg CD115+ Ly6Clow), peritoneal macrophages (CD11bhi 

Gr1low), alveolar macrophages (CD11chi), liver and bone marrow macrophages 

(CD11bhi Gr1lowF4/80+), eosinophils (CD11b+ SiglecF+ SSChi), basophils (CD45low 

mIgE+ CD49b+), mast cells (mIgE+CD49b+CD117+), platelets (CD41+), T cells (CD3+; 

CD4+/CD8+), B cells (CD19+/B220+, subpopulations as in Supplemental Figure 1), and 

NK cells (NKp46+CD49b+). 

hFc RIIA was identified by the specific mAb clone IV.3. hFc RIIB was 

identified by the clone 2B65, expressed as a chimeric mouse-human IgG1 N297A variant 

to inhibit unspecific binding via the Fc portion of the antibody. We used an anti-CD16 

antibody (clone 3G8) to characterise jointly hFc RIIIA and hFc RIIIB expression, 

because we could not identify, using a series of commercially available anti-CD16 

antibodies, an antibody able to distinguish surface expression of hFc RIIIA(V158) from 

hFc RIIIB(NA2). In supplemental figure 7:  anti-CD32 clone FLI8.26 defines 

hFcγRIIA+B expression; anti-CD32(R131) clone 3D3 defines hFcγRIIB expression 

only, because VG1543 mice express the H131 variant of hFcγRIIA; anti-CD16 clone 

MEM-154 defines hFcγRIIIA+B expression. mFcγRI was identified using the specific 

clone X54-5/7.1 (BD Biosciences). 

For ex vivo binding of cells with human IgG, blood cell suspensions were 

incubated first with aggregated IVIG (20 g/mL) for 1 hour on ice, and then stained 

with a fluorescently labelled antibody cocktail, including anti-human IgG Fab-specific 

goat F(ab’)2 fragment (Jackson Immunoresearch). Cells isolated from VG1543 mice 

after IVIG-PSA were stained with the secondary antibody alone. 

Samples were run on a MACSQuant flow cytometer (Miltenyi) and data analysed using 

FlowJo Software (Treestar Inc.). 

 

Specificity and efficiency of cell depletion strategies: 

Appropriate antibody-mediated cell depletion using anti-Ly6G (NIMP-R14) and 

anti-CD200R3 (Ba103) was examined by flow cytometry analysis. NIMP-R14 

treatment (300μg) efficiently depleted neutrophils in the blood, spleen and peritoneum. 
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The percentage of total CD11b+CD115+ monocytes in the blood and CD11b+Gr1int 

monocytes in the spleen were unaffected, while the percentage of CD11b+F4/80+ 

macrophages in the peritoneum increased slightly. The percentage of blood basophils 

was slightly increased, but total numbers were unaffected and spleen basophils and 

peritoneal mast cells were not affected. We did, however observe that the frequency of 

Ly6Chi monocytes decreased while the frequency of Ly6Clow monocytes increased 

following NIMP-R14 treatment, a phenomenon which may reflect epitope masking by 

NIMP-R14 due to a low-level cross-recognition. NIMP-R14 therefore efficiently 

depletes neutrophils with some effects on other cell populations. Ba103 administration 

at 30μg per mouse induced basophil depletion in the blood and spleen, without affecting 

circulating neutrophils and monocytes (data not shown), or peritoneal mast cells. Yet 

the depletion of basophils was incomplete (up to 70%), and not uniformly efficient 

across individuals (Supplementary Figure 5A). We therefore administered Ba103 at a 

two-fold greater dose (60μg/mouse). Although we could not detect a significant 

increase in depletion compared to the 30μg dose (data not shown), this increased dose 

indicated a minor contribution of basophils to anaphylaxis severity (Figure 4E). 

We have previously demonstrated efficient monocyte/macrophage depletion in 

the blood and spleen following intravenous liposome injection (Beutier et al 2016. JACI 

in press); whereas peritoneal macrophages remained intact. In efforts to achieve 

complete monocyte/macrophage depletion, we combined multiple injections of 

clodronate liposomes with different routes of administration, resulting in higher total 

liposome load: these approaches were inconclusive, however, and while we were 

efficiently able to deplete resident macrophages, we observed increases in numbers of 

circulating inflammatory monocytes, and wildly inconsistent responses during IVIG-

PSA. Indeed, toxic liposomes can affect all phagocytic cell populations, and approaches 

to increase their efficacy also augment non-specific effects.  For this study, we 

confirmed that the ability of macrophages to mediate thrombocytopenia (reflecting 

capacity to engage and engulf antibody-bound cells, and by logical extension, immune 

complexes) remains intact following antibody-mediated depletion strategies (e.g. 

NIMP-R14 or Ba103), but is blocked following intravenous clodronate liposome 

injection at the doses used herein.  
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Statistics 

Statistical analyses were performed using Prism. Survival was analysed by a 

log-rank (Mantel-Cox) test to compare test subjects and controls. Temperature loss 

during ASA was compared using a Student’s t-test of individual time points. 

Temperature loss during PSA was compared by 2-way repeated measures ANOVA 

(RM-ANOVA), except in Supplementary Figure 8E in which groups were compared 

using a Student’s t-test at 30min. hFcγR expression in Figure 5 and Supplementary 

Figure 7 was compared using an unpaired t-test with Welch’s correction for unequal 

variances. 
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SUPPLEMENTAL FIGURE LEGENDS 

 

Supplemental Figure 1: VG1505 and VG1543 mice demonstrate normal immune 

cell composition of major compartments, and comparable expression of mFcεRI 

mFcγRI. (A) Spleens taken from VG1505 mice and VG1543 mice were comparable in 

size. (B) Leukocyte counts in total blood were enumerated using an automatic blood 

cell analyser and (C; see also supplementary table 4) frequency of blood immune cell 

populations was determined by flow cytometry. (D) mFcεRI expression on peritoneal 

mast cells from VG1505 mice and VG1543 mice: representative histograms are shown 

and values represent ∆GeoMean between specific staining and isotype control. (E) Anti-

IgE staining on basophils in the blood, spleen and bone marrow, as a surrogate measure 

of mFcεRI expression. (F) Representative histograms showing mFcγRI expression on 

various monocyte and macrophage populations isolated from VG1505 mice and 

VG1543 mice. 

 

Supplemental Figure 2: Variability in hFcγγR expression on monocytes and 

eosinophils from different human blood donors. B cells and monocytes exhibit 

subpopulation-distinct variation in hFcγR expression. Cells were isolated from the 

(A, E, F) blood of healthy human donors, or (B) bone marrow, (C) peritoneum, or (D) 

blood of VG1543 mice, for flow cytometry analysis. (A) Variable expression hFcγRIIB 

on monocytes from the blood of 4 different human donors; numbers indicate frequency 

of cells positive for FcγR staining. (B, C) Representative histograms showing hFcγRIIB 

expression on VG1543 B cell subpopulations: (B) mature B cells (B220hi CD43neg IgM+ 

IgD+) and (B220low CD43neg) immature (IgM+), pro (IgMneg) and pre (IgMnegIgDneg) B 

cells from the bone marrow, and (C) peritoneal B1a cells (IgM+ CD11b+ IgDlow) and B2 

cells (IgM+ CD11bneg IgDhi). Numbers indicate ∆GeoMean between specific staining 

and FMO controls. Data is representative of at least 2 independent experiments, n>3. 

(D, E) Discrimination of classical vs patrolling monocyte subsets in the blood of 

VG1543 mice (D) or human donors (E); differential hFcγRIIA, hFcγRIIB and hFcγRIII 

expression on monocyte subsets is shown by representative histograms. Shaded grey 

histograms indicate background staining from VG1505 mice; shaded blue histograms 

indicate background staining with an isotype control antibody (hFcγRIIA, hFcγRIII), or 
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an FMO control (hFcγRIIB). (F) Variable expression of hFcγRIII on eosinophils from 

the blood of 4 different human donors. 

 

Supplemental Figure 3: Immunisation with BSA in CFA/IFA induces BSA-specific 

IgG1 and IgG2 in VG1505 and VG1543 mice. (A) Anti-IgG1 and (B) anti-IgG2a/b/c 

BSA-specific ELISA results from two independent experiments are represented as serial 

dilution curves of individual mouse sera, and as average curve (insets). VG1505 

(dashed black line) and VG1543 (solid black line) mice exhibit comparable antibody 

titres; excl** (blue line) indicates mice that were excluded from challenge due to low 

antibody titres; positive (pos: red line) and negative (neg: dotted black line) ELISA 

controls are indicated. 

 

Supplemental Figure 4: Antibody clone NIMP-R14 specifically targets Ly-6G 

antigen and efficiently depletes neutrophils in vivo. (A-C) Blood sampled from naive 

mice (pool of n=4) was stained with FITC-conjugated NIMP-R14 in combination with 

fluorescent antibody clones 1A8 (anti-Ly-6G; A), RB6-8C5 (anti-GR1: binds Ly-6C 

and Ly-6G; B), or anti-Ly-6C (Monts 1; C) with or without pre-blocking with an excess 

of unconjugated NIMP-R14 or 1A8. Staining was assessed by flow cytometry, and 

representative plots are shown pre-gated on single, live CD11b+ cells. (D-F) VG1543 

mice were treated with 300μg NIMP-R14 or rat isotype control antibody (rIgG2b) and 

blood and tissues were sampled 24 hours later and frequencies of specific cell 

populations determined by flow cytometry: gating strategies are shown and frequencies 

of neutrophils and monocyte/macrophages in the (D) blood, (E) spleen and (F) 

peritoneum; and percentage of basophils in the (G) blood and (H) spleen, and (I) mast 

cells in the peritoneum. (D-F) Data is pooled from 2 independent experiments. 

 

Supplemental Figure 5: Basophils, monocyte/macrophages and histamine were not 

found to contribute to BSA-ASA in VG1543 mice. (A) VG1543 mice were treated 

with 30μg anti-CD200R3 (Ba103) or rat isotype control antibody (rIgG2b) and blood 

and tissues sampled 24 hours later: representative gating strategy and percentage of 

basophils in the blood and spleen; and percentage of mast cells in the peritoneum. (B-G) 

Change in body temperature and survival during BSA-ASA in VG1505 and VG1543 

mice, and VG1543 mice treated with (B) anti-GR1 mAbs, (C&E) toxic liposomes, (D) 

anti-CD200R3 mAbs, (F) H1-receptor antagonist Cetirizine, (G) PAF-R antagonist 
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ABT-491, or respective controls. Data are represented as mean ± SEM and are 

representative of at least 2 independent experiments. (E) BSA-ASA with high mortality 

in VG1543 mice treated with PBS or toxin-containing liposomes before challenge: 

repeat of panel 5C. (G) BSA-ASA with no mortality in VG1543 mice treated or not 

with PAF-R antagonist before challenge: repeat of Figure 3D.  

 

Supplemental Figure 6: PSA-induced hypothermia of VG1543 mice after injection 

of high-dose heat-aggregated IVIG, or basophil depletion (A) VG1543 mice were 

injected with indicated amounts of heat-aggregated IVIG and central temperatures 

monitored. Data are represented as individual replicates of each dose. (B) VG1543 mice 

treated with 30μg anti-CD200R3 (Ba103) or isotype control 24 hours before injection of 

1mg heat aggregated IVIG and PSA induction. 

 

Supplemental Figure 7: Observed reduction in hFcγγR expression on circulating 

myeloid cell populations after IVIG-PSA is not due to binding inhibition by 

surface bound hIgG. hFcγR expression on blood (A) neutrophils, (B) Ly6Chi and (C) 

Ly6Clow monocytes from VG1543 mice 1 hour after injection of non-aggregated IVIG 

(non-agg) or heat aggregated-IVIG (HA-IVIG, leading to PSA). Only non-blocking 

antibodies were used for detecting hFcgR expression, to avoid competition with ligand 

(i.e. IVIG) binding: anti-CD32 clone FLI8.26 defines hFcγRIIA+B expression, anti-

CD32(R131) clone 3D3 defines hFcγRIIB expression, and anti-CD16 clone MEM-154 

defines hFcγRIIIA+B expression. Background staining on cells from VG1505 mice is 

shown 1 hour after injection of heat aggregated-IVIG. Values represent GeoMean of 

specific staining, pooled from three independent experiments. (***p<0.001, **p<0.01, 

Student’s t test). (D) Staining of surface hIgG bound ex vivo by incubating blood 

neutrophils and monocytes isolated from (left histograms) naïve VG1543 mice or 

(central histograms) PAF-injected VG1543 mice (0.3μg PAF injected i.v. to induce 

PAF-dependent anaphylaxis) with HA-IVIG (20μg/mL). These histograms were 

compared to histograms (right) representing staining of surface hIgG bound in vivo to 

blood cell populations, isolated 1 hour after IVIG-PSA. Representative histograms are 

shown from 2-3 independent experiments, n≥3. Shaded histograms represent labelling 

with secondary antibody alone (left and central panels) or FMO control (right panels). 
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Supplemental Figure 8: Role of mediators in PSA. (A-C) Antihistamine treatment 

inhibits IgE-PSA: VG1505 mice were sensitised by transfer of anti-TNP specific IgE 

and challenged with TNP-BSA. Indicated mice were injected i.p. with H1 receptor 

antagonists (A) cetirizine 300μg or (B) pyrilamine 300μg 30min prior, or (C) 

triprolidine 200μg 20min prior to challenge. NB triprolidine was injected at 

200μg/mouse in (C): this dose was increased to 300μg for IVIG-PSA pretreatment 

(Figure 6D). (D-E) VG1543 were treated (D) with cetirizine alone or (E) in combination 

with PAF-R antagonist ABT-491 prior to IVIG-PSA. Data is (D) representative or (E) 

collated from 6 independent experiments. ***p<0.001, VG1543 controls vs VG1543 + 

PAF-R antagonist and VG1543 controls vs VG1543 + PAF-R antagonist + 

antihistamine, ** p<0.05 VG1543 + PAF-R antagonist vs VG1543 + PAF-R antagonist 

+ antihistamine, Student’s t-test at 30min. (F) Administration of PAF-R antagonist 

ABT-491 at an increased dose does not confer increased protection from IVIG-PSA: 

VG1543 were injected i.v. with 25 or 100μg of PAF-R antagonist ABT-491 15 min 

before the induction of IVIG-PSA. 
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Supplementary Table 2: List of primers  
Primer name Sequence (5'-3') 
mFcR 5' up (1) ACCAGGATATGACCTGTAGAG 
mFcR 3' up XbaI (1a) TGTTTCTACTTACCCATGGAC 
mFcR 5' up detect(3) ATCCTGAGTATACTATGACAAGA 
5' down Sac PI Sce  CATGCATCTATGTCGGGTGCGGAGAAAGAGGTAATGCATTCTTGCCCAATACTTAC 
mFcR 3' down CCCTCTAGCTAGGTTATTAGG 
mFcR 3' down detect GGAGCCTCAACAGGACTCCAT 
5' down loxp pbelo ATCCGATGCAAGTGTGTCGCT 
3' del loxp (KpnI) CTCGCTTTCAGCACCTGTCGT 
5'pbelo loxp detect CTGTAGAACGGAGTAACCTCG 
3' down detect (h16) CCCAGGTAAGTCGTGATGAAACAG 
5' down primer-SacI (h14) GCCAGCCACAAAGGAGATAATC 
3' down primer  (h15) GCAACATTTAGGACAACTCGGG 
5' up detect (h6) CACACATCTCCTGGTGACTTG 
3' pbelo-cm detect ACAGCATGTGCATCGCATAGG 
5' up primer (h4) GATTTCCTAACCACCTACCCC 
3' up primer Xhol (h5) CAACTGCCATTGGAAAAGA 
5'up-(h40) GAATGAATTCCGCGGATCCTTCTATAGTGTCACCTAAATGTCGACGGCCAGGCAGCCGC 
5'up detect (h41) GAGCAGCCATCTATAGACCTAC 
5'  kpn del loxp bac3.6 (B10a)2[Rev] CTTATCGATGATAAGCTGTCA 
5' down loxp pbelo2[Rev] ATCCGATGCAAGTGTGTCGCT 
5' del loxp detect (b14)2[Rev] TCGTGTTGTCGGTCTGATTAT 
3' up homology CM pbelo2[Rev] CAATCCAGGTCCTGACCGTTC 
5' pbelo del cm nsi w/notii2[Rev] GCCCGGTAGTGATCTTATTTC 
3' pbelo del cm detect2[Rev] ACAGCATGTGCATCGCATAGG 
5' down SalI (h10)2[Rev] AAATACACACTGCCACAGACAG 
3' down (h11)2[Rev] CACAGGAAACTCACAAAAGAGG 
3'down detect (h12)2[Rev] CTTTTTATGGTCCCACAATCAG 
mFcR 3' down detect(9) ACTCATGGAGCCTCAACAGGA 
mFcR 5' down ApaI(7) [Rev] GCATTCTTGCCCAATACTTAC 
3' up mFcgR-2b Nhel primer (2) [Rev] GTTTCTACTTACCCATGGAC 

SSupplementary Table 3: l ist of taqman probes        
Taqman probe  Description  Forward primer (5'-3') TaqMan probe (5'-3') Reverse Promer (5'-3') Probe copy numbers  
     Mod  WT 
Fcgr4 Fcgr2b CCAGGGTCTCCATCCATGTT CCACCGTGGCATCA TCCTATCAGCAGGCAGAATGTG 0 1 
Fcgr2b-U Fcgr2b AGCAGTGCTGCCTCCTTCC TGACCATCGTGGAAGCCAGCCT GGTTTGTTTCCCTTTGCCAGTATG 0 1 
Neo Neo gene GGTGGAGAGGCTATTCGGC TGGGCACAACAGACAATCGGCTG GAACACGGCGGCATCAG 0 1 
1528 hT1 Fcgr2b TCATCACGACTTACCTGGGTTC CCCTCCTGGTGTCCCTCTGATGAC GGACAGGTGAAGACAGAGGAG 1 0 
1528 hT1 Fcgr2b TCCTTCCTGGTCCTGTTCTATG TCCCTTGCCAGACTTCAGACTGAGA CTCTGTCACCCACCAATTTCC 0 0 
Hyg Hyg TGCGGCCGATCTTAGCC ACGAGCGGGTTCGGCCCATTC TTGACCGATTCCTTGCGG 0 0 
1543hD Fcgr2b GTTCTGGTAATTGGGCTCTTTGTTC TCTGGAGCTTCCGACTGCATAAGCAG ACTGCTGGTTTCTGCCTTCTC 0 0 
1543hU Fcgr2b GGGAGAATAGCAGAGCAGGAC TCAGCAATCTCCACTCAGGGCTCA ACACAAGTTCACGGGAAGTCAAAC 0 0 
1543 AS 129 Fcgr2b TTTCTTGCCCCAAATTGAAGA CTCCCAAATGAATG TCAGGCAGTCGATCTCTGTTTC 0 0 
1543 AS B6 Fcgr2b TTTCTTGCCCCAAATTGAAGA CTCCCAAATGAGTGGAG TCAGGCAGTCGATCTCTGTTTC 1 0 
1543 AS2 129 Fcgr4 TTCTTGTGTCTCCTTTGCCTCTAA ATCCACTTAGACTGCAC TTGAAGCTCTGCACAGTGAGATC 1 0 
1543 AS2 B6 Fcgr4 TTCTTGTGTCTCCTTTGCCTCTAA TATCCACCTAGACTGC TTGAAGCTCTGCACAGTGAGATC 1 0 
1543 AS3 129 Fcgr4 GGCAGGACAGTGATAAATTCTGAGA TGGCCCTTGCTGTGA GGCCAAGAATGGAACATGACTT 1 0 
1543 AS3 B6 Fcgr4 GGCAGGACAGTGATAAATTCTGAGA TGGCCCTTGCTATGA GGCCAAGAATGGAACATGACTT 1 0 
     1 0 
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Supplementary Table 4: Immune cell composition in VG1505 and VG1543 mice, by 
flow cytometry analysis  
  VG1505 VG1543   
Blood       
CD19+ 31,09 ± 2,012, n=7 36,48 ± 3,342, n=5 n.s. 
CD4+ 23,47 ± 2,489, n=7 28,24 ± 1,620, n=5 n.s. 
CD8+ 14,89 ± 0,9485, n=7 14,46 ± 1,006, n=5 n.s. 
Neutrophils 
CD11b+ Ly6G+ 14,97 ± 2,550, n=7 8,306 ± 0,9350, n=9 * p=0,0412 

Monocytes 
CD11b+ (Ly6G neg) 
CD115+ Ly6C low-
int 

2,544 ± 0,2942, n=7 1,947 ± 0,2914, n=9 n.s. 

Monocytes 
CD11b+ (Ly6G neg) 
CD115+ Ly6C hi 

1,981 ± 0,4293, n=7 1,284 ± 0,1263, n=9   

Eosinophils CD11b+ 
SSC hi SiglecF+ 1,299 ± 0,1207, n=7 1,266 ± 0,1527, n=5 n.s. 

Basophils 
CD45 low IgE+ 
DX5+ 

0,2900 ± 0,03281, n=6 0,1894 ± 0,01816, n=9 * p=0,0123 

Bone Marrow       
Neutrophils 
CD11b+ Ly6G int-hi 56,21 ± 3,956, n=7 45,80 ± 1,382, n=5 n.s. 

Monocytes 
CD11b+ (Ly6G neg) 
Ly6C hi 

8,803 ± 1,020, n=7 9,512 ± 0,6939, n=5 n.s. 

Monocytes 
CD11b+ (Ly6G neg) 
Ly6C int 

1,419 ± 0,2171, n=7 1,696 ± 0,1661, n=5 n.s. 

Macrophages 
CD11b+ (Ly6G neg) 
Ly6C low F4/80+ 

1,494 ± 0,3950, n=7 1,706 ± 0,1856, n=5 n.s. 

Basophils 
CD45 low IgE+ 
DX5+ 

0,5009 ± 0,03961, n=7 0,6222 ± 0,05160, n=5 n.s. 

Spleen       
CD19+ 37,57 ± 1,717, n=7 39,50 ± 3,019, n=5 n.s. 
CD4+ 15,60 ± 1,780, n=7 27,88 ± 1,423, n=5 *** p=0,0005 
CD8+ 9,691 ± 1,060, n=7 11,18 ± 0,6511, n=5 n.s. 
Neutrophils 
CD11b+ Ly6G int-hi 7,900 ± 2,492, n=7 1,466 ± 0,1149, n=5 n.s. 

Monocytes 
CD11b+ (Ly6G neg) 
CD115+ Ly6C low-
int 

1,028 ± 0,1689, n=7 0,7142 ± 0,07172, n=5 n.s. 

Monocytes 
CD11b+ (Ly6G neg) 
CD115+ Ly6C hi 

1,662 ± 0,5531, n=7 0,6308 ± 0,1815, n=5 n.s. 

Eosinophils CD11b+ 
SSC hi SiglecF+ 1,146 ± 0,1922, n=7 0,4212 ± 0,05560, n=5 * p=0,0116 

Basophils 
CD45 low IgE+ 
DX5+ 

0,2484 ± 0,02648, n=7 0,1325 ± 0,005172, 
n=4 * p=0,0106 

Peritoneum       
CD117+IgE+ 
Mast Cells 3,751 ± 0,3780, n=7 3,958 ± 1,133, n=5 n.s. 

CD11b hi F480+ 
Macrophages 45,57 ± 3,675, n=7 20,18 ± 2,848, n=5 *** p=0,0005 



 

4.2 Considering high affinity FcγRI: the Audrey mouse 

Importantly, in paper II VG1505 and VG1543 mice still express the high-affinity mouse 

receptor mFcγRI. VG1505 mice were resistant to anaphylaxis induction, demonstrating that mFcγRI 

alone cannot trigger anaphylaxis, and that anaphylactic reactions in VG1543 mice rely exclusively on 

hFcγR triggering. As a supplement to this thesis work, we completed a study investigating the in vivo 

functionality of mouse FcγRI, making use of VG1505 or FcγRIonly mice. These findings will not be 

discussed herein, but the manuscript is attached as Annex 7.2 

(C. Gillis 1st author). 

A former study from our laboratory identified that the human counterpart of mFcγRI, hFcγRI 

(CD64) was sufficient to induce systemic anaphylaxis in transgenic mice lacking mouse FcγRs [142]. 

This study used hFcγRI-transgenic mice, expressing hFcγRI prominently on monocytes and 

macrophages as in humans, but also constitutively on neutrophils [157], whereas human neutrophils 

generally exhibit low-absent hFcγRI, inducible in an inflammatory context. Anaphylaxis in hFcγRItg 

mice relied on both neutrophils and monocytes/macrophages [142]. Human FcγRI is not expressed in 

the VG1543 model (Paper I), and so the question becomes whether hFcγRI can participate in IgG-

induced anaphylaxis in a context of native hFcγR expression. 

We obtained a novel hFcγRI knock-in mouse strain that does not present the discrepant 

expression of existing hFcγRI-transgenic models [142, 157, 171]: hFcγRI is expressed on monocytes, 

macrophages and dendritic cells but, critically, not constitutively on neutrophils (see below). We 

therefore crossed this mouse strain to VG1543 mice, to create a fully hFcγR-humanised knock-in 

mouse model, which we refer to as Audrey mice. This section will describe the preliminary work: (i) to 

characterise hFcγR expression patterns in Audrey mice and (ii) to examine the hFcγR, cells and 

mediators contributing to the induction of IVIG-PSA in Audrey mice. For comparison, we derived a 

FcγRnull strain of mice (VG1505 x FcγRI KO). 

4.2.1 Audrey mice exhibit hFcγRI expression patterns comparable to that of 

humans, and retain hFcγRIIA/IIB/III expression of VG1543 mice 

To compare the expression pattern of hFcγRs in Audrey mice to that of humans, specific 

antibody staining and flow cytometry analysis was performed on cells isolated either from the blood of 

healthy human donors, or from the blood, spleen, lymph nodes, bone marrow, peritoneum and 



 

 

 

Figure 4.1: Human FcγγR expression on immune cell populations from Audrey mice and human 

FcγRI on cells from human blood donors. (A) hFcγRI staining on immune cells from human 
peripheral blood, assessed by fluorescent antibody labelling and flow cytometric analysis (CD15+ 
Neutrophils, CD14+ Monocytes, CD193+CD15+ Eosinophils, CD123+CD203+ FcεRI+ Basophils, 
CD19+ B cells, CD3+CD56- T cells, CD3-CD65+ NK cells or CD61+ Platelets). Shaded blue 
histograms indicate staining with an isotype control antibody, excepting hFcγRIIB where shaded 
histograms indicate a fluorescence-minus-one (FMO) control. (B-E) hFcγRI, hFcγRIIA, hFcγRIIB 
and hFcγRIII(A+B) staining on immune cells isolated from the blood and tissues of Audrey (red 
histograms) or FcγRnull mice (shaded grey histograms), as indicated. Blue unshaded histograms indicate 
background staining of isotype control antibodies on cells from Audrey mice. Data are representative 
of at least 2 independent experiments; total n>3. 
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broncho-alveolar lavage (BAL) of Audrey mice. hFcγRIIA/IIB/III expression on human blood cells 

and in VG1543 mice was characterised and published in Paper I, Figure 2. hFcγRI expression was 

examined on the same blood donors. As previously described [173], we detected hFcγRI on circulating 

monocytes but not on baosphils, eosinophils, B, T or NK cells, and barely on neutrophils isolated 

from human blood (Figure 4.1A). Similarly, Audrey mice exhibit hFcγRI expression on monocytes 

from the blood and spleen, barely detectable expression on neutrophils, and not on baosphils, 

eosinophils, or B, T or NK cells (Figure 4.1B&C). Although hFcγRI expression on monocytes from 

Audrey mice is considerably lower than that of humans, this may reflect differential maturation or 

activation status according to the microbiological environment (SPF mice). Indeed, hFcγRI was higher 

on monocytes from the spleen than from the blood of Audrey mice, and expressed on a significant 

proportion of Ly6Chi bone marrow monocytes (Figure 4.1B-D). Furthermore, when we examined 

macrophage populations in the bronchoalveolar lavage and peritoneal cavity of Audrey mice, we could 

detect prominent hFcγRI expression (Figure 4.1D), as has been reported for human dermal [282], 

pleural [283], peritoneal [284] and bone marrow derived macrophages [285]. Thus Audrey mice 

recapitulate hFcγRI expression patterns of human immune cells, excepting low expression on 

monocytes. As expected, FcγRnull mice did not stain for hFcγRI expression, nor any of the hFcγRs 

examined (Figure 4.1B-D). 

hFcγRI expression is highly inducible following inflammatory stimulus. Audrey mice exhibit 

comparably low expression of hFcγRI on neutrophils and considerably lower expression on monocytes, 

compared to human blood cell populations, but we did not examine these cells in the context of 

inflammation. It would be informative to assess changes in hFcγRI expression on monocytes and 

neutrophils from Audrey mice, either during in vivo inflammation, following IFNγ injection, or 

following stimulation in vitro: such data would indicate whether the regulation of hFcγRI is preserved, 

when expressed in this knock-in model. 

We confirmed that Audrey mice preserve hFcγRIIA/IIB/III expression patterns comparable to 

VG1543 mice (Figure 4.1 B-D and Paper I Figure 2), which is similar to that of humans. hFcγRIIA 

was detected on neutrophils, monocytes, eosinophils and platelets; hFcγRIIB on B cells and 

monocyte/macrophages, as well as variation in hFcγRIIB among B cell subpopulations from the spleen 

and bone marrow; hFcγRIII at high level on neutrophils and variably on monocyte/macrophages and 

NK cells (Figure 4.1B-E). Some caveats to the accurate reflection of hFcγR expression in Audrey mice 

compared to humans should be mentioned here. Firstly, blood basophils from human donors 

demonstrate varying expression of hFcγRIIA, prominent expression of hFcγRIIB, and some hFcγRIII 



(Paper I). Whereas basophils from VG1543 mice express low levels of hFcγRIIA in the blood and 

hFcγRIII only in the bone marrow, but do not express hFcγRIIB (Paper II); limited to no hFcγR 

expression could be detected on basophils isolated from the blood of Audrey mice (Figure 4.1). 

Improvement of our techniques to examine basophils, a rare blood cell population, by flow 

cytometry may also account for the more consistent, albeit convincingly negative hFcγR staining in 

the Audrey mice. Secondly, like VG1543 mice, Audrey mice lack CD16 (hFcγRIII) expression on 

eosinophils, which is in accordance with 25% of the donors we examined. Nonetheless, with an 

awareness of these limitations, Audrey mice represent a novel model of a fully FcγR-humanised 

mouse: one that will be extremely valuable for the in vivo study of antibody-dependent pathologies, 

including anaphylaxis. 

4.2.2 hFcγRI does not contribute to IVIG-PSA in Audrey mice, which proceeds 

via a dominant pathway involving hFcγRIIA, Neutrophils and PAF 

As described for VG1543 mice (Paper I), intravenous injection of 1mg heat-aggregated IVIG 

induced passive systemic anaphylaxis (IVIG-PSA) in Audrey mice, manifested by visual signs and 

severe hypothermia, with a maximum temperature loss of 6-8°C 30-40 min after injection (Figure 

4.2). FcγRnull mice were, as expected, resistant to anaphylaxis induction. Unexpectedly, pre-treatment 

with hFcγRI-blocking mAbs (clone 197) did not affect anaphylaxis induction (Figure 4.2A), whereas 

hFcγRIIA blockade (mAb clone IV.3) protected against both anaphylactic symptoms and hypothermia 

during IVIG-PSA in Audrey mice, compared to treatment with an isotype control (Figure 4.2B): in 

three out of four experiments of this type, IV.3-treated mice were completely resistant to anaphylaxis 

induction; in one experiment this group still experienced a mild hypothermia (2°C, Supplementary 

Figure 4S). These findings suggest that hFcγRIIA drives IVIG-PSA in Audrey mice, and hFcγRI does 

not contribute. 

In a previous study, hFcγRI was found to be sufficient to mediate anaphylaxis induction in 

hFcγRItg mice, using agonistic anti-hFcγRI monoclonal antibodies, or polyclonal mouse IgG immune 

complexes [142]. We could consider that the dose or timing of administration of hFcγRI-blocking 

mAbs used herein was inefficient to completely block this receptor in Audrey mice. Yet we used same 

protocol as the earlier study (200μg 30min before challenge), and modification of the protocol did not 

affect the result (100μg each 24h and 4h before challenge; Supplementary Figure 4S), rendering such a 

hypothesis unlikely. As described above, hFcγRItg mice express this receptor at high levels on both 

neutrophils and monocytes, whereas Audrey mice exhibit considerably lower expression on both cells: 



 

 

 
Figure 4.2 Aggregated human IVIG triggers passive systemic anaphylaxis in Audrey 

mice (IVIG-PSA), mediated by hFcγγRIIA and neutrophils with a contribution of the 

mediator PAF. (A-E) FcγRnull (open squares) and Audrey (filled circles) mice were injected 
with 1mg of heat-aggregated IVIG and central temperatures monitored. Prior to 
anaphylaxis induction Audrey mice were injected with (A) anti-hFcγRI blocking mAbs, (B) 
anti-hFcγRIIA blocking mAbs or (C) anti-Ly6G mAbs (Red circles), or corresponding 
isotype controls (Black circles); or (D) PBS-containing liposomes (Blue circles) or toxic 
clodronate-containing liposomes (Red circles), or left untreated (Black circles); or (E) PAF-
R antagonist ABT-491 i.v. (Red circles) or H1-R antagonist cetirizine i.p. (Blue circles), or 
both (Green circles), or vehicle alone (NaCl, Black circles).  
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this level of expression may be insufficient to induce cell activation following immune complex 

engagement. Finally, in the previous study the hFcγRI transgene was expressed on a 5-KO mouse 

background: that is, lacking activating receptors mFcγRI, mFcγRIII, mFcεRI, mFcεRII and inhibitory 

mFcγRIIB, but retaining mFcγRIV [142]. mFcγRIV can trigger anaphylaxis [251]; therefore to 

examine hFcγRI-dependent anaphylaxis these authors used a mFcγRIV-blocking antibody in hFcγRItg 

5-KO mice. Audrey mice express hFcγRIIB, particularly prominently on monocytes, which may 

effectively inhibit activating signals initiated by hFcγRI. It would be informative to assess the effect of 

hFcγRIIB blockade on anaphylaxis induction in Audrey mice: although administration of hFcγRIIB-

blocking antibodies did not affect hFcγRIIA-dependent IVIG-PSA in VG1543 mice, this approach 

may reveal a contribution for hFcγRI in Audrey mice. 

Neutrophil depletion using anti-Ly6G targeting antibodies (clone NIMP-R14) protected 

against IVIG-PSA in Audrey mice (Figure 4.2C), whereas monocyte/ macrophage depletion by 

intravenous toxic liposome administration had no effect (Figure 4.2D): an expected result, reflecting 

the hFcγR expression patterns of these cell populations. That monocyte/ macrophage depletion does 

not affect IVIG-PSA supports a non-contribution of hFcγRI to PSA induction, since hFcγRI is 

expressed predominantly on these cells. We then assessed the contribution of the mediators PAF and 

histamine to IVIG-PSA in Audrey mice, using the respective receptor antagonists ABT-491 and 

Cetirizine administered before PSA induction (Figure 4.2E). PAF receptor blockade using ABT-491 

significantly ameliorated the hypothermia and symptoms associated with IVIG-PSA in Audrey mice, 

whereas the histamine receptor antagonist Cetirizine, either alone or in combination with ABT-491, 

did not affect anaphylaxis induction. In preliminary experiments, treatment with other histamine 

receptor antagonists that partially inhibited IVIG-PSA in VG1543 mice (Triprolidine and Pyrilamine) 

did not affect IVIG-PSA in Audrey mice (data not shown). A second PAF receptor antagonist, CV-

6209, also inhibited hypothermia (Supplementary Figure 4S). These results imply that PAF, and not 

histamine, plays a dominant role in IVIG-PSA in Audrey mice, a finding consistent with a major 

contribution of neutrophils to this reaction. Furthermore, considering that PAF-R blockade alone did 

not protect from hypothermia, despite high doses of ABT-491, these data suggest the contribution of 

other(s) unidentified mediator(s) to PSA induction.  

 



4.2.3 Supplemental Methodology and Data 

Mice. VG6074 (mFcγRI-/- hFcγRIKI) mice were designed and generated by Regeneron 

Pharmaceuticals, Inc. Crossing of VG6074 strain with VG1543 strain (mFcγRIIB-/- mFcγRIII-/- 

mFcγRIV-/- hFcγRIIAKI hFcγRIIBKI hFcγRIIIAKI hFcγRIIIBKI; described in Paper I) generated 

mFcγRI-/- mFcγRIIB-/- mFcγRIII-/- mFcγRIV-/- hFcγRIKI hFcγRIIAKI hFcγRIIBKI hFcγRIIIAKI 

hFcγRIIIBKI mice, referred to as Audrey mice. FcγRnull mice (mFcγRI-/- mFcγRIIB-/- mFcγRIII-/- 

mFcγRIV-/-) were generated by the crossing of VG1505 mice (mFcγRIonly mFcγRIIB-/- mFcγRIII-/- 

mFcγRIV-/-) with mFcγRI -/- mice. Audrey and FcγRnull mice demonstrate normal development and 

breeding patterns. Mice were bred at Institut Pasteur and used for experiments at 8-12 weeks of age. 

All mouse protocols were approved by the Animal Ethics committee CETEA (Institut Pasteur, Paris, 

France) registered under #C2EA-89. 

Antibodies for flow cytometry and in vivo blockade. hFcγRI was stained for flow cytometry 

analysis using FITC-conjugated anti-CD64 clone 10.1 (BD Biosciences). 200μg/mouse anti-hFcγRI 

blocking mAbs (clone 197) were injected i.v. 30min before PSA induction; controls were injected with 

vehicle (0.9% NaCl). In some experiments 100μg/mouse anti-hFcγRI blocking mAbs were injected i.v. 

24 hours and 4 hours before anaphylaxis induction, and controls were injected with mIgG2a isotype 

control antibodies. 



 

 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Supplementary Figure 4S: IVIG-PSA in Audrey mice. (A-C) FcγRnull (open 
squares) and Audrey (filled circles) mice were injected with 1mg of heat-aggregated 
IVIG and central temperatures monitored. Audrey mice were injected with (A) 
60μg/mouse anti-hFcγRIIA blocking mAbs 24h and 4h before PSA (Red circles), or 
isotype control mAbs (Black circles); (B) 200μg/mouse anti-hFcγRI blocking mAbs 
i.v. 30min before PSA (Blue circles), or 100μg/mouse anti-hFcγRI blocking mAbs i.v. 
(Red circles) or mIgG2a isotype control antibodies (Black circles) 24h and 4h before 
PSA. 
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55  Discussion 

This thesis examines the contribution of neutrophils to severe systemic inflammation, 

associated with the development of shock, in two distinct pathological models: LPS-induced 

endotoxemia, and IgG-dependent anaphylaxis. The discussion chapter is therefore composed of four 

parts: (I) the protective role of neutrophils in LPS-endotoxemia; (II) the value of novel mouse models 

to assess neutrophil function in vivo, with an emphasis on the pathogenic role of neutrophils in IgG-

dependent anaphylaxis; (III) comparing the opposing protective or pathological neutrophil functions 

in these two models; and (IV) an extension of our mouse models to a putative role for neutrophils in 

human IgG-dependent anaphylaxis to neuromuscular blocking agents (NMBAs), including the 

outcomes of our ongoing work to develop a mouse model of NMBA-anaphylaxis, and the preliminary 

findings of a multicentric clinical investigation into human NMBA-anaphylaxis. 

5.1 Part I: A protective role for neutrophils in LPS endotoxemia 

Severe systemic inflammation is associated with infection in the context of sepsis, but can also 

arise in critically ill and post-trauma patients following sterile injury. The most severe outcomes are 

disseminated shock and multiple organ failure, which can be fatal. An understanding of the 

inflammatory insults that promote cellular and organ dysfunction, as well as the pathways that lead to 

pro-resolution physiology is critical to understanding the systemic inflammatory response, as it relates 

to multiple triggers. We used LPS-induced endotoxemia as a model of severe, systemic inflammation, 

associated with the development of shock, yet decoupled from the presence of a pathogen. 

Neutrophils are central to inflammatory pathologies. As potent microbicidal effecter cells of 

innate immunity, neutrophils were classically consigned to roles as unwitting perpetrators of both 

protective and pathological inflammation. Yet immune suppression, particularly pertaining to 

neutrophil dysfunction, is a secondary component of systemic inflammatory responses, which raises 

questions regarding the role of these cells in the balance of proinflammatory and regulatory pathways. 

In paper I, we demonstrate that in the absence of neutrophils mice are much more susceptible to toxic 

shock and mortality induced by endotoxin challenge. Furthermore, transfer of MPO-sufficient, but 

not MPO-deficient neutrophils prior to LPS exposure restored survival outcomes of neutrophil-

deficient mice. These data suggest a protective role for neutrophils, and neutrophil-derived MPO, 

during systemic inflammation.  



Several hypotheses can be drawn from these findings that may explain the phenomenon we 

observe: 1) Neutrophil depletion prior to LPS challenge exacerbates inflammation by virtue of 

excessive cell death or increased sensitivity to microbes in the environment; 2) Neutrophils release 

cytokines and mediators that suppress systemic inflammation, and this release is facilitated by MPO; 

3) The recruitment and death of neutrophils in an appropriate context is necessary for the 

reprogramming of other phagocytes and initiation of pro-resolution pathways; 4) Neutrophil-derived 

MPO has a detoxifying effect, by effects on LPS itself, or by oxidative catabolism of mediators of 

inflammation; or 5) Neutrophil-derived MPO, or its products, have vasoprotective effects during 

systemic shock. It is important to consider also location-specific, compared to systemic, requirements 

for protection. These hypotheses will be elucidated and discussed hereforth. 

Neutrophil affect the severity of endotoxic shock: “depletion enhances” versus “presence suppresses” 

Firstly, to consider an explanation for our findings that doesn’t entail a protective function of 

neutrophils: the depletion of neutrophils may itself be an inflammatory stimulus. In fact, depending 

on the specific conditions in which the cell death is occurring, apoptotic or necrotic cells can promote 

inflammation or tolerance [129]. We could suppose that following neutrophil depletion the threshold 

for systemic inflammation is lowered, thereby rendering mice more susceptible to LPS challenge. 

Inasmuch, it is pertinent that we replicate our findings using two different approaches to neutrophil 

depletion. Most convincingly, neutrophil transfer could restore the survival of neutrophil-depleted 

mice to be comparable to WT controls, demonstrating that neutrophil intrinsic elements truly play a 

protective role. 

Systemic shock is associated with the loss of gut barrier function; thereby permitting bacterial 

translocation and endotoxin leakage that can exacerbate systemic inflammation, or event promote 

progression from non-infectious shock to sepsis [286-288]. Indeed, LPS-induced mortality is reduced 

in germ-free mice due to intestinal-biota driven inflammation [289]. It is therefore critical that we 

identified that neutrophil depletion increased the sensitivity of mice to endotoxin independently of the 

microbiological environment, and in a germ-free facility, indicating that the protective function of 

neutrophils is discrete from microbial exposure. 

Neutrophils and neutrophil-derived products regulate immune responses 

An anti-inflammatory role for neutrophils is not incongruent with recently emerging concepts 

of neutrophil regulatory functions [39, 64, 290]. In mouse models of chronic infection, the absence of 

neutrophils favoured Brucella or Mycobacterium clearance at later phases of infection, ostensibly 

because neutrophils suppress the early induction of effective Th1 responses [83, 291]. Human 



neutrophils can regulate LPS-induced inflammatory responses: human neutrophil-derived NETs and 

ectosomes influence LPS-induced monocyte-derived dendritic cell maturation in vitro and the 

subsequent induction of T cell proliferation and polarization [292, 293], and diminished the 

inflammatory responses of macrophages [75]. Neutrophil-derived microparticles or ectosomes, 

although known to exacerbate coagulopathies [294], can exert anti-inflammatory effects on 

macrophages and other neutrophils [72-74]. Apoptosis associated neutrophil release of lactoferrin 

release inhibits ongoing granulocyte recruitment [81] and promotes dendritic cell recruitment [82]. 

Multiple mechanisms of neutrophil-mediated regulation have thus been proposed, and their relative 

significance likely depends on the model system and on the nature of the particular inflammatory, and 

oxidative, environment being studied. 

We identified a requirement for neutrophil-derived MPO in the protective function of 

neutrophils during LPS-endotoxemia. MPO has well described antimicrobial properties [295] and 

evidently plays an antibacterial function in the context of infection and sepsis. A recent report 

indicates diminished MPO expression might be a good predictor to identify septic shock patients at 

high risk of death [296]. Yet MPO is also thought to be an important proinflammatory factor: 

elevated plasma MPO is associated with inflammation severity in critically ill patients [297], MPO has 

direct cytotoxic effects on endothelial cells [298], and animal models indicate that MPO and MPO-

derived reactive oxidants can contribute to LPS-induced local inflammation and tissue damage in the 

lung [276]. As such, MPO has become a prime ‘read-out’ of inflammation and marker of neutrophil 

activation in many inflammatory disease models. It is therefore in striking contrast that here we 

demonstrate that mice have considerably increased systemic inflammation and mortality in response to 

LPS challenge in the absence of MPO, whether by genetic knockout or pharmacological inhibition. 

We demonstrated that 1) neutrophils represent the major source of MPO, and 2) that 

neutrophil-derived MPO mediates, at least in part, the protective functions of neutrophils during 

endotoxemia. MPO is contained within neutrophil exosomes, and is a canonical component of NETs 

[39]. It is therefore tempting to speculate that MPO may account also for the suppressive effects of 

these neutrophil products on macrophage cytokine release and T cell polarisation [75, 292, 293]. 

Indeed, MPO was found to regulate dendritic cell activation and migration and subsequent T cell 

driven inflammation, an effect attributed to its catalytic action and also requiring CD11b on dendritic 

cells [299]. How MPO contributes to the regulation of inflammatory cytokines and the protective 

effect of neutrophils during endotoxemia remains, however, an open question. 



The requirement for neutrophil MPO-sufficiency to exert a protective effect during 

endotoxemia may be independent of the MPO molecule per se, but arise rather as a result of 

phenotypic alterations in the neutrophil, or defective neutrophil recruitment and activation in the 

absence of MPO. Some neutrophil effecter functions may require the expression of this enzyme; for 

example, MPO can be required for neutrophil NET formation, depending on the stimulus [61-63]. 

More subtly, MPO is a major component of neutrophil primary granules, and one could suppose that 

the orchestration and sequential degranulation of neutrophils could be impeded in the absence of this 

enzyme [14]. MPO can act in a cytokine-like fashion to bind and activate neutrophils, support cell 

adhesion, and prolong survival, mainly via interactions with CD11b/CD18 integrins [300-302], or via 

electrostatic interactions to support neutrophil recruitment and endothelial adhesion [303], and 

therefore MPO-KO neutrophils may exhibit a migration defect. The mechanisms by which 

neutrophil-derived MPO is protective during endotoxemia may therefore be either intrinsically MPO-

dependent, or a product of the regulatory properties of neutrophils. 

Regulation via macrophages // Dying for a cause 

An immunosuppressive role for neutrophils during LPS-endotoxemia could involve the 

canonical regulatory cytokine IL-10. IL-10 does inhibit macrophage and monocyte inflammatory 

cytokine production. In a CLP model of sepsis, intraperitoneal transfer of IL-10-sufficient but not IL-

10 deficient neutrophils suppressed TNFα production by peritoneal macrophages: although these 

authors did not identify a survival defect in neutrophil-depleted mice, they did observe greater 

inflammatory markers of macrophage activation after CLP [304]. Human LPS-stimulated Tregs were 

found to induce an autocrine loop of neutrophil IL-10 production associated with the induction of 

neutrophil apoptosis [86, 305]. Yet this phenomenon was reduced if the neutrophils had been pre-

exposed to LPS, and as such may have greater application during chronic inflammatory pathologies in 

which infiltrating neutrophils may encounter Tregs prior to bacterial endotoxins [86]. After endotoxin 

challenge, we detected elevated levels of IL-10 in neutrophil-depleted PMNDTR mice compared to 

PMNWT controls. Without discounting a neutrophil intrinsic role for this cytokine, this finding 

indicates that there is not a systemic deficiency in IL-10 release in the absence of neutrophils, 

precluding such a hypothesis to account for the aggravated mortality we observe. 

Neutrophil apoptosis, on the other hand, is an intriguing aspect of inflammation control and 

resolution. Macrophage uptake of aging or apoptotic neutrophils has long been regarded as a critical 

mechanism to limit inflammation and tissue injury [306]. This process is equally important to 

dampen the inflammatory responses of macrophages themselves: after ingestion, macrophages adopt 



an anti-inflammatory phenotype [307]. Apoptotic granulocytes can influence phagocyte 

reprogramming through pleiotropic immune regulatory pathways [134]; modulating cytokine and 

eicosanoid release, and stimulating the production of specialised proresolving mediators [95]. 

Delayed apoptosis of neutrophils accompanies the systemic inflammatory response in critically 

ill or septic patients [308-311], and TNFα, a major cytokine driver of endotoxic shock, inhibits 

apoptotic cell uptake by macrophages [312]. The injection of spontaneously apoptotic neutrophils 

protected mice against LPS-induced shock [313]. These authors identified that, in vitro, the binding 

of LPS to apoptotic cells facilitated their uptake via CD14 on macrophages, and subsequently reduced 

macrophage TNFα production. While MPO itself can be taken up by macrophages via the mannose 

receptor [314], this association is thought to perpetuate inflammation, particularly during arthritis 

models [315]. We could predict that rather, in the absence of MPO, alterations in neutrophil 

apoptosis impair subsequent macrophage reprogramming and the induction of pro-resolution 

pathways. MPO-KO neutrophils have reportedly reduced cell death once recruited into the inflamed 

lung, thus prolonging acute inflammation [316]; although this study is at odds with findings that 

MPO-KO mice exhibit reduced inflammatory infiltrate after a higher dose of pulmonary LPS 

challenge [276]. Altogether, MPO-dependent alterations in neutrophil recruitment and apoptosis 

induction may account for the exacerbated mortality we observe during systemic endotoxin challenge 

in the absence of neutrophil MPO. 

The detox hypothesis 

Neutrophil products can bind and neutralise LPS, including the granule component 

lactoferrin [317], and histone proteins [318], contained in NETs. By its catalytic action MPO may 

have anti-inflammatory effects via the oxidative destruction or conversion of soluble mediators of 

inflammation, or the modification of regulatory molecules. Uric acid, for example, is produced by 

xanthine oxidase as the final product of purine metabolism, is eliminated predominantly via the 

kidneys, and in its crystalline form can act as a DAMP. Hyperuricemia, and the formation of urate 

crystals, promotes inflammation contributing to chronic illnesses such as gouty arthritis and kidney 

disease [319]. Elevated uric acid levels have been marginally associated with bad prognosis in septic 

patients [320], and uric acid promotes inflammatory responses to cell death in mice [321]. One study 

found that mice rendered granulopenic by cyclophosphamide treatment had elevated concentrations 

of uric acid in the blood, which these authors associated with reduced survival following LPS challenge 

[224]. Moreover, survival of cyclophosphamide-treated mice was restored by treatment with sodium 

bicarbonate to alkalise the urine, thereby increasing uric acid solubility and excretion. Importantly, 



urate can be oxidised by neutrophil-derived MPO to yield allantoin [322]. We therefore postulated 

that neutrophil-derived MPO might protect from LPS-endotoxemia by the oxidation of uric acid, 

thereby limiting the development of hyperuricemia and associated inflammatory responses. Indeed, in 

the previous study, treatment with allopurinol to control hyperuricemia in cyclophosphamide-treated 

mice also diminished TNFα production after low-dose LPS challenge [224]. However, preliminary 

experiments that we performed did not support this hypothesis: six days of allopurinol pre-treatment 

did not affect survival outcomes of LPS-endotoxemia in either neutrophil-depleted or control mice 

(not shown). Hyperuricemia may exacerbate death after endotoxin challenge in cyclophosphamide-

treated mice, as published previously [224]; yet this effect could be independent of neutrophils, given 

the known broad-spectrum toxicity of cyclophosphamide. Alternatively, the protective effect conferred 

by sodium bicarbonate gavage in the previous study may be independent of hyperuricemia. 

The detox hypothesis remains viable, however: numerous other circulating mediators are 

subject to oxidative regulation. A notable target is HMGB1. This inflammatory mediator has been 

associated with lethality during models of systemic inflammation [207]; and the posttranslational 

modifications of the three cysteine residues of HMGB1 determine its capacity to promote leukocyte 

chemotaxis or cytokine release [323, 324]. Terminal oxidation of all three cysteine residues is 

inactivating, and thus abrogates the inflammatory effects of HMGB1 [325]. As yet, MPO-mediated 

oxidative regulation of HMGB1 has not been directly examined. 

The lipid hypothesis 

Lipoprotein oxidation by MPO is implicated in the development of arthrosclerosis and 

cardiovascular disease [326]. Apropos, MPO can catalyse the peroxidation of lipid mediators such as 

leukotrienes and prostaglandins [327]. Lipid peroxidation is characteristic of acute inflammation 

associated with experimental endotoxemia, sepsis and critically ill patients [328, 329]. Following 

endotoxin challenge, MPO-KO mice were found to have elevated plasma levels of cysteinyl 

leukotrienes (LTC4, LTD4, LTE4), and reduced oxidative metabolites of arachadonic acid and 

linoleic acid [330]. Thus MPO, by modulating the formation of pro- and anti-inflammatory lipid 

mediators, can systemically regulate the acute inflammatory response following endotoxin challenge. It 

is likely that such a mechanism contributes to our observations of a protective role for neutrophil-

derived MPO during endotoxemia. The authors of this study [330] did not notice a difference in 

survival or physiological parameters between MPO-KO and WT mice following LPS challenge, 

however the dose of LPS was half that which we used, and mice were only monitored until 24 hours 

after LPS administration. 



Interestingly, LPS itself is bound by plasma lipoproteins [331]. High-density lipoproteins 

(HDL) have the highest binding capacity for LPS [331], and a decrease in HDL is a risk factor for 

sepsis, suggesting that HDL may act as a humoral detoxifying factor in LPS-associated sepsis [332]. 

Indeed, HDL levels are reduced in patients with sepsis associated with gram-negative, but not gram-

positive, infection [333]. It is feasible that MPO-catalysed oxidation of HDL could modulate its 

ability to bind and thereby detoxify LPS, although experimentally this remains to be tested. 

MPO in the vasculature: hemodymanic regulation 

Beyond the immunological effects of neutrophil-derived MPO, it is pertinent to consider the 

hemodynamic effects of its oxidative products, and the interplay with vascular regulation and 

dysfunction during endotoxic shock. As described above, MPO can modulate the systemic levels of 

lipid mediators of inflammation: leukotrienes and prostaglandins have potent vasodilatory effects, and 

the MPO-dependent catabolism of these may promote the restoration of hemodynamic function 

during shock [330]. 

Moreover, MPO can directly influence vascular function by regulating the bioavailability of 

nitric oxide (NO) [277, 334]. NO plays a prominent role in the pathogenesis of shock, driving 

vasodilation and vascular hyporeactivity, and therefore hypotension [335]. MPO, on the other hand, 

is a potent vasoconstrictor [336], and can exert systemic effects on vasomotor tone [337]. MPO binds 

to the surface of blood vessel endothelial cells and locates to the sub-endothelial space, where it 

remains catalytically active and anatomically positioned to regulate NO vascular signalling [277, 338]. 

Although NO was seen as an attractive therapeutic target, animal studies of septic shock and 

endotoxemia have demonstrated alternately beneficial or harmful effects of NO inhibition; and in 

patients with septic shock the inhibition of nitric oxide synthases can improve hemodynamic variables 

in the short term without significantly improving survival outcomes [339, 340]. Despite a reduction 

in systemic vascular resistance, during shock focal vasoconstriction occurs in the mesenteric, 

pulmonary, and renal circulations, and there NO appears critical to maintain organ perfusion [178]. 

Systemic NO inhibition may therefore increase venous return and vascular tone, but at the expense of 

increased pulmonary hypertension and risk of thrombotic events [339, 341]. Targeted inhibition of 

NOS isoforms is viewed as an improved strategy; indeed, endothelial NO is normally produced by 

eNOS, and evidence suggests that production of NO by iNOS contributes to the shock phenotype 

[203]. MPO can also regulate iNOS induction and function [334]. Together, these data suggest a 

hypothesis wherein MPO is important to regulate NO-dependent loss of vasomotor tone; and the 



balance between MPO and NO synthases may contribute to the regulation of systemic vasculature 

during systemic inflammation. 

A significant quantity of systemic MPO may be found bound to the vascular endothelium; this 

association can be blocked by heparin treatment, and thereby liberation of vessel-associated MPO was 

shown to improve NO bioavailability and vascular function [277, 342]. If MPO bound to the 

endothelium is critical to promote survival during endotoxemia, we might expect that heparin 

treatment would enhance the toxic effects and mortality following LPS. Heparin treatment of LPS-

challenged mice, however, granted mild protection from the lethality of endotoxic shock, and 

somewhat improved LPS-induced lung pathology in mice pigs and rats [343-345], yet given the anti-

thrombotic properties of heparin it would be implausible to attribute these findings to MPO-

dependent effects. Bilvarudin, on the other hand, another anti-coagulant drug, which acts by directly 

inhibiting thrombin, was found to augment binding of MPO to endothelial cells [346]. Rats receiving 

bilvarudin experienced significantly reduced endotoxin-induced hypotension, and increased survival 

following LPS challenge [347]. In the context of critical illness and cardiogenic shock, cardiac surgery 

patients receiving bilvarudin rather than heparin exhibited reduced in-hospital mortality [348] [349]. 

Certainly we cannot dissociate the anti-thrombotic drug properties from the effects on MPO-NO-

dependent vascular function, particularly in the complex context of cardiovascular illness, and 

considering that coagulation is a pathological component of systemic shock. Nonetheless these data 

open avenues of investigation in our endotoxin-challenge systemic shock model. It would be 

informative to test the effect of heparin and bilvarudin treatment on endotoxemia in both WT and 

MPO-KO mice. 

From the cells to the vasculature to the tissues: location vs target 

The specific location of MPO activity is likely to be critical, particularly given its diverse 

effects on inflammatory mediators, endothelial cells and the vascular bed. Ex vivo imaging revealed 

that MPO activity is elevated in the spleen and kidney of endotoxin challenged mice, whereas MPO 

activity in the lung was high in control mice and was not altered by LPS. Importantly, we could not 

restore survival of neutrophil-depleted mice by the intraperitoneal injection of recombinant MPO 

alone (Figure 5.1). It is likely that the dose and timing of MPO administration is critical, if a 

protective effect of systemic administration were to be established. Thus, although the protective 

function of MPO may be attributed to multiple mechanisms, as discussed above, presumably its 

targeted release by neutrophils satisfies spatial or temporal requirements for this role. 

 



 

 

 

 

 

 

 

Figure 5.1: Injection of recombinant MPO does not affect survival in neutrophil-depleted 

mice. WT C57Bl/6 mice were injected daily i.p. with anti-Gr1 or isotype control depleting 

antibodies, beginning one day prior to LPS challenge (15mg/kg i.p. ). Where indicated, mice 

were injected twice i.p. with 50μg of recombinant purified MPO (R&D systems) or vehicle 

(NaCl). Data is pooled from 2 independent experiments, n =8-11 per group 

 

 

Remarkably, the adoptive transfer of 10x106 neutrophils immediately prior to endotoxin 

administration was sufficient to restore survival of neutrophil-depleted mice, at least until five days 

after challenge. Neutrophils are a rich source of MPO; nonetheless, that such a relatively small number 

of cells within the system are sufficient supports a targeted effect. We did not examine the trafficking 

and localisation of transferred neutrophils after LPS challenge, although we did recover neutrophils 

from the blood, spleen and bone marrow of naïve recipients four hours after transfer. Identification of 

where the transferred neutrophils go may inform a more precise understanding of how they function 

to protect the host during endotoxin challenge. It was recently identified that MPO can bind and be 

transported systemically by red blood cells (RBCs) [350]. In that study, intravenous injection of 

MPO-loaded RBCs increased local MPO concentration in the liver, spleen, lung and heart tissue, and 

increased systemic vascular resistance. By employing such a strategy, we could envisage to deliver 

MPO in a targeted fashion within the vasculature following endotoxin challenge, thereby permitting 

an examination of neutrophil-independent MPO function during LPS-induced systemic shock. 

While our data do not preclude a damaging role of neutrophils during endotoxemia, they 

emphasise that in the absence of neutrophils the systemic inflammatory response and associated 

lethality is greatly enhanced. Critically, the findings presented herein also encourage a re-evaluation of 

how we assess inflammation, particularly in animal models. A wealth of evidence indicates that 

neutrophil recruitment into the tissue is a damaging phenomenon. Yet although the mere presence of 
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neutrophils at the site, and indeed the activity of MPO, may be a marker of inflammatory processes; 

these are not inherently damaging to the host and can serve important protective functions. 



5.2 Part II: The inflammatory effects of neutrophils: novel mouse models to 

study neutrophil function in vivo 

5.2.1 A novel model of inducible neutropenia: PMNDTR
 mice 

The diverse effector functions of neutrophils are not specific to this cell population, and it 

remains difficult to discriminate between the role of neutrophils and that of other cell types. Owing 

partly to the technical challenges of isolating and studying these cells in vitro, and partly to the 

distinct roles of neutrophils in propagating and resolving both organ-specific and systemic 

inflammation, an important tool for immunologists lies in in vivo model systems, and various 

ablation approaches to investigate the contribution of neutrophils, or neutrophil specific proteins, by 

virtue of their absence. Antibody-mediated strategies to deplete neutrophils, or genetic approaches to 

render mice constitutively neutropenic, have been greatly improved upon by the recent development 

of more targeted strategies, including our novel PMNDTR mouse model. 

An improved neutropenic model 

Antibody-mediated depletion strategies to target neutrophils have several disadvantages. The 

commonly used anti-Gr-1 antibody (clone RB6-8C5) is highly effective at eliminating neutrophils but 

also recognises Ly6C expressed on monocytes and monocyte-derived cells [351]. The more specific 

anti-Ly-6G antibodies, clones 1A8 [352] and NIMP-R14 [353], present other issues. 1A8 is less 

effective at depleting neutrophils than either anti-Gr1 or NIMP-R14, even when administered at 

higher doses, whereas NIMP-R14 seems to affect the monocyte population, even if it does not induce 

measurable depletion (Paper II, Fig.S2). Besides, the administration of antibodies at sufficiently large 

doses to eliminate neutrophils from the system entails the large-scale phagocytotic clearance of this cell 

population forcibly by FcγR-expressing cells, mainly macrophages [354] and therefore presumably has 

significant effects on these cells, which are difficult to evaluate. One could envision that the FcγR-

dependant uptake of antibody-bound cells, as ‘pseudo immune complexes’, will modulate subsequent 

macrophage function. Moreover, as neutrophil production persists, the FcγR expressed on the surface 

of phagocytes are occupied with ongoing depletion. Lastly, the capacity to adoptively transfer 

exogenous neutrophils into mice after depleting antibody treatment, thereby reconstituting the 

neutrophil compartment, is thwarted by the continual presence of the depleting antibodies, which will 

equivalently target the adopted neutrophils for depletion. 



Genetic approaches to render mice constitutively neutropenic generally target the zinc 

transcription factor Gfi-1, a transcriptional repressor responsible for the polarisation of hematopoietic 

precursors towards the neutrophil lineage by antagonising macrophage/monocyte development [355]. 

Gfi-1-/- mice are deficient in neutrophils [8], yet exhibit reduced growth and viability along with 

defects in lymphoid cell development [356, 357]. Genista mice, harbouring a point mutation in Gfi-1, 

lack normal neutrophils and demonstrate normal growth and viability, and do not have prominent 

lymphopoietic defects [13]. Yet mice carrying this mutation do develop a CD11b+Ly6Gint 

intermediate neutrophil population, which although insufficient to protect against S. typhi infection, 

was capable of causing inflammation in models of immune-complex induced alveolitis and arthritis 

[13]. Thus constitutively neutropenic models have significant limitations with respect to both total 

immune homeostasis and the development of other leukocyte lineages, or intermediate development 

of myeloid precursor populations. 

We have established herein a novel model of inducible neutropenia. We used the Mrp8 

promoter to drive Cre expression, and therefore conditional DTR expression on neutrophils [279, 

280], generating MRP8-Cre/iresGFP+iDTRfl/+ mice, referred to as PMNDTR. In a similar fashion, the 

MRP8-Cre mouse strain has been used to examine the effect of neutrophil specific gene knockouts in 

arthritis [358], cancer immunotherapy [359] and acute lung injury [360]. Moreover, DT-mediated 

conditional cell ablation has already been used in a number of mouse models, targeting hepatocytes 

[361], CD19+ B cells, CD4+ T cells [280], Cd11b+ cells [362], CD11c+ cells [363], mast cells [364], 

eosinophils [365] and platelets [366]. Mouse cells are not inherently resistant to the effects of DT, 

rather they are 10,000 times less sensitive than human or primate cells: the absence of a DTR 

abolishes facilitated uptake of DT. DT is composed of an A and a B fragment: two separate 

polypeptides with, respectively, catalytic and receptor binding functions, linked by a peptide bond and 

a disulphide bridge. Receptor-bound DT is endocytosed and once trafficked to an acidic compartment, 

fragment B permits the translocation of fragment A to the cytosol [367]. In the cytosol, DT-A acts by 

ADP-ribosylation and inactivation of translation elongation factor 2, and thereby blocks protein 

synthesis in the cell with lethal effect [368]. One molecule of DT-A is sufficient to kill a cell [368], 

rendering such inducible models of cell death highly sensitive.  

The DT approach to neutrophil ablation has its advantages to avoid the confounding effects of 

high dose antibody administration, and FcγR-mediated phagocytosis by macrophages. The induction 

of granulocyte cell death still, however, necessitates their clearance, the systemic effects of which are 

difficult to evaluate. Indeed, depending on the specific conditions in which the cell death is occurring, 



apoptotic cells may promote inflammation or tolerance [129]. We did not observe an effect of DT 

administration on the frequency or number of any other cell populations in PMNDTR mice, across all 

the organs examined. Yet in a model of DT-mediated dendritic cell depletion, neutrophilia was a 

common side effect, possibly via CXCL2 release and dendritic cell regulation of neutrophil 

mobilisation from the bone marrow [363]. We did observe some side effects of DT administration, 

arising only after 5 days of DT-treatment, whether as a result of non-specific DT sensitivity, or due to 

the significant systemic cell death – and persistant stimulation of granulopoiesis. Furthermore, inter-

batch variability of commercially available DT creates difficulties in the balance between tolerability 

and effectiveness. Physiological clearance and turnover of neutrophils is known to regulate the 

hematopoietic niche [43]; therefore, the non-physiological clearance induced by exogenous depleting 

agents likely has significant systemic ramifications on immune cell function. 

Despite this, the PMNDTR is a valuable model of inducible neutropenia, particularly suitable to 

the study of acute disease models. In Paper I we demonstrate the crucial advantage of this approach: 

that neutrophil-depleted PMNDTR mice are permissive to neutrophil reconstitution, and by 

reconstitution with neutrophils of different genotypes we can observe the outcome of neutrophil-

specific gene deletion. Although still technically demanding and reagent costly, this technique 

improves upon time-consuming breeding strategies to generate neutrophil-specific gene knockouts - 

that is, by employing specific Cre expressing mouse strains – and can furthermore be generally applied 

to gene knockouts for which a floxed version of the allele is not available. 

The challenges of neutrophil-targeting Cre 

We found that Cre expression in the MRP8-Cre mouse strain was substantially restricted to 

mature neutrophils, using the iresGFP reporter of the inserted construct ([279] and Paper I, Figure 2A 

and Supplemental Figure 2). Other publications have reported low-level GFP expression in 5-20% of 

other myeloid cells (monocytes, resident macrophages and basophils; Elliott et al. 2011), which we 

also observed, albeit at very low levels. Unlike prior publications we did not observe GFP expression 

on GMP precursors (not shown, L. Reber and P. Starkl). Along these lines, work by the group of C. 

Lowell has significantly characterised MRP8-Cre/iresGFP+ mice [358, 369, 370]). Importantly, low 

levels of Cre expression may be insufficient to induce significant recombinase activity within a cell 

population. hMrp8-driven Cre expression induced deletion of a floxed gene in up to 90% of the 

peripheral circulating neutrophil compartment [369], and although other myeloid cells may express 

low levels of GFP in MRP8-Cre/iresGFP+ mice, associated Cre expression was insufficient to induce 

measurable gene deletion [358]. 



Recently, neutrophil-specific Cre expression was achieved by a knock-in allele targeting the Ly-

6G locus, encoding both Cre recombinase and a tdTomato fluorescent reporter protein [371]. In these 

so-called Catchup mice, tdTomato was, like GFP in MRP8-Cre/iresGFP+ mice, sufficient to visualise 

neutrophils by flow cytometry. While Ly-6G expression was reduced in heterozygotes and absent from 

homozygote Catchup mice, notably these authors did not identify a resultant functional defect. For 

the complete characterisation of Cre expression, and for neutrophil visualisation by in vivo 

microscopy, these authors crossed Catchup mice to a tdTomato reporter mouse strain, generating a 

strain named CatchupIVM-red [371]. 

In comparing the relative benefits of these neutrophil-targeting Cre stains, we should consider 

both the penetrance of the Cre, ie the proportion of neutrophils in which efficient recombinase 

activity has occurred, as well as the specificity. It is difficult to compare Cre expression between 

MRP8-Cre and Catchup strains by the fluorescent protein associated with the native Cre construct: 

homozygous Catchup mice do not express Ly6G, rendering the neutrophil population more difficult 

to identify by flow cytometry, and to this end, insufficient data is reported in the corresponding 

manuscript. The use of fluorescent reporter mice is an excellent monitor of gene deletion, however 

these strains have been thus far characterised using either Cre-inducible EYFP or tdTomato, and 

tdTomato exhibits considerably stronger fluorescence [372]. Nonetheless, in MRP8-Cre-ROSA-EYFP 

mice >90% of peripheral neutrophils in the blood and spleen and 80% of bone marrow neutrophils 

were YFP+ ([370] and our own data, not shown), while in CatchupIVM-red mice approximately 85-90% 

of peripheral neutrophils and 60% of bone marrow neutrophils were positive for tdTomato [371]. We 

can cautiously deduce that Catchup mice have less penetrant Cre expression in the neutrophil 

compartment, especially accounting also for the increased relative brightness of tdTomato. Moreover, 

whereas 90% protein reduction was achieved by deletion of Syk in neutrophils using MRP8-Cre mice 

[369], only around 55% reduction in neutrophil FcγRIV was achieved using Catchup mice, and 

indeed, neutrophils remained responsive to stimulation by FcγRIV [371]. 

Catchup Cre may be less penetrant than MRP8 Cre, but it appears that it is more specific. 

Whereas 10-20% of blood monocytes and a small frequency of resident macrophage populations are 

YFP+ in MRP8-Cre-ROSA-EYFP mice, <5% of baosphils and eosinophils are tdTomato+ in 

CatchupIVM-red mice, and monocytes and macrophages are negative [370, 371]. Interestingly, the 

relative properties of these two Cre strains are surely attributable to the different promoters used, ie 

hMrp8 versus Ly-6G, and thereby the induction of Cre recombinase expression at different times 

during neutrophil development. 



The choice of appropriate neutrophil Cre strain is unquestionably dependent on its 

application. For imaging purposes, where you want to be sure that action being observed by the 

fluorescent cell is definitively attributable to a neutrophil, the specificity of the reporter gene is 

paramount (leaving aside the potential to distinguish cells by their morphology). For functional 

studies, wherein you want to be sure that the protein or gene of interest be completely eliminated in 

your population of interest, the penetration and efficiency of Cre recombinase may be paramount, 

albeit with an awareness of minor effects on other cell populations. The brightness of the tdTomato 

reporter in CatchupIVM-red mice is extremely advantageous for in vivo microscopy, and although 

crossing MRP8-Cre mice to a tdTomato reporter strain may gain the same advantages, it is possible 

that the Cre leakiness into the monocyte population would also give greater background. Conversely, 

while breeding iDTRfl mice with the newly developed Catchup strain may confer better specificity to 

the DTR gene, it is likely that such an approach will be compromised by a reduction in neutrophil 

DTR expression and therefore reduced efficacy of depletion by DT. Importantly, despite potential low 

non-specific expression of MRP8-Cre, DT administration in PMNDTR mice did not affect monocyte, 

macrophage, or leukocyte populations other than neutrophils (Paper I). Ultimately the PMNDTR mouse 

is but one approach in the toolkit of models to study neutrophil function in vivo. Yet as a model of 

inducible, specific and efficient neutrophil ablation, it is currently the best available. 

5.2.2 PMNDTR
 mice to study neutrophils in antibody-dependent pathologies: 

deciphering the contribution of neutrophils to systemic anaphylaxis 

During endotoxemia (Paper I), we observed the same results by both antibody-mediated and 

DT-mediated neutrophil-depletion. That is, during a systemic inflammatory response arising from a 

strong, non-specific immunostimulant. In testing the functional application of the PMNDTR mouse 

model, we used two mouse models of local antibody-dependent inflammatory reactions with a known 

neutrophil involvement: autoantibody-induced arthritis (Figure 5.2), and immune complex induced 

lung inflammation (Figure 5.3). In both models, DT-mediated neutrophil depletion in PMNDTR mice 

protected against inflammation and associated tissue damage, indicating the value of this system to 

examine the contribution of neutrophils to antibody-driven pathological models associated with 

organ-specific inflammation (Figure 5.2-5.3). 

 

 



 
Figure 5.2: No K/BxN arthritis in neutrophil-depleted PMNDTR mice. (A) MRP8-
Cre+;iDTRfl/+ mice (PMNDTR; n=6), or littermate controls (PMNWT; n=5: 2x MRP8-
Creneg;iDTRfl/+, 2x MRP8-Cre+;iDTRneg, 1x MRP8-Creneg;iDTRneg) received a daily injection of 
500ng DT beginning 1 day prior to the injection of 35μl K/BxN serum i.v. Clinical score (B) 
and ankle thickness (C) were monitored for 10 days following serum transfer. (D) H&E 
staining of sections of paraffin-embedded decalcified ankle joints on day 7 from 1 of 2 
experiments. Results are means ± SEM, representative of 2 independent experiments. 
N.B. 4/6 DT-injected MRP8-Cre+;iDTRfl/+ mice were culled at day 6 for ethical reasons due to 
DT toxicity. 

  



 

Figure 5.3: No immune complex-mediated airway inflammation in neutrophil-depleted PMNDTR 
mice. MRP8-Cre+;iDTRfl/+ mice and littermate controls treated with 500 ng DT i.p. 34h and 10h 
before challenge, or C57Bl/6 (WT) mice injected with 300 μg of isotype control antibodies or vehicle, 
or 300 μg of anti-Gr1 or anti-Ly6Gantibodies 24 h before, were challenged by i.v. injection of OVA 
and intranasal instillation of rabbit anti-OVA serum. 18 hours after challenge blood was taken and 4 
bronchoalveolar lavages (BAL) were performed. (A-C) Percentage (upper panels) and number (lower 
panels) of neutrophils (A), inflammatory monocytes (B) and alveolar macrophages (C) in the BAL 
were determined by flow cytometry. (D-E) Hemorrhage in BAL was determined by measuring 
hemoglobin concentration after treatment with hypotonic buffer (D) and by a visual score (E). (F) 
Concentration of total proteins in the supernatant of the first lavage (BALF) was determined using a 
Bradford assay and (G) MPO content was measured by its action on a peroxidase substrate. (H) 
Percentage of neutrophils in the blood was determined by flow cytometry. Values of individual mice 
are shown and black bars indicate means ± SEM; data is pooled from two independent experiments. 
Dotted lines indicate the detection limit. * p ≤ 0.05, ** p ≤ 0.01, and *** p ≤0.001, significance is 
indicated compared to corresponding control group by one-way ANOVA with Tukey’s multiple 
comparisons (A-D, F, G) or Kruskal-Wallis test with Dunn’s multiple comparsions (E). NB. MPO 
content shown in (G) could not be determined in 2/9 of WT+anti-Gr1 group and 3/8 of MRP8-
Cre+;iDTRfl/+ group due to insufficient BALF.  
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Another prototypical systemic inflammatory reaction is that which occurs during severe 

hypersensitivity reactions, or anaphylaxis. In this case, the inflammatory trigger is the recognition of 

antigen by specific antibodies, and the engagement of antibody receptors expressed on myeloid cells, 

leading to their activation, degranulation, and release of mediators. Systemic anaphylaxis following 

intravenous antigen exposure can proceed through pathways dependent on IgG and IgG receptors 

expressed on neutrophils, and neutrophil depletion can inhibit or protect from these reactions [247, 

251]. We therefore studied the responses of PMNDTR mice in IgG-dependent passive and active 

anaphylaxis models. 

Passive systemic anaphylaxis (PSA) can be induced in mice by sensitisation with specific 

monoclonal IgG2a or IgG2b antibodies prior to intravenous challenge with the corresponding 

antigen: mice suffer from severe hypothermia immediately after challenge. Neutrophil depletion using 

anti-Ly6G (NIMP-R14) targeting antibodies, and constitutively neutropenic Gfi-KO mice protects 

against both IgG2a- and IgG2b-induced PSA (Beutier et al. 2016; paper included as Annex 7.1). 

Unexpectedly, however, DT-mediated neutrophil depletion was not protective against either IgG2a- 

or IgG2b-induced PSA (Figure 5.4 A-B): DT-treated PMNDTR mice experienced comparable 

hypothermia to PMNWT controls. Circulating neutrophils are not rendered absent in DT-treated 

PMNDTR mice, and so we considered that perhaps DT treatment was insufficiently effective at 

eliminating the neutrophil compartment responsible for anaphylaxis induction. We therefore 

compared the responses of DT-treated MRP8-Cre+iDTRfl/+ mice (expressing a single iDTRfl allele) to 

that of MRP8-Cre+iDTRfl/fl mice (expressing two iDTRfl alleles). Although DT-treated MRP8-

Cre+iDTRfl/fl mice demonstrated slightly more effective neutrophil elimination in the blood than 

MRP8-Cre+iDTRfl/+ mice (not shown), both groups were equivalently susceptible as littermate 

controls to IgG2b-PSA induction (Figure 5.4 C). 

PSA induced by monoclonal IgG antibodies engages different activation pathways depending 

on the antibody isotype and dose used, and multiple myeloid cell populations can contribute [247, 

250]. Although mice experience significant hypothermia during PSA, these models do not recapitulate 

the severe symptoms of active anaphylaxis models, and death rarely results. We therefore examined the 

responses of PMNDTR mice in a model of fatal active systemic anaphylaxis (ASA), induced by BSA 

immunisation and challenge. A prior study from our lab found that neutrophils have a major 

contribution to shock induced in this model, particularly to anaphylaxis-associated death, whereas  



 
Figure 5.4: IgG2a- and IgG2b-induced PSA and BSA-dependent ASA in PMNDTR mice. 
Changes in body temperature (Δ temperature) (A, B, C, E, F) and survival (%) (D) following 
challenge in mice sensitized by i.v. injection of 25μg/g anti-TNP IgG2a (A) or IgG2b (B, E, F) 
and 20 hours later challenged intravenously with TNP-BSA (10μg/g), or (C&D) mice 
immunized with 200μg BSA i.p. in adjuvant on day 0 (CFA), 14 (IFA), and 28 (IFA); and 
challenged intravenously on day 56 with 500μg BSA. Prior to challenge MRP8-Cre+; iDTRfl/+ 

mice, MRP8-Cre+; iDTRfl/fl mice, or littermate controls received 500ng DT 24h and 4h (A, B, 
E) or 3 daily injections of 500ng DT (C-D) before challenge. (F) C57Bl/6 (WT) mice received 
300μg anti-Gr-1 (RB6-8C5), anti-CD4 (GK1.5) or isotype control (rat IgG2b) antibodies 24 
hour before challenge. Cell depletion in the blood was confirmed by flow cytometry 90 min 
after challenge. Results are means ± SEM and representative of at least 2 independent 
experiments. *p<0.05 WT + anti-Gr1 vs WT + ratIgG2b, Student’s t-test at individual 
timepoints. 
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basophils had a minor role, and monocyte/macrophages did not contribute [251]. Here, we found 

that DT-mediated neutrophil depletion in PMNDTR mice did not affect ASA induction: these mice 

experienced comparable hypothermia and no significant difference in mortality following BSA 

challenge (Figure 5.4 D-E). 

That DT-mediated neutrophil depletion in PMNDTR mice does not imply a contribution of 

neutrophils to IgG2a or IgG2b PSA, or BSA-ASA is in striking contrast with our previous findings 

using neutrophil depleting antibodies: whether anti-Gr1, or anti-Ly6G mAb clones NIMP-R14 and 

1A8. The perceived protective effect of neutrophil depletion on IgG–anaphylaxis may be a false 

phenomenon, attributable to antibody-mediated depletion of a large cell population (neutrophils, 

which constitute 10-20% of circulating blood cells in naïve mice of our animal facility) by other FcγR-

expressing myeloid cells, particularly macrophages, either by FcγR occupancy or secondary effects on 

these cells. Monocyte/macrophages certainly can contribute to IgG anaphylaxis induction, as 

evidenced by toxic liposome-mediated depletion of these cells [247]. To investigate this hypothesis, we 

depleted CD4+ T cells (15-20% of peripheral blood cells) using a CD4-targeting antibody before 

IgG2b-PSA, to mimic the potential FcγR-mediated effects of antibody-dependent cell uptake on 

macrophages. Yet while antibody-mediated neutrophil depletion was protective, anti-CD4 treatment 

had no effect on hypothermia (Figure 5.4F), indicating that only the mAb-mediated depletion of 

Ly6G+ neutrophils protects, and not the depletion of any large cell population. 

Constitutively neutropenic Gfi1-KO mice are protected from IgG2a and IgG2b PSA 

induction [247]. To further investigate the potential contribution of neutrophils to systemic 

anaphylaxis, we tested the responses of Gfi1-KO mice (Gfi1-GFPKI/KI) and heterozygous littermate 

controls (Gfi1-GFPKI/+) in the ASA model, which has not been examined previously. Although both 

Gfi1-KO and control mice developed IgG1, IgG2(a,b,c) and IgE antibodies against BSA, Gfi1-KO 

had reduced IgG1 and IgG2 titres (Figure 5.5A). This is not unsurprising, given the known role of 

Gfi1 in lymphoid cell development, as well as the suggested contribution of neutrophils to antigen 

uptake and presentation. Neutropenia was preserved in immunised Gfi1-KO mice, despite the 

prominent neutrophilia of immunised controls (Figure 5.5B). Following antigen challenge, Gfi1-KO 

mice experienced considerable hypothermia, but were protected from more severe symptoms and, 

critically, from ASA-associated death, whereas the mortality of littermate controls ranged from 55% 

(females) to 90% (males) (Figure 5.5C-D). The diminution of the anaphylactic response in Gfi1-KO 

mice compared to controls may be attributable to reduced titres of BSA-specific antibodies after 

immunisation (Figure 5.5A). We sought to address this issue by employing an alternate approach: the 



 

Figure 5.5: Genetically neutropenic Gfi-KO mice are resistant to BSA-dependent ASA and 
polyclonal PSA. (A-D) Neutrophil deficient Gfi-KO (Gfi-GFP KI/KI, red) mice, or neutrophil 
sufficient heterozygous controls (Gfi-GFP KI/+, black) were immunised with 200μg BSA i.p. in 
adjuvant on day 0 (CFA), 14 (IFA), and 28 (IFA). (A) BSA-specific IgG1, IgG2 and IgE serum 
antibody titres and (B) neutrophils in the blood of Gfi-GFP KI/+ but not Gfi-GFP KI/KI mice on day 
34-35. (C-D) Changes in body temperature (Δ temperature) and survival (%) of female (C) and 
male (D) BSA-immunised mice after i.v. challenge intravenously on day 41-43 with 500μg BSA. 
(E) Polyclonal PSA was induced in Gfi-GFP KI/+ and Gfi-GFP KI/KI mice by transfer of 250μL 
serum of BSA-immunized WT mice 18 hours prior to i.v. challenge with 500μg BSA, and body 
temperature was monitored follwing challenge. Data in (A) show the values of individual mice 
with means ± SEM, (B) are representative figures, and (C-E) are represented as means ± SEM. (A 
and E) are pooled data and (B-D) are representative of 2 independent experiments. *p<0.05, 
***p<0.001 by Mann-Whitney test; #p<0.05 by log-rank test; § p<0.05 from 10-60 min by 
unpaired t-tests at individual timepoints.  fractions indicate mortality in heterozygous controls. 



pooled serum of BSA-immunised WT mice was transferred into naive Gfi1-KO or control recipients 

and, thus sensitised, mice were challenged intravenously with BSA. This polyclonal PSA approach 

engendered a strong anaphylactic shock in control mice, comprising a marked hypothermia (-8°C at 

40min), and a low mortality rate (Figure 5.5E). Gfi1-KO mice, on the other hand, experienced 

reduced hypothermia, improved symptoms, and no death. Together these data indicate that Gfi1-KO 

mice are resistant to anaphylaxis induction upon encountering polyclonal immune complexes 

consisting of IgG1, IgG2 and IgE antibodies; and are particularly protected from severe symptoms, 

including mortality. As such, these findings support a contribution of neutrophils to anaphylaxis in 

WT mice. 

Collectively, these findings give an intriguing picture of the contribution of neutrophils to 

anaphylaxis in WT mice. Both antibody-depletion strategies and constitutive neutropenia protect 

from PSA and ASA, whereas DT-mediated neutrophil depletion in PMNDTR mice does not. We can 

consider several explanations for these disparate findings.  

1. DT-mediated neutrophil depletion may be insufficient. The small population of neutrophils 

remaining in the blood after DT treatment may be enough to trigger mediator release and 

systemic anaphylactic symptoms. Potentially there is a bodily compartment that is not targeted 

by DT but is reached by antibody-dependent elimination, or indeed a Ly-6G+ subpopulation 

that is not targeted by the hMrp8 promoter. A comprehensive analysis of the (sub)populations 

targeted or not by DT may serve to address this question. 

2. Antibody-mediated neutrophil depletion could protect from IgG–anaphylaxis due to FcγR-

mediated effects on macrophages: FcγR occupancy of these cells prohibits their engagement by 

immune complexes to trigger anaphylaxis. Our experiments using anti-CD4 treatment argue 

against this proposition, since CD4+ T cell depletion had no effect on PSA. Yet CD4 T cells 

are rapidly depleted and slow to renew, unlike neutrophils that can be rapidly mobilised from 

the bone marrow. In addition, this finding does not negate a hypothesis whereby the protective 

effect of anti-Ly6G mAb administration on PSA induction is in fact a dual result of 

neutrophil-depletion and FcγR-mediated effects on macrophages. 

3. Not only the complete elimination but also the manner in which the cells are eliminated may 

be critical. Antibody-mediated neutrophil depletion occurs via FcγR-dependent macrophage 

phagocytosis. Presumably, DT-mediated neutrophil death necessitates the large-scale and 

systemic clean up of dying cells, potentially altering the systemic inflammatory signature [129]. 



4. Depleting antibodies bind to Ly-6G on the surface of neutrophils: ‘blockade’ of Ly6G by low 

dose mAb administration can inhibit neutrophil recruitment to inflamed joints during arthritis 

[373], but did not affect neutrophil recruitment to other sites and stimulus [374]. Studies with 

the Catchup mice argue against a role for the Ly6G molecule itself in neutrophil recruitment 

and activation [371], however the binding of antibodies to Ly6G on the surface of the 

neutrophil could inhibit the neutrophil by binding to FcγR in cis, a likely hypothesis 

considering the requirement for the Fc portion of the anti-Ly6G antibody [373]. Under high-

dose mAb administration as used in our studies, we can consider that neutrophils are mostly 

depleted; yet the surface Ly6G on any remaining neutrophils is bound and blocked by mAbs. 

Contrast this situation with PMNDTR mice wherein neutrophils are mostly depleted but any 

remaining neutrophils are unaffected by antibody blockade. 

Such speculations feed into more general questions of understanding when and how an IgG-

dependent anaphylactic response is initiated and propagated; and how cellular activation drives 

systemic inflammatory symptoms. The activation of neutrophils, or other myeloid leukocytes, in the 

bloodstream alone may be enough to trigger mediator release. Yet it is more likely that the full and 

complete activation of these cells occurs at particular sites, or requires adhesion and potentially 

extravasation. On the one hand, the PMNDTR model of inducible neutropenia potentially reveals 

outcomes that are not implicated by antibody-mediated depletion strategies. On the other hand, the 

neutropenia may be insufficient to model reactions that are initiated in the vasculature. 

These data serve to emphasise that the study of the in vivo functions of neutrophils is best 

achieved by a combinatorial approach. Not merely depletion, but also confirmative reconstitution 

experiments are crucial to drawing appropriate conclusions. In this respect the PMNDTR model is suited. 

In vivo cell tracking, followed up by in vitro studies to ascertain functional readouts, can identify the 

mechanisms whereby neutrophils affect systemic inflammatory outcomes. Accordingly, our lab has 

demonstrated in previous work that mouse neutrophils are systemically activated during IgG 

anaphylaxis; that they can release the anaphylactogenic mediator PAF in vitro following IgG 

stimulation; and that PAF is a crucial mediator of anaphylaxis [251]. Furthermore, purified human 

neutrophils can by activated in vitro by IgG immune complexes to release anaphylactogenic mediators, 

and the transfer of human neutrophils restores susceptibility to anaphylaxis in resistant mice [161, 

251]. 

Mouse neutrophils express mFcγRIII and mFcγRIV and can be activated through either 

receptor by IgG immune complexes in the context of systemic anaphylaxis. Not only neutrophils, but 



also basophils and monocytes play prominent roles in the IgG-dependent anaphylaxis mouse models 

used by us and others [141, 161, 249-251]. Human neutrophils, on the other hand, express the 

uniquely human IgG receptors hFcγRIIA and hFcγRIIIB. We therefore turned to humanised models 

of FcγR expression to elucidate the role of neutrophils in systemic inflammatory reactions triggered by 

IgG. 

 



5.2.3 Audrey & humanised mouse models to study FcγR: limitations and 

potential3 

Audrey mice were developed, using targeted knock-in technology, to circumvent the inherent 

flaws of transgenic approaches to engender human FcγR expression in the mouse; namely, the 

reproducibility of hFcγR expression, heterogeneity of transgene expression between individuals of the 

same genotype, and instability between generations [139, 154]. Upon critical consideration, however, 

the Audrey model has its own limitations. Indeed, although we saw considerable variation in 

hFcγRIIA expression on basophils in VG1543 mice, this expression appears to be lost in the 

Audrey mice. Other hFcγR seem to be fairly uniformly expressed across different individuals of 

the same genotype. The reproducibility of hFcγR expression compared to humans is certainly 

improved in Audrey mice compared to the other iteration of ‘FcγR-humanized mice’; that is, hFcγRItg 

IIAtg IIBtg IIIAtg IIIBtg mice, which exhibit exceptionally high hFcγRIIB on monocytes, and erroneously 

express hFcγRIIB and hFcγRIIIA on eosinophils, hFcγRIIIA and hFcγRIIIB on some DCs, 

hFcγRIIIB on monocytes, and constitutively express hFcγRI on neutrophils [171-173]. Overall 

Audrey mice exhibit more moderate hFcγR expression, without the exaggerated expression tendencies 

of the transgenic mice. Yet lack of both hFcγRIIA and hFcγRIIB on basophils and the lack of 

hFcγRIII on eosinophils render Audrey mice an incomplete model for studying all myeloid cell 

populations. 

An unresolved issue of the Audrey model is the expression and function of hFcγRIII. Using 

available flow cytometry antibodies, we could not distinguish between surface expression of CD16A 

(hFcγRIIIA) and CD16B (hFcγRIIIB). CD16 expression on Audrey mice seems generally 

recapitulative of that on human cells: high on neutrophils, medium-high on monocyte/macrophages, 

and prominent on some but not all NK cells. Yet the difference between hFcγRIIIA and hFcγRIIIB is 

a critical determinant of the relevance of Audrey mice as model of hFcγR expression. Reassuringly, 

however, the targeting construct in VG1543 mice comprises the entire human low affinity hFcγR 

locus (Paper II), the elements conferring the cell type-specific expression of the two hFcγRIII genes are 

located within this genomic region, and have been previously shown to appropriately direct hFcγRIIIA 

on monocytes and NK cells and hFcγRIIIB on neutrophils, when expressed as transgenic constructs in 

3 Note for ease of prose this discussion will refer mostly to Audrey mice, with the readers’ understanding that VG1543 
and Audrey mice present a similar phenotype during IgG-induced anaphylaxis, as described in Chapter 4; and with the 
evident distinction of mFcγRI expression in VG1543 mice compared to hFcγRI expression in Audrey mice. 



mice [375]. Careful assessment of transcript levels of CD16A and CD16B by qRT-PCR may be a 

solution, albeit one requiring the meticulous design of primers to distinguish the two. 

One fundamental assumption of models that employ exogenous human receptor expression in 

mice is that the signalling capacity of the human receptors appropriately integrates with the mouse 

intracellular signalling systems. hFcγRIIA and hFcγRIIB contain their own intracellular ITAM and 

ITIM domains, respectively, which presumably couple to mouse kinases and phosphatases to 

correspondingly mediate intracellular signalling. While it is evident that this works for hFcγRIIA, it 

has not been demonstrated for hFcγRIIB: we did not detect a role for this receptor during anaphylaxis, 

using receptor-blocking antibodies (see discussion of Paper II for potential caveats). Still, hFcγRIIB 

engagement on B cells from hFcγRIIBtg mice blocked calcium flux triggered by BCR stimulation 

[376], providing conceptual proof that it can function in the mouse system. 

Signalling via hFcγRI and hFcγRIIIA, on the other hand, is contingent upon the appropriate 

association of the human receptor α-chains with the ITAM-containing mouse common FcR γ-chain. 

Like hFcγRIIB, hFcγRI has demonstrative functionality on mouse cells when expressed as a transgene 

[142, 155, 157, 377, 378], and transgenic hFcγRIIIA was implicated in antibody-mediated tumour 

clearance in vivo [168, 375, 379]. hFcγRIIIB does not contain signalling motifs or associate with the 

common FcR γ-chain; however transgenic expression of this GPI-linked receptor on mouse 

neutrophils mediated interactions with intravascular immune complexes and neutrophil recruitment 

[164]. Thus data in transgenic mice indicate that the human FcγR receptors can integrate with mouse 

intracellular signalling pathways. 

The careful design of experimental models to target particular receptors, and thereby 

demonstrate the functionality of the hFcγR constructs in Audrey mice, would comfort assumptions of 

appropriate downstream signalling. In the lab we have on-going projects to develop blocking 

antibodies against all hFcγR, for both preclinical studies and potential therapeutic approaches. The 

future application of such blocking, or even agonistic antibodies, will enable us to assess the relative 

contribution of each hFcγR to physiology and disease – including a potential role of hFcγRIIIA and 

hFcγRIIIB during systemic anaphylaxis. Moreover, confirmation that ‘a function’, identified in 

Audrey mice, translates to ‘the correct function’, as it relates to humans, will require validation of 

future findings by comparison with in vivo patient data and in vitro studies of human cells (see 

Section 5.4). 

As an alternative to transgenic approaches, humanised mice generated from the engraftment of 

human hematopoietic stem cells (HSCs) into immunodeficient NOD/SCID or Rag2−/− γc−/− mice 



represent valuable in vivo models of the human immune system. Yet these models are somewhat 

hampered by variability in the degree of reconstitution by human HSCs and, moreover, 

considerably defective in reconstitution of the human myeloid cell compartment, retaining high 

percentages of mouse monocyte/macrophages and neutrophils. Improved by crossing recipient Rag2−/− 

γc−/− mice to a background also deficient in endogenous mouse FcγRs, these mice were successfully 

employed to investigate hFcγR-dependent mononuclear phagocyte function [380, 381]. However, 

appropriate development of the variety of human myeloid cell populations was not demonstrated 

in these studies, and remains difficult to achieve in humanised mouse models [382]. 

Anaphylaxis in Audrey mice depends on neutrophils: a biased model? 

Of all the myeloid cells that have been proposed to contribute to IgG-dependent systemic 

anaphylaxis, Audrey mice most accurately model human FcγR expression on neutrophils. Audrey 

monocytes exhibit considerably high hFcγRIIB expression, whereas basophils do not express hFcγR. It 

is particularly apt, therefore, that we find a dominant role for neutrophils in mediating PSA induced 

by human IgG. Yet it would be overly presumptive to exclude a role of basophils and monocytes in 

human anaphylactic reactions. In this respect our model possesses some inherent bias. Mast cells of 

Audrey mice also express hFcγRIIA. Although we did not directly assess the role of mast cells in IgG-

induced systemic anaphylaxis in Audrey mice, it is unlikely that they contribute, considering that 

neutrophil depletion was wholly protective, and that mast cells were not found to contribute to IgG-

induced systemic anaphylaxis in hFcγRIIAtg mice. That is not to discount, however, a role of mast cells 

at mucosal surfaces: in particular, hFcγRIIA on mast cells can initiate cutaneous symptoms of 

anaphylaxis upon intradermal challenge [161]. Finally, both VG1543 and Audrey mice were 

susceptible to an active model of anaphylaxis consisting of BSA immunisation and challenge (Paper II 

and not shown), indicating that fatal anaphylaxis can result from engagement of hFcγRIIA on 

neutrophils, albeit by a non-physiological ligand (mouse IgG), as also seen in hFcγRIIAtg mice.  

We did not formally assess the potential contribution of hFcγRIIIB, highly expressed on 

neutrophils, to anaphylaxis induction. A dramatic reduction in CD16 staining on neutrophils was 

observed after IVIG-PSA in Audrey mice, which may signify down regulation of this receptor via 

uptake of immune complexes, or cleavage from the surface as the neutrophils are activated. In human 

neutrophils, cooperative engagement of hFcγRIIIB with hFcγRIIA was found to promote maximal 

calcium flux in response to heat aggregated IgGs [383]. Evidence that hFcγRIIA alone is sufficient for 

anaphylaxis is provided both from hFcγRIIAtg mice, but also by the active anaphylaxis model in 

Audrey mice, in which the mouse IgG immune complexes that form can bind to hFcγRIIA but not 



FcγRIIIB. A potential contributory, or inhibitory, role for hFcγRIIIB during anaphylaxis in Audrey 

mice remains to be determined. 

Audrey versus hFcγRIIAtg mice: anaphylaxis and thrombocytopenia 

Together the data from VG1543, Audrey and hFcγRIIAtg mice provide evidence for a pathway 

of IgG-dependent systemic anaphylaxis mediated by hFcγRIIA and neutrophils, and involving PAF, 

with some contributions for monocytes and basophils, and histamine. In fact, the findings presented 

herein mirror that of the previous study using hFcγRIIAtg mice, despite that the H131 polymorphic 

variant is expressed in Audrey mice, compared to the R131 in hFcγRIIAtg mice. 

The one significant exception, however, is the agonistic effect of anti-hFcγRIIA antibodies 

(clone IV.3): administration of hFcγRIIA-targeting antibodies alone was enough to trigger 

hypothermia in in hFcγRIIAtg mice but not in Audrey mice. Monocyte/macrophages played a 

dominant role in that reaction, since clodronate liposome pre-treatment was protective [161]. 

Importantly, both the R131 and H131 polymorphic variants of hFcγRIIA bind to mouse IgG2b, the 

isotype of IV.3 antibodies. It has been recently demonstrated that the hypothermic symptoms elicited 

by treatment of hFcγRIIAtg mice with hFcγRIIA-targeting antibodies are coincident with severe 

thrombocytopenia in mice also expressing all native mouse FcγR [384], a finding that is consistent 

with our own unpublished work. Furthermore, thrombocytopenic and hypothermic reactions required 

the Fc domain of these antibodies (IV.3, AT.10 and MDE-8): indicating that direct activation of 

hFcγRIIA by F(ab’)2 antibody binding is not responsible. Rather, (i) engagement of hFcγRIIA in cis or 

(ii) engagement of other Fc receptors in either cis or trans should be responsible for the 

thrombocytopenia and anaphylaxis seen in hFcγRIIAtg mice [384]. Reduced, but not absent, 

hypothermia was observed after IV.3 treatment of FcRγ-KO hFcγRIIAtg mice, expressing no other 

activating FcγR [161], implying both (i) and (ii), although signifying greater importance for the latter. 

 Treatment of Audrey and VG1543 mice with IV.3 antibodies induced neither hypothermia 

nor thrombocytopenia, even at high doses (200μg). This may be accounted for by differences in the 

amount of hFcγRIIA expressed on platelets, differences in the R131/H131 polymorphic variant expressed, 

or by differences in the expression of other Fc receptors. Monocyte/macrophages are the principal 

players in thrombocytopenia by platelet-targeting antibodies ([385] & Annex 7.2). As already 

mentioned, these cells appear not to be activated in Audrey mice following systemic IgG 

administration, at least in terms of mediator release and contribution to anaphylaxis induction. Yet 

Audrey mice are not resistant to thrombocytopenia induced by another platelet targeting antibody, 

clone 6A6 (data not shown). Human monocytes demonstrated greater release of anaphylactogenic 



lipid mediators (LTB4, LTC4 and PAF) after stimulation with human IgG complexes than by direct 

IV.3 ligation [161], indicating that, considering monocytes alone, if we were to see an effect of IV.3 

administration it would be more likely to be via immune complex formation than by direct hFcγRIIA 

ligation on these cells. Together these considerations endorse a hypothesis whereby the ligation of 

hFcγRIIA-R131 on platelets, and the activating effects of these ‘pseudo’ platelet immune complexes 

binding hFcγRIIA on monocytes in the absence of inhibitory receptor expression, favours 

thrombocytopenia and hypothermia in hFcγRIIAtg mice, whereas in Audrey mice the inhibitory 

hFcγRIIB stops these effects. Dissociating thrombocytopenic events from anaphylactic events is 

complex, considering the two may be intrinsically linked, not least by antibody-dependent and 

antibody-independent interactions between leukocytes and platelets. Notably, the role of platelets in 

anaphylaxis is the subject of ongoing projects in our laboratory. 

Considering the high affinity receptor hFcγRI in inflammation 

Mice and humans both express the high affinity receptor FcγRI, which is defined by its 

capacity to bind monomeric IgG, and thereby distinguished from other low-affinity FcγR. Although 

FcγRI still requires oligomeric ligation to initiate ITAM-dependent activation, the baseline occupancy 

of this receptor by monomeric ligands grants it several unique properties [386]. Human and mouse 

FcγRI share a highly homologous extracellular domain, yet structurally divergent cytoplasmic domains, 

and exhibit major discrepancies in their respective binding of IgG subclasses [387, 388]. Mouse FcγRI 

is expressed on monocytes, tissue macrophages, and monocyte-derived dendritic cells, but not on 

neutrophils or other myeloid cells [385, 389, 390]. Similarly, under homeostatic conditions, human 

FcγRI is normally expressed on monocyte-derived cells and macrophages but not other myeloid cells; 

however, unlike its murine counterpart, hFcγRI is rapidly and profoundly inducible [387]. During 

inflammation and with cytokine stimulation, hFcγRI expression on macrophages and monocytes can 

be enhanced by 5-20 fold, and induced de novo on myeloid cells [391], particularly neutrophils [392-

394] and mast cells [395], as well as on non-hematopoeitic cells [387, 396]. 

The in vivo functions of mouse FcγRI in VG1505 mice, also termed ‘mFcγRIonly’ mice, were 

the subject of a supplementary project to this thesis work (Annex 7.2, Gillis et al. under revision). 

mFcγRI was not sufficient to induce immune complex mediated inflammatory reactions in the form 

of K/BxN arthritis, airway inflammation or passive anaphylaxis; yet could potently induce cell 

clearance and phagocytosis in the context of immune thrombocytopenia, B cell depletion and anti-

tumour immunotherapy. Meanwhile, replacement of mFcγRI with hFcγRI in the transition from 



VG1543 mice to Audrey mice allows us to clarify the function of the human high-affinity receptor 

when expressed in a native context with diverse hFcγR expression. 

Using hFcγRI-transgenic mice, our lab has previously demonstrated that the expression of this 

receptor alone was sufficient to mediate anaphylaxis, arthritis and inflammatory airway disease 

initiated by immune complex deposition, as well as the elimination of tumour metastases [142]. 

hFcγRI did not, however, appreciably contribute to anaphylaxis induction in Audrey mice: while 

blockade of hFcγRIIA protected against PSA induced by aggregated human IVIG, administration of 

hFcγRI-blocking antibodies had no effect (Figure 4.1). In the first study, the hFcγRI transgene was 

expressed on a 5-KO mouse background: that is, lacking activating receptors mFcγRI, mFcγRIII, 

mFcεRI, mFcεRII and inhibitory mFcγRIIB, but retaining mFcγRIV [142]. mFcγRIV can induce 

inflammatory pathologies including anaphylaxis [141, 251, 397] and therefore to specifically address 

the role of hFcγRI on the 5KO background, these authors used blocking antibodies against mFcγRIV 

[142]. This convoluted approach is an important caveat: investigation of hFcγRItg mice on the FcγRnull 

background would serve to confirm these findings. Nonetheless, to consider these data together with 

minimal scrutiny: neutrophils were responsible for hFcγRI-dependent anaphylaxis in transgenic mice, 

neutrophils do not express hFcγRI in Audrey mice, and therefore it is unsurprising that we do not find 

a contribution for this receptor to systemic anaphylaxis induction by human IgG in Audrey mice. 

More speculatively, however, these findings inform an understanding of the biology of this high 

affinity receptor. 

In opposition to the previously held notion that hFcγRI is constantly saturated by circulating 

IgG (reviewed in [139]), the rapid dissociation of IgG from this receptor and enormous experimental 

evidence suggests that under steady state hFcγRI is exchanging bound monomeric IgG, thus favouring 

the capture of small immune complexes or sparsely bound antigens [172, 398]. While monomeric 

binding stimulates receptor endocytosis and recycling [399], IFNγ stimulation rapidly increases the 

affinity of hFcγRI for immune complexes over monomeric IgG and promotes efficient phagocytosis 

[143], and the valence of the ligand engagement influences cytokine responses [400]. Antigen uptake 

via FcγRI promotes both MHC-I and MHC-II associated presentation and strengthens T cell-

dependent and independent responses [158, 378, 401-403]. Moreover, in cells of the monocytic 

lineage, hFcγRI-dependent uptake of immune complexes can promote either canonical pro-

inflammatory outcomes, cytokine release and ROS production, or anti-inflammatory polarisation, IL-

10 release and inhibition of IFNγ signalling [387, 404]. Critically, both IFNγ and IL-10 act to 

enhance hFcγRI expression on monocytes. We thus have a picture of hFcγRI as readily poised on 



monocyte/macrophages and dendriitc cells to take up antigens or small immune complexes from the 

plasma or extravascular space, or to efficiently phagocytose large opsonised particles, while being 

simultaneously endowed with the capacity to promote antigen presentation to lymphocytes, and to 

behave as a rheostat of immune complex-induced inflammation. 

The highly inducible nature of hFcγRI on other granulocytes, expressed as it is in 

inflammatory contexts, indicates that it can contribute to the involvement of these cells in an ongoing 

inflammatory reaction. On in vitro-derived mast cells treated with IFNγ, hFcγRI can induce 

degranulation, histamine and eicosanoid release [395]; however physiological expression of hFcγRI on 

ex vivo human mast cells has never been reported. Expressed on neutrophils it can mediate their 

contribution to anaphylaxis, arthritis and airway inflammation, suggestive of both degranulation and 

release of inflammatory mediators [142]. On the other hand, potentially anti-inflammatory roles for 

this receptor on neutrophils have not been described, or investigated. mFcγRI is not inducible on 

granulocytes, and mFcγRIonly mice demonstrated that this receptor alone was insufficient to induce 

measurable immune cell recruitment and inflammation, yet was highly effective at clearing circulating 

immune complexes, and phagocytosis of antibody-bound cells, thus consigning its critical functions to 

antigen uptake, phagocytosis and antigen presentation (Annex 7.2, [401, 405]). Arthritis is a 

particularly useful example. K/BxN arthritis is a well-characterised pathology relying on both 

neutrophils and macrophages. FcγR expression on both these cell populations is necessary. It is 

unsurprisingly, therefore, that we do not observe arthritis induction in mFcγRIonly mice that do not 

express mFcγRI on neutrophils; while simultaneously evident that hFcγRI in transgenic mice is 

sufficient to cause pathology as both cell populations express hFcγRI. By comparison to its murine 

counterpart, we can thereby see how the inducible nature of hFcγRI informs its role in inflammatory 

processes. 

 hFcγRItg mice appropriately model hFcγRI in vivo under conditions of systemic inflammation, 

because hFcγRI is prominently upregulated on human neutrophils during infection and sepsis [406], 

sterile inflammation and GM-CSF therapy [407] [408], and in patients suffering from arthritis [392], 

melanoma [409] or lymphoma [410]. It will therefore be highly pertinent to experimentally assess 

changes in hFcγRI expression on Audrey mice in the context of inflammation, or after systemic GM-

CSF or IFNγ administration to (i) confirm if this receptor construct is similarly regulated on the 

Audrey background and (ii) test how changes in this receptor expression affect the propagation or 

resolution of inflammation. Many inflammatory diseases have phasic bouts of severity, or are 

heightened following pathogen exposure, and up regulation of hFcγRI on granulocytes is likely a 



contributing factor. Death following anaphylaxis in patients is highly associated with numerous 

comorbidities, including critical illness [411]; aside from the precariousness of these patients’ 

cardiovascular and respiratory systems, we could speculate that an increased sensitivity of neutrophils 

to activation via IgG immune complexes may contribute. 

Finally, the context of exposure to immune complexes via FcγRI, both how and where, is 

surely a major influence on monocyte/macrophage activation: macrophages in the liver may be 

responsible for the quiescent uptake of circulating immune complexes, whereas those in other organs 

(the lung, the peritoneum) may be poised for more rapid and inflammatory responses to FcγRI 

engagement – particularly as the presence of a pathogen in either of those spaces indicates a breach of 

barrier. Using again K/BxN arthritis as an example: while FcγRI expression on macrophages is not 

sufficient to promote inflammation, its expression on osteoclasts likely contributes to the severity of 

bone remodelling processes, once an inflammatory infiltrate is present [412]. 

 
 



5.3 Part III: Neutrophils as protective or pathological agents of systemic 

inflammation 

In two distinct models of severe systemic inflammation associated with the development of 

shock, we herein describe neutrophils as alternatively protective or pathogenic agents. During LPS 

endotoxemia, neutrophil depletion exacerbates mortality (Chapter 3, Paper I), while during IgG-

dependent anaphylaxis neutrophil depletion protected against the severe symptoms of shock and a 

fatal reaction (Chapter 4, Paper II). This is an intriguing outcome that likely results from multiple 

differences in the systemic inflammation associated with each model. This section will address some 

potential rationales for these divergent neutrophil roles.  

In the first instance, endotoxin is a very potent and non-specific trigger of inflammatory 

responses of immune and non-immune cells, creating an environment conducive to bacterial clearance. 

Here we decouple endotoxin exposure from the presence of a pathogen, which allows us to 

demonstrate a protective role of neutrophils in limiting the toxicity and inflammation per se. 

Endotoxin challenge clearly entails the complex engagement of multiple inflammatory and anti-

inflammatory pathways. We have only to consider the failures of all attempts to date to translate 

targeted inhibition of components of the immune system into treatment for inflammatory shock, in 

the context of either sepsis or trauma. In the end, it is perhaps unsurprising that neutrophils also are 

partners in the native checks and balances which are of course inherent to the maintenance of 

immunity, especially during the course of a potent innate reaction. 

IgG-dependent anaphylaxis, on the other hand, is contingent on the presence of specific IgG 

and allergen at sufficiently high titers to form immune complexes: in our case modelled by the transfer 

of high doses of pre-formed immune complexes. This is a fundamentally different trigger, precisely 

because it requires a prior immune response mounted in an inflammatory context to promote B cell 

class switching and IgG production. Allergy and anaphylaxis are inherently a misfiring of the immune 

system against an otherwise innocuous agent. Yet the presence of high affinity and specific antibodies 

educates the system to see danger. While the sensitisation of allergic individuals is not the subject of 

this thesis work, some aspects are discussed in Part IV of the discussion. 

Critically, the neutrophil response to TLR4 and FcγR ligation is different. LPS-mediated 

TLR4 ligation induces downstream NF-κB activation, and modulates particularly cytokine production 

and neutrophil chemokine receptor expression, and prolongs neutrophil lifespan, as well as promoting 

ROS production [413]. It can promote neutrophil adhesion to vasculature and extravasation, notably 

by increasing CD11b and reducing CD62L (L-selection), which agrees with the neutrophil phenotype 



we observed during endotoxemia (CD11bhiCD62Llow). Moreover, prolonged TLR-4 engagement is 

associated with a neutrophil ‘dysfunctional’ phenotype: reduced inflammatory cytokine production, 

ROS production, and propensity for NET release. NET formation in response to LPS can have anti-

inflammatory effects on other cells [75, 292, 293]. Conversely, FcγR ligation of neutrophils can 

induce prominent NET formation and vascular damage. Importantly, cooperation between the two 

main human neutrophil IgG receptors, hFcγRIIA and hFcγRIIIB, promoted neutrophil recruitment 

and accumulation in the tissues, however hFcγRIIA alone was associated with injury and 

inflammation, as well as NET formation within the vasculature [162, 164]. These data align with our 

finding of a dominant role of hFcγRIIA on neutrophils in triggering IgG-dependent anaphylaxis. 

Altogether, the TLR4 agonist LPS modulates neutrophil migration and propensity to interact with the 

vasculature, whereas FcγR engagement can induce rapid degranulation and NET release. 

Not only do endotoxic shock and IgG-dependent anaphylaxis represent fundamentally 

different immune triggers, the initial location of exposure, and the temporal engagements of immune 

pathways are very different. IgG-dependent anaphylaxis is an extremely rapid response to intravenous 

challenge, with hypothermia reaching a maximum 20-30min following challenge, and mortality 

outcomes occurring within the first 40min. These parameters clearly reflect an immediately severe 

reaction to intravascular neutrophil engagement, driven by the release of preformed mediators. The 

systemic shock response to endotoxin, on the other hand, requires several hours to reach maximal 

hypothermia, and death can occur within several days. Neutropenic mice experienced more severe 

inflammation and mare rapid fatal outcomes, indicating an absence of critica, factors to limit the 

course of inflammation. Endotoxin challenge is initiated in the peritoneum and rapidly spreads; the 

peritoneum, however, is a site populated with a large macrophage population and a minor neutrophil 

population. These temporal and location-specific factors highlight the potential for the timely 

engagement of anti-inflammatory and regulatory pathways, and the coordinated migration of 

neutrophils to promote protection from systemic shock during endotoxemia, as distinct from 

anaphylaxis. 

In both models the outcome is systemic shock, a disseminated state of inflammation and 

hemodynamic distress. Elusive to our understanding of shock is what kills the host, which may differ 

from case to case: bronchospasm, cardiac failure or hypoxia as a result of dysregulated hemodynamics. 

In a simple comparison, we can reflect upon the vascular drivers of shock, and the potent mediator 

NO. iNOS-derived NO plays a major role in the cardiovascular symptoms of septic shock [339]. 

MPO can inhibit iNOS [334], and we found a critical requirement of neutrophil-derived MPO in 



protecting from endotoxic shock. Conversely, PAF-induced shock is dependent entirely on NO 

produced not by inducible iNOS, but by constitutive eNOS [414], and PAF is a dominant mediator 

in IgG-dependent anaphylaxis, particularly in the fatal outcomes of neutrophil activation. One could 

deduce, therefore, that neutrophil-derived MPO is unlikely to protect from eNOS-driven anaphylactic 

shock. The temporally different and trigger-specific induction of NO release is thus relevant to 

understanding shock pathology [179], particularly as it pertains to therapeutic interventions and the 

use of specific inhibitors. 



5.4 Part IV: Towards the clinic: systemic anaphylaxis to neuromuscular 

blocking drugs 

The limitations of anaphylaxis models 

Experiments that prove the existence of IgG-dependent anaphylaxis in mice, and evaluate the 

relative importance of different pathways, employ genetic knock-in and knock-out techniques, the 

administration of blocking antibodies to block FcR function, and antibodies or toxic products to 

deplete or block the function of different cells. Gene deletion approaches to study single mouse FcγR, 

or transgenic approaches to study single human FcγR generally address questions of ‘can the receptor 

alone induce anaphylaxis?’ and ‘does anaphylaxis proceed in the absence of this receptor?’ These tactics 

do not address either collaborative effects between different FcγR or compensatory mechanisms 

accorded by single FcγR expression; whether increased expression or enhanced signalling (reviewed in 

[139]). On the other hand, blocking antibodies to target particular receptors may induce off-target 

effects either by signalling directly through the FcγR, or by binding to non-targeted receptors by the 

Fc region [415]. FcR-humanised models, such as the Audrey mouse, necessitate also the use of 

blocking approaches to study individual receptor function. Improved antibody engineering to 

specifically target particular FcγR will be extremely valuable in the study of these mice, and indeed to 

translate these findings to human studies. 

Most crucially, cell depletion or functional ablation approaches can have off-target effects, 

activate the cell population before elimination, or target only some bodily compartments, potentially 

leading to false conclusions being drawn. This was highlighted for neutrophils in section 5.2.2, but is 

equally applicable to other cell types. Antibodies used to deplete basophils are variably effective, and 

indeed antibody-mediated cell depletion approaches may activate and deplete complement, or affect 

FcγR expressed on other cell types. Monocyte/macrophage targeting by toxic liposomes can actually 

affect all phagocytic populations, and eliminates different compartments depending on the dose and 

route of administration. Not to mention the potential immunomodulatory effects of the death of 

many cells. The purification and transfer of cells, as was demonstrated for human neutrophils, while in 

one sense the gold standard to prove that these cells can trigger anaphylaxis induction [251], may be 

questioned by partial activation of these cells during purification and in vitro manipulation. Yet the 

transfer of neutrophils alone, into naïve mice, did not trigger anaphylaxis induction, indicating a 

requirement for in vivo neutrophil activation by specific antibody-allergen complex, In the end, 

although such experimental techniques cannot be directly applied to assess IgG-dependent anaphylaxis 



in humans, the hypotheses drawn from these studies, and their inherent caveats, affects how we can 

evaluate human anaphylaxis (reviewed in [257]). On the other hand, human data is mostly correlative, 

with limited capacity for mechanistic insight, especially granted that the urgent and potentially fatal 

nature of the anaphylactic reaction leaves little room for trials. 

Chapter 4 described that anaphylaxis can proceed via human IgG binding to human IgG 

receptors in hFcγR-knock-in mice. The stimulant we used for anaphylaxis induction was aggregated 

complexes of human IgG. Intravenous IgG (IVIG) is a blood product containing polyclonal 

immunoglobulin G (IgG) isolated and pooled from thousands of donors. This stimulus mimics the 

formation of polyclonal human IgG immune complexes, such as could be formed by specific antibody 

recognition of soluble antigen in the bloodstream. One could argue that the high doses we use in our 

IVIG-PSA model are non-physiological: we administer 1mg of aggregated IVIG per mouse, 

amounting to approximately 0.6-0.8 mg/mL of blood (600-800mg/L), assuming aggregate formation 

by all the IVIG in suspension. Human blood contains, as a normal average, 9-14 g/L of total IgG. So 

in effect we are looking at a phenomenon wherein around 5% of the IgG in the bloodstream rapidly 

forms immune complexes - an unlikely scenario in the case of an allergen-specific response. Indeed, 

even allergic patients with elevated allergen-specific IgG associated with severe reactions had antibody 

titres estimated to be in the range of 2-15mg/L (data from the NASA study, see below). Yet the high 

doses of IVIG used herein were chosen to consistently induce a maximally severe response across all 

mouse individuals. We nevertheless observed induction of hypothermia and symptoms of shock after 

administration of aggregated IVIG at 10-fold reduced doses. 

As we attempt to move our mouse models closer to the human situation, by using FcγR-

humanised mice and human antibodies as a trigger, there is a need to develop models that more 

accurately mimic human reactions also in terms of the eliciting antigen. It is intuitive that the type of 

immune complex formed by binding to a large protein antigen or hapten-coated protein, or even by 

the aggregation of IgG, will be different to that which is formed by binding a small molecule in the 

case of an intravenous drug. Hence the development of anaphylaxis models against clinically relevant 

antigens is important. Finally, routine practice of using hypothermia as a measure of anaphylaxis 

severity in mice, although practical, may ignore some of the subtleties of what drives reaction severity, 

and indeed what determines a fatal end. 

Drug induced anaphylaxis: potentially human IgG-dependent reactions 

The likely context in which IgG-dependent anaphylaxis can occur in humans is following 

intravenous administration of a relatively large quantity of antigen: whether a drug or IgG-containing 



therapeutic agent. Drugs or medications are a leading cause of anaphylaxis, accounting for the 

majority of anaphylactic reactions in adults, and associated with greater severity [227, 230, 237, 411, 

416]. Severe hypersensitivity reactions can occur in humans in the absence of detectable amounts of 

antigen-specific IgE and elevated mast cell tryptase levels [253] and, particularly in the case of drug 

hypersensitivity reactions, the presence of allergen-specific IgE is often difficult to ascertain [271, 272]. 

Still, there remains a paucity of direct evidence or proof that these atypical anaphylactic reactions are a 

result of an IgG-dependant pathway. 

In seeking to understand the potential contribution of IgG-mediated pathways to human 

anaphylaxis, we focused on anaphylaxis to neuromuscular blocking agents (NMBA). Indeed, this 

curare-based class of compounds including Rocuronium, Suxamethonium and Atracurium account for 

up to 70% of anaphylactic reactions occurring in patients undergoing anaesthesia [266, 417] (Figure 

5.6), and these reactions are fatal in 4-10% of cases [268-270]. With intent to address the role of 

human IgG antibodies and antibody receptors, myeloid cells and their mediators in NMBA-induced 

anaphylaxis, we took two complementary approaches. Firstly, we aimed to develop and characterise a 

mouse model of anaphylaxis in response to the NMBA Rocuronium. This model will enable the 

mechanistic investigation of pathways of anaphylaxis to a highly clinically relevant, non-protein 

allergen. In addition, by incorporating the transfer of specific human antibodies into FcR-humanised 

mice, such a model could permit the proof of antibodies as pathogenic agents, whether IgG or IgE. 

Secondly, in a large collaboration with a clinical consortium we investigated evidence of an IgG-

dependant pathway of neutrophil activation in a multicentric prospective cohort of patients suspected 

of perioperative anaphylaxis to NMBA. The major advantage of analysing such a cohort to study 

human anaphylaxis is controlled allergen exposure with defined parameters, ie via the intravenous 

route, defined dose of drug, and timing of sampling. 

5.4.1 Developing a mouse model of systemic anaphylaxis to a human drug 

allergen, Rocuronium Bromide 

One of the primary goals of this thesis work was to create a model of NBMA-dependent 

anaphylaxis, to be developed in both FcγR-humanised and antibody-humanised mice. We chose the 

drug Rocuronium Bromide because it is a NMBA that occupies a large share of market use and has 

been identified a common causative agent of anaphylaxis reactions in patients [418, 419]. 

Furthermore, Rocuronium Bromide may be specifically ‘captured’ by the agent Sugammadex, which 

was developed for clinical use to reverse neuromuscular blockade [420, 421] (see also below, 



Figure 5.6: Structure of curare-based neuromuscular blocking agents (NMBAs). The 

aminosteroidal non-depolarising NMBAs Rocuronium, Pancuronium and Vecuronium; the 

benzylisoquinolinium agent Atracurium; and the depolarising agent suxamethonium 

(celocurine) are depicted. Red circles indicate the substituted tertiary or quaternary 

ammonium ions present within these structures. Adapted from structures provided in [422]. 

Also depicted is the quaternary ammonium morphine [QAM], used for ImmunoCAP® assays 

developed by Phadia AB, Uppsala, Sweden. 

 

 

 

Therapeutic perspective). To develop allergic reactivity, two requisite phases are required. Firstly, 

sensitisation to the allergen, which in animal models is usually achieved by immunisation with an 

adjuvant, hapten-carrier approaches, or sustained exposure in the context of inflammation. 

Sensitisation is marked by an increase in circulating antibodies specific against the allergen.  Secondly, 

in the challenge phase, exposure to the allergen must occur in an appropriate context to elicit an 

allergic response or a systemic anaphylactic reaction.  



Sensitisation 

Interestingly, most anaphylactic reactions to NMBA occur upon first exposure to the drug, 

indicating a potential role for environmental agents in sensitisation [423, 424]. Structure activity 

studies indicate that the common immunogenic epitopes of NMBA are the tertiary amines or 

quaternary ammonium ion structures (Figure 5.6) [425], which would account for the allergic cross 

reactivity between different drugs, although some reactivity to adjacent structures on the molecules is 

also assumed [426]. The ammonium/amine divalency of these small drug molecules is believed to 

account for their capacity to cross-link antibody receptors, and the space between the NHX groups 

may thereby influence their capacity to trigger mediator release [427]. 

Moreover, the determination of these antigenic elements has had important implications for 

understanding how individuals may by sensitised to NMBAs, as well as the development of diagnostic 

tests. Indeed, substituted ammonium ions are present in many other compounds, including cosmetics, 

cleaning products and morphine and its derivatives [426]. Diagnostic immunoassays for NMBA 

allergy have been developed designed to mimic these ammonium ion determinants [428, 429]. In 

particular, an assay based on a modified form of the single tertiary ammonium group derived from 

morphine has been developed commercially and optimised to detect IgE of patients with NMBA 

sensitivity [272, 430, 431] (quaternary ammonium morphine [QAM] ImmunoCAP®; Phadia AB, 

Uppsala, Sweden). In applying these assays, evidence has been garnered for a hypothesis of NMBA 

allergy as a consequence of sensitivity acquired by environmental exposure to ammonium ion 

containing products, whether to pholcodine, cosmetics and hair products, or cleaning products [431-

436]. 

We took a hapten-carrier approach to sensitisation of mice, using the antigenic protein carrier 

KLH (keyhole limpet hemocyanin). In collaboration with organic chemists (Dr S. Bay and C. 

Ganneau, Chemistry of Biomolecules, Institut Pasteur), we modified the Rocuronium molecule by the 

addition of a carboxyl group, permitting the subsequent coupling of this modified agent (Roc-

COOH) with protein carriers: either KLH (keyhole limpet hemocyanin) or BSA (Figure 5.7A). Mice 

were then immunised with the KLH-Rocuronium construct, and the development of Rocuronium-

specific antibodies was monitored by ELISA, optimised using the BSA-Rocuronium construct as a 

detection reagent (Figure 5.7B-C). Encouragingly, antibodies of mouse serum directed against BSA-

Rocuronium were also observed to cross react with the quaternary ammonium morphine ([QAM], 

provided by Phadia) by ELISA (not shown). The development of an ELISA for the detection of 

Rocuronium-specific antibodies is an important tool, both for the mouse project and for the clinical 



studies of NMBA-dependent anaphylaxis in which our lab is participating (see following section). 

Other projects in our laboratory are ongoing to refine the chemistry of agent coupling and testing of 

patient sera (thesis project of Dr A. Gouel). 

Furthermore, we intend to use Rocuronium-immunised mice to generate B cell hybridomas 

secreting Rocuronium-specific monoclonal antibodies that have never been reported. Although our 

efforts in this regard have thus far been unsuccessful, the generation of monoclonal antibodies against 

Rocuronium would enable us to test models of passive anaphylaxis. Likewise, sequencing and cloning 

of these antibodies to generate chimeric mouse-human antibody variants possessing human Fc 

domains would enable their use in FcγR-humanised mice. 

Challenge 

To administer NMBA to mice we were obliged to employ a system of artificial ventilation to 

provide life support and critical respiratory function: mice were intubated or tracheotomised under 

anaesthesia and placed on an artificial ventilator, and anaesthesia maintained by iosoflurane inhalation 

(2% isofluorane/ 98% O2). Naïve animals could thereby survive intravenous administration of 

Rocuronium Bromide at a clinically relevant dose (1mg/kg). Thereafter, we were troubled by technical 

difficulties to ensure homoeothermia and to continually monitor the vitality and hemodynamic 

parameters of the animals, after they were anaesthetised and ventilated, and particularly following 

neuromuscular blockade. As a non-expert in animal surgery, the choice was made during the initial 

stages of project development to not take invasive approaches to animal monitoring: ie invasive heart 

and blood pressure monitoring, for example by arterial catheterisation [437]. Yet the project was 

hampered by a paucity of techniques for non-invasive vitality monitoring. Commercially developed 

strategies for rodents (eg the CODATM system for non-invasive blood pressure monitoring, Emka 

Technologies) were not capable of accurate measures during anaesthesia or, particularly, anaphylaxis. 

We chose to use the measurement of peripheral oxygen perfusion (PtiO2, LiCox® apparatus, 

Integra®) in the skeletal muscle as a surrogate measure of cardiac and respiratory function. Skeletal 

muscle PtiO2 has been studied in models of anaphylaxis in rats, and has been demonstrated to 

correlate well with cardiovascular signs of anaphylactic shock [433, 434]. Practically, this measure can 

be achieved by inserting an electrode probe into the peripheral muscle - in our case the gastrocnemius 

muscle was chosen - with minimal surgical intervention. Applied to mice for the first time, we found 

this detection method highly sensitive to changes in peripheral oxygen perfusion: in particular, and 

reassuringly, the PtiO2 measures dropped dramatically during anaphylactic shock induced by 

 



 

 

 
 
 
 
 
 
 

Figure 5.7: Chemical coupling of Rocuronium to carrier proteins KLH or BSA, immunisation of 
mice and detection of Rocuronium-specific antibodies by ELISA. (A) Coupling of Rocuronium to 
carrier proteins was achieved in a two-step reaction procedure. In the first reaction (1) the 
Rocuronium molecule was modified at the indicated hydroxyl group (red circle) by reaction with 
succinic anhydride (4.5 equivalent) in the presence of DMAP (0.25 equivalent) in pyridine 
(10mL/1mmol), stirred overnight at RT under argon, to create a stable ester derivative with a terminal 
carboxyl group (orange circle). The pyridine solvent was removed by vacuum evaporation and the 
modified Roc-Ester-carboxyl was purified by column chromatography and confirmed by mass 
spectrometry. In the second step (2) conjugation to carrier proteins was achieved using the 
carbodiimide crosslinker EDC (50mM), which mediates the formation of a stable amide bond 
between the carboxyl group and the amine groups on proteins, via a reactive o-Acylisourea 
intermediate (green circle), stabilised in the presence of sNHS (5mM). This protocol was used to 
generate KLH-Roc, for mouse immunisations, or BSA-Roc, for use as an ELISA detection reagent. (B-

C) WT C57Bl/6J or FcγRnull mice were immunised with KLH alone or KLH-Roc in adjuvant as 
indicated: (B) 200μg/FA i.p.; complete FA for first immunisation and incomplete FA thereafter, (C) 

10μg KLH-Roc/FA or Alum, or Alum alone s.c. (B-C) Rocuronium-specific antibodies were detected 
in the serum by ELISA using BSA-Roc as a detection reagent (coated on plates at 1μg/mL): after 
blocking, serum was added at indicated dilutions in PBS, incubated for >2h at RT, then plates were 
incubated with HRP-conjugated anti-mouse IgG1, IgG2 or IgE secondary antibodies for 1h at RT, 
and detection revealed using a peroxidase substrate. (B) Raw absorbance is shown (OD492-620). (C) 
Specific signal (Δ Absorbance) was determined by subtraction of the background binding to BSA 
alone. (B-C) Dotted lines (IgG1, IgG2) or symbols (IgE) represent values of individual mice and solid 
lines indicate the mean. 
NB Chemical coupling was perfomed in collaboration with Dr S. Bay and C. Ganneau, Chemistry of 
Biomolecules, Institut Pasteur. 
 
 
 
 
 
 
 



 
 

 
 
 



aggregated IgG antibody complexes. Beside this, stable and valid PtiO2 measures were vulnerable to 

less-than-exact insertion of the probe, which is not adapted for rodent usage. 

Unfortunately, thus far it has not been possible to reliably assess anaphylaxis induction in 

Rocuronium-sensitised mice, primarily due to engineering difficulties. (1) The optimisation of 

ventilation and anaesthesia parameters was hindered by reliable readouts of mouse vitality and 

sufficient oxygenation. (2) The variation of PiO2 measures using a probe non-adapted for mouse 

usage makes it difficult to attain reliable data. Finally, (3) in preliminary experiments we did not see 

signs of anaphylaxis, in terms of loss of PtiO2 or death, in mice that were positive for anti-

Rocuronium serum IgG by ELISA and received a clinical dose of drug (~1mg/kg, n=2). Higher drug 

doses may be required to initiate anaphylaxis. Rocuronium is administered clinically at doses up to 

1.2mg/kg, particularly to enable rapid intubation. We could not yet appropriately assess higher doses 

of Rocuronium administration in our mouse model, because sustained neuromuscular blockade 

and/or prolonged anaesthesia led to loss of PtiO2 and death of naïve controls, presumably due to 

imperfect ventilation parameters (1). Greater reliability could be achieved by further optimisation of 

the experimental setup. Alternatively, it may be that finally the application of more sophisticated 

techniques of animal surgery and monitoring will be necessary to establish a system to test NMBA-

dependent anaphylaxis in mice, or moreover, that mice are not the most appropriate model system.  

It is likely that we will need to optimise our immunisation strategies to promote higher titres 

of Rocuronium-specific IgG and IgE antibody formation – or investigate alternate strategies to 

promote more IgE production. Indeed, while immunisation in Freund’s adjuvant generates normally 

IgG1, IgG2 and IgE antibody titres [251], we could not detect Rocuronium-specific IgE in the sera of 

mice immunised in CFA/IFA (Figure 5.7B-C). Subcutaneous immunisation in Alum adjuvant, on the 

other hand, generated weaker IgG1 and no IgG2 responses, but detectable IgE specific to BSA-

Rocuronium. Some authors have hypothesised that, in addition to the propensity of either IgG or IgE 

to initiate anaphylaxis depending on allergen dose, specific IgG may in fact bind to allergens and block 

the interaction with specific IgE on the surface of mast cells, thereby preventing IgE-induced 

anaphylaxis in the context of low amounts of allergen [440]. These studies were performed, however, 

in model systems using protein-conjugated haptens, ie. TNP-BSA. 

Rocuronium and other NMBAs are small drug molecules, which presumably exhibit divalent 

antibody binding via their dual ammonium ion or amine determinants to crosslink adjacent antibody 

receptors (reviewed in [426]). Yet structural determinants besides from the substituted ammonia may 

also contribute to the immunogenicity of NMBAs, in particular in view of amminosteroidal NMBAs 



such as Rocuronium, that are also more likely to demonstrate cross-reactivity [267] (Figure 5.6). 

Moreover, the potential for haptenisation of these agents is worth addressing. That is, curare-based 

neuromuscular blocking agents are known to bind to plasma proteins and lipids [441], and the degree 

to which this binding occurs affects their pharmacodynamics [442]. The perceived allergenicity of 

these agents could therefore be a result of their immunogenicity when bound to a particular plasma 

protein, or lipid, the identity of which remains to be elucidated. The type of immune complex formed, 

in terms of epitope proximity and number of bound antibodies has been shown to affect both IgE and 

IgG receptor-mediated cell activation [443], which is probably also the case for IgG: some IgG 

antibodies are capable of inducing anaphylaxis when bound to their cognate antigen, while others are 

not [444]. This is an important consideration for how anaphylaxis may occur in NMBA-sensitised 

individuals, who are in fact sensitised to agents other than the NMBA itself. It may be that the low 

degree of epitope-paratope matching renders some IgG antibodies sufficiently ‘flexible’ to bind 

multiple sites on the NMBA molecule and thereby form immune complexes more potent at activating 

cells via FcγR. 

Finally, how and why anaphylactic reactions to NMBAs occur is still a matter of significant 

speculation and immunological presumption, especially considering that a significant proportion of 

the population can be sensitised to NMBAs without necessarily developing a reaction upon exposure. 

If successful, this unique model will ideally allow us to dissect the underlying mechanisms of NBMA-

dependent anaphylaxis, permit the testing of patient-derived NMBA-specific antibodies and 

potentially provide direct confirmation that human antibodies can drive anaphylaxis in response to a 

clinical allergen. If it is not possible to demonstrate anaphylaxis after Rocuronium administration in 

Rocuronium-immunised mice, this finding has several implications for understanding human 

reactions. Of particular consideration should be how and in what contexts NMBAs are able to form 

immune complexes. 

Therapeutic perspective 

Sugammadex, a modified γ-cyclodextrin, rapidly binds Rocuronium with high affinity at a 

equivalent molar ratio, an encapsulation approach designed to reverse the neuromuscular blockade 

[420, 421] It has been speculated that the administration of Sugammadex during an anaphylactic 

reaction initiated by Rocuronium can rescue a patient from anaphylaxis [445, 446], a theoretical 

therapeutic approach based on allergen capture, and supported by several case reports [447-450]. 

From a conceptual standpoint, this is an intriguing proposition. Firstly, this theory is reliant on 

Sugammadex rapidly sequestering free Rocuronium and masking the allergenic epitopes, which is 



effectively possible given the degree of encapsulation, although one ammonium group extends beyond 

the confines of the bound complex (reviewed in [451]). Secondly, the ability of Sugammadex to 

dissociate an already bound antibody-antigen complex, although less likely, depends on the affinity of 

antibody-antigen recognition [446]. 

We can reason that Sugammadex would not be able to reverse the mediator release of already 

activated and deregulated cells – especially given presumably after the anaphylactic reaction is apparent 

in the patient. Administered after the fact, Sugammadex could not prevent upregulation of CD63 

expression on basophils in vitro stimulated by IgE immune complexes [452], or the reaction of a 

cutaneous skin test provoked by Rocuronium [453]. Yet if given systemically, during an ongoing 

reaction? The “reversal-rescue hypothesis” is crucially contingent on free drug encapsulation being 

sufficient to stop symptom propagation. If true, this outcome implies that initial cell activation and a 

cascade of mediator release is not sufficient to drive anaphylaxis; and rather that a severe reaction 

requires ongoing stimulation by antibody-allergen complexes. While some recent case reports disagree 

with this hypothesis [454], others emphasise that early administration of adequate doses of 

Sugammadex are a potent reversal agent for confirmed Rocuronium-induced anaphylaxis [450]. 

Certainly, an entirely valid alternative hypothesis for these observations is that the restoration of 

neuromuscular function, and therefore improvement in vascular resistance, is accountable for the 

improved hemodynamic parameters of patients after Sugammadex, and allows protective agents such 

as adrenaline to take effect. It is not a trivial question, considering the potentially fatal outcome of 

anaphylaxis, the difficulty of conducting controlled trials [455] and that Sugammadex itself can induce 

anaphylaxis [456, 457]. We therefore intend to test whether Sugammadex administration during 

Rocuronium-induced anaphylaxis in mice can arrest or even reverse the symptoms of shock. The 

results of this investigation may have application in a broader context, if indeed we are able to identify 

that allergen capture is a feasible goal to stop anaphylaxis progression. 

 



5.4.2 Evidence from the clinical study NASA: Neutrophil activation in systemic 

anaphylaxis 

Several lines of evidence using mouse models indicate that (1) anaphylactic reactions can 

proceed through a dominant pathway involving IgG antibodies and FcγR and (2) that neutrophils can 

contribute to IgG-induced systemic anaphylaxis. Although some mouse studies have reached divergent 

conclusions on the critical cell type involved in IgG-mediated anaphylaxis – whether neutrophils, 

monocytes or basophils [249-251], these studies universally agree in the identification of PAF as a 

dominant mediator of anaphylaxis. While IgG-dependent anaphylaxis has now been accepted in 

animal models, whether or not it exists in humans remains a matter of debate. 

The project to establish a mouse model of Rocuronium-dependent anaphylaxis was conducted 

in parallel to a clinical investigation into NMBA-induced anaphylaxis. Conducted in collaboration 

with a large clinical consortium (NASA study group; for reference please visit 

https://clinicaltrials.gov/ct2/show/NCT01637220), the main objective of this investigation was to 

examine the possibility that an IgG-FcγR-neutrophil-PAF axis is activated during human anaphylaxis. 

Patients were recruited on the basis of suspected perioperative anaphylaxis to curare-based NMBAs 

(n=86), and were paired to control patients by age, type of surgery and NMBA received, age and 

infectious status. Figure 5.8 outlines the study design and a description of the cohort. Blood samples 

were taken from patients and controls 30min after anaesthesia induction, and extensive allergological 

testing was performed on case patients 6-8 weeks after the reaction. Anaphylactic shocks were graded 

according to the severity of clinical symptoms (Figure 5.8 C). Circulating elastase, neutrophil 

extracellular traps (NETs), tryptase and histamine were measured in the blood by ELISA. Specific IgG 

and IgE anti-NMBA was measured in an ELISA assay by binding to QAM (quaternary ammonium 

morphine [QAM] ImmunoCAP®; Phadia AB, Uppsala, Sweden), hereafter referred to as ‘anti-NH4’. 

We assessed FcγR expression on the major cell populations in the blood by flow cytometry.4 

4 Allergological testing, and measurements of elastase, neutrophil extracellular traps (NETs), tryptase, histamine, and IgG 
and IgE anti-NMBA were performed at Hôpital Bichat, Paris. Flow cytometry analysis of circulating leukocyte populations 
was performed at Institut Pasteur (F. Jönsson and C. Gillis). 
Co-author list example (poster on the NASA study presented at EAACI 2016, Vienna): de Chaisemartin L.1,2 and Jönsson F.3,4, 
Gouel-Chéron A.3,4,5, Granger V.1,2, Gillis C.3,4, Neukirch C.6,7, Nicaise-Roland P.1, Dib F.8,9, Tubach F.8,9, Longrois D.5,10, 
Bruhns P.3,4, Chollet-Martin S.1,2, NASA Study Group  
Institute(s): 1APHP, Hôpital Bichat, Immunology, Paris, France, 2UMR996, INSERM, Univ Paris-Sud, Université Paris-
Saclay, Chatenay-Malabry, France, 3Institut Pasteur, Département d'Immunologie, Anticorps en Thérapie et Pathologie, 
Paris,, 4INSERM, U 760, Paris, 5APHP, Hôpital Bichat, Département d'Anesthésie-Réanimation, Paris, 6APHP, Hôpital 
Bichat, Service Pneumologie A, Paris, 7UMR1152, INSERM, Université Paris Diderot Paris 7, Paris, 8APHP, Hôpital 
Bichat, Département d'épidémiologie et de recherche clinique, Paris, 9UMR1123, ECEVE, INSERM, Université Paris 
Diderot, Sorbonne Paris Cité, Paris, France, 10Université Paris Diderot, Sorbonne Paris Cité, Paris 



 

 
 

Figure 5.8 Neutrophils in active systemic anaphylaxis (NASA): study inclusion scheme 

(A) Patient cases were recruited after suspicion of perioperative anaphylaxis to curare-based 

NMBAs (n=86). Blood samples were taken from cases and control patients 30min after 

anaesthesia induction (V1). Controls (n=86) were paired to cases by age, type of surgery and 

NMBA received, age and infectious status. Allergological testing was performed on case patients 

6-8 weeks after the reaction, with a second blood sample (V2). A description of the cohort is 

provided (B), as well as the number of cases (#) falling into the respective grades of anaphylaxis 

shock severity (C). For further reference https://clinicaltrials.gov/ct2/show/NCT01637220 

 

  



IgE anti-NH4 detected in case patients was significantly elevated compared to controls, as 

previously reported [272]. Levels of IgE anti-NH4 antibodies did correlate with the severity of the 

shock. The prior study found that a significant proportion (~10%) of NMBA-allergic patients do not 

have detectable NMBA-specific IgE [272]. Whereas in the NASA study it was identified that both 

cases and controls had IgG anti-NH4, but elevated specific IgG titres correlated with the severity of 

the anaphylactic shock. Moreover, a subfraction of patients exhibited elevated titres of anti-NH4 IgG 

antibodies in the absence of detectable IgE (data not shown). 

We assessed the staining of surface receptors for IgE and IgG on blood leukocytes of case 

patients and controls. FcεRI was significantly down regulated on basophils, which correlated with the 

severity of the shock, suggesting that basophils are indeed activated by IgE-immune complexes, 

leading to receptor internalisation (Figure 5.9A). What is more, we observed a significant reduction in 

surface FcγRIIA on neutrophils from anaphylactic cases, in a manner which correlated with reaction 

severity, and which was specific to this cell population, because monocyte expression of FcγRIIA was 

not modulated in cases compared to controls (Figure 5.9B-C). We observed, in addition, a strong 

trend towards reduced FcγRIIIB on neutrophils (Figure 5.9D). Therefore, patients experiencing 

anaphylactic reactions to NMBAs demonstrate the presence of specific IgG and a reduction in staining 

for IgG receptors on neutrophils; both of which correlated with the severity of shock. In addition, 

markers of neutrophil activation, neutrophil elastase and DNA-MPO complexes, a marker of NET 

release, were elevated in case patients: these markers also correlated with reaction severity (not shown). 

Together these data strongly suggest that, during NMBA-induced anaphylaxis, neutrophils in the 

blood are directly engaging with IgG immune complexes via activating FcγR, and this is associated 

with their activation and degranulation. This study thereby provides the first evidence of IgG-

dependent neutrophil activation during human anaphylaxis. 

The putative activation of an IgG-dependent anaphylaxis pathway in humans is important for 

diagnosis and therapy, as well as ongoing risk management in allergic individuals. At a minimum, 

these data emphasise that specific IgG screening should be incorporated into the assessment of 

suspected anaphylactic reactions in the clinic, especially when specific IgE or positive skin test 

reactivity cannot be confirmed, and particularly in cases of suspected anaphylaxis to injectable 

drugs or therapeutic agents. Anaphylaxis has been previously described in patients who exhibit 

specific IgG but not IgE against therapeutic agents [252, 255, 256, 458]. IgG screening may help to 

elucidate the underlying causes of anaphylactic reactions where the eliciting agent remains unidentified, 

 



 

 

 
Figure 5.9 Reduction of FcεRI on baosphils and and FcγRIIA on neutrophils from NASA 

patients according to severity of anaphylaxic shock. (A-D) Surface staining of receptors for 

IgE and IgG on leukocytes of NASA case patients and controls was determined by flow 

cytometry analysis of blood samples taken 30min after anaesthesia induction. Expression of 

FcεRI (A) FcγRIIA (B-C) and FcγRIIIB (D) was determined relative to staining with an isotype 

control antibody (ΔMFI) after gating on CD123+CD203clow basophils (A), CD15+CD193neg 

neutrophils (B & D) or CD14+ monocytes (C).  
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or so-called ‘idiopathic’ or ‘anaphylactoid’ reactions: these account for an extremely large proportion 

(25-60%) of anaphylaxis cases, and are unfortunately often disregarded [459]. 

The presence of IgG is one thing, and neutrophil activation is another. We can reasonably 

consider an alternative pathway: that neutrophil activation is in fact downstream of either mast cells or 

basophils engaging with IgE- or IgG- containing immune complexes, and the release of inflammatory 

mediators by these cells causes neutrophil activation. It is crucial, therefore, that we observe specifically 

the down-regulation of FcγRIIA on neutrophils. Whereas FcγRI is known to be upregulated on 

neutrophils during various inflammatory pathologies, such as sepsis [406], Kawasaki disease [407] and 

arthritis [392]; and FcγRIII down-regulation is a typical marker of neutrophil activation to different 

inflammatory stimuli, not specific to IgG engagement; FcγRIIA expression on neutrophils seems to 

remain stable in the general context of systemic inflammation [460]. Therefore a reduction in 

FcγRIIA during anaphylaxis would suggest that this receptor, on neutrophils, is actively binding and 

internalising IgG immune complexes. 

Some authors have proposed a reduction in expression of activating IgG antibody receptors as 

a marker to distinguish IgG-mediated from IgE-mediated anaphylaxis [461]. We found that a 

significant reduction in both FcεRI on basophils and FcγRIIA on neutrophils were associated with 

anaphylaxis severity in patients from the NASA study. These data are coherent with our 

observations that both hFcγRIIA and hFcγRIII are down regulated on neutrophils during hIgG-

mediated anaphylaxis in FcγR-humanised Audrey mice (Section 4), although in that model we also 

observed significant FcγR down regulation on monocytes, which may reflect the strength of the 

IgG stimulus. We have not yet addressed the differential regulation of receptor expression in 

NASA patient subsets: for example, to examine whether FcεRI modulation is uniquely observed in 

patients with detectable IgE anti-NH4, as compared to FcγRIIA modulation in patients with 

elevated IgG anti-NH4, or no detectable IgE anti-NH4. In a similar fashion, these data can be 

aligned with markers of neutrophil activation: for example, DNA-MPO complexes were 

considerably elevated in patients with no detectable IgE anti-NH4 (not shown). Analyses are 

ongoing. If indeed FcγRIIA down regulation on neutrophils, or the detection of DNA-MPO 

complexes in the plasma, can be validated as indicators of IgG-dependent anaphylaxis, this may 

have future diagnostic applications. Finally, a pathway of anaphylaxis induction via activation of 

FcγRIIA is supported by findings from patients in whom a novel splice variant of this receptor was 

identified [260]. This allelic variant comprises expression of a cryptic exon 6 of FcγRIIa 

(FcγRIIAexon6*), which upon crosslinking generates a greater increase in calcium flux, and renders 

neutrophils from heterozygous patients hyper-responsive to stimulation with small IgG immune 



complexes. Moreover, expression of this allele was strongly associated with anaphylaxis risk upon 

IVIG infusion in patients with common variable immunodeficiency [260]. 

Platelet activating factor (PAF) is associated with IgG-pathways of anaphylaxis [250, 251] and 

has been demonstrated to be a strong determinant of reaction severity in animal models, and 

particularly associated with fatal outcome [261, 262]. We did not yet have the opportunity to assess 

PAF levels in the sera of patients from the NASA study. Other studies of human patients, however, 

indicate that PAF levels strongly correlate with anaphylaxis severity, and indeed that PAF measures 

provide a more specific and sensitive diagnostic marker than either tryptase or histamine [264]. Not 

only do levels of PAF in the serum correlate with the severity of anaphylaxis, activity of its inactivating 

enzyme PAF acetylhydrolase was significantly lower in patients with severe and fatal reactions [230, 

265], and low PAF-AH activity may be a risk factor for anaphylaxis independent of other 

inflammatory mediator networks, if the value of measures taken during anaphylaxis can be validated 

by measures at baseline [462, 463]. PAF has therefore been proposed as a central mediator in human 

anaphylaxis pathogenesis (reviewed in [263]). A broad range of cells can release PAF, including 

leukocytes, lymphocytes and endothelial cells, and it is secreted by mast cells and basophils following 

antibody-dependent activation. Neutrophils are a major source of PAF, but also express PAF-R on the 

surface, thus PAF can have an autocrine effect on these cells to enhance release of other lipid mediators, 

including arachadonic acid and its metabolites. PAF is implicated in both IgE and IgG pathways of 

anaphylaxis induction, and the measurement of PAF or PAF-AH activity in the serum of patients in 

our NASA study will be a valuable adjunct. 

 



5.5 Final Considerations and Perspectives 

This work may be summarised in five major outcomes: 

• Neutrophils, and neutrophil-derived MPO, play a critical limiting role during the systemic 

inflammation of endotoxemia, and protect against toxic shock. 

• Neutrophil activation via FcγRIIA is the dominant pathological pathway of systemic 

anaphylactic shock in response to human IgG immune complexes in ‘FcγR-humanised’ mice. 

• We describe two novel mouse models to study neutrophil function in vivo: the first, a model of 

inducible neutropenia, the second a model of classical hFcγR expression recapitulated through 

knock-in transgenesis in the mouse (hFcγRI/IIAH131/IIBI232/ IICstop13/IIIAV158/IIIBNA2), 

particularly relevant to investigate antibody-dependent pathologies. 

• Mouse immunisation using Rocuronium coupled to a protein carrier induces Rocuronium-

specific antibody responses, for which we developed the first ELISA. 

• By way of a large collaborative study: we find evidence for the activation of a neutrophil- and 

IgG-dependent axis during human anaphylaxis to neuromuscular blocking agents. 

This thesis describes neutrophils in immunity as actors with several roles to play. A protective 

role for neutrophils, and neutrophil-derived MPO, in limiting the gravity of endotoxin-induced 

systemic inflammation implies a necessary reassessment of the way in which inflammation is assessed 

in animal models. The mere presence of neutrophils at the site, and the activity of MPO, although a 

marker of inflammatory processes, may not be inherently damaging to the host. These findings align 

with a wealth of recent studies of the regulatory and anti-inflammatory functions of neutrophils, 

particularly pertaining to switches in lipid mediator synthesis, reduced migration and changes in 

adhesion molecules, and a ‘dysfunctional’ phenotype during human sepsis and trauma. Importantly, 

this latter phenotype may be viewed as a protective outcome of severe systemic inflammation. 

Certainly our data indicate that neutrophil depletion, as advocated by some, is not a rational 

therapeutic venture in patients with severe inflammatory shock following sepsis or critical injury. 

We did not identify how neutrophil-derived MPO could be protective, although several 

hypotheses are worth exploring. Is the presence of dead and dying neutrophils sufficient to regulate the 

extent of inflammation? Is the MPO molecule itself the critical component? Our data would tend to 

support the latter, although it is simultaneously apparent that the precise and localised delivery of 

MPO is important. In future investigations it would be worthwhile to concentrate on the vasoactive 



effects of MPO, via regulation of iNOS and NO, as well as its effects on the synthesis and catabolism 

of lipid mediators. 

Mouse models are a touchstone for the in vivo investigation of a wide range of pathologies, 

and preclinical studies inform clinical investigations and interventions. The PMNDTR mouse is a new 

model of inducible, specific and efficient neutrophil ablation: an excellent tool to evaluate the 

contribution of neutrophils to in vivo pathological models, particularly owing to the facility for these 

mice to be reconstituted with a neutrophil compartment. Our findings using these mice emphasise the 

distinction between antibody-mediated and DT-mediated neutrophil ablation approaches to study 

antibody-dependent pathologies in the mouse. That we do not identify a role of neutrophils in IgG-

dependent anaphylaxis pathways in the mouse, using PMNDTR mice, is an enigma with several possible 

explanations. The most likely would be an additional blocking or FcγR-mediated effect of antibody-

mediated depletion. Alternatively, the neutropenia of PMNDTR mice may be insufficient to model 

reactions that are initiated in the vasculature. The additive administration of low-dose anti-Ly6G 

antibodies to DT-treated PMNDTR mice, or increased DT administration to ensure the neutrophil 

compartment is eradicated, may resolve these questions. 

Still, the mouse and human IgG receptor system are highly diverse. Herein we could 

recapitulate classical hFcγR expression in the Audrey mouse, in a manner that has many advantages 

over existing transgenic models. We could demonstrate that human IgG binding to human IgG 

receptors can mediate systemic anaphylaxis in this context. Antibody-mediated neutrophil depletion 

abolished the shock: a finding that bears its own caveats considering the potential for non-specific 

antibody-mediated effects. However, that we did not identify a prominent contribution of other cell 

types, unlike in mouse IgG-dependent anaphylaxis models, emphasises the likelihood that neutrophils 

are the dominant players. Furthermore, human neutrophils alone have been found sufficient to 

mediate severe anaphylactic hypothermia upon transfer into the mouse. Together out findings support 

a pathological role of neutrophils in mediating IgG-dependent systemic inflammatory shock. 

Audrey mice will be invaluable for future investigations of antibody-dependent pathologies, or 

indeed IgG effector mechanisms in vivo. In particular, these mice could act as recipients for the 

transfer of patient-derived or in vitro generated antigen-specific human IgG, allowing the 

investigation of allergen-specific and IgG subclass-specific effects on IgG-dependent anaphylaxis 

induction. These mice are but one representation of the panel of human polymorphic variants of FcγR. 

Importantly, they are the first mouse representation of human FcγRIIA-H131 and FcγRIIIA-V158 

expression, compared to the transgenic iterations of these hFcγR in the mouse (FcγRIIA-R131 and 



FcγRIIIA-F158, respectively). It would be clinically relevant to extend studies in hFcγR-knock in mice 

to understand the effect of hFcγR polymorphisms on cell activation and subsequent biological 

responses, and therefore on sensitivity to anaphylaxis or other diseases involving IgG antibodies. 

IgG-dependent activation pathways in humans may contribute to anaphylaxis, particularly in 

response to injectable drugs, and to curare-based NMBAs. A mouse model of NMBA-dependent 

anaphylaxis (Rocuronium Bromide), although technically challenging, is under development, and will 

be further elucidated in the coming months, as I will stay as a post-doctorate for a short stint after my 

PhD completion. Potentially this model can be used to demonstrate anaphylaxis in response to a 

human drug allergen, the pathogenic role of human specific antibodies, as well as to test a novel 

therapeutic approach of allergen capture. Preliminary data from a clinical study provides the first 

evidence that neutrophils are activated in the presence of IgG during human NMBA-anaphylaxis, and 

that specific IgG and markers of neutrophil activation correlate with reaction severity. 

The putative activation of an IgG-dependent anaphylaxis pathway in humans is of obvious 

relevance to adverse events following intravenous drug administration, the transfer of blood products, 

or therapeutic IgG. More broadly, however, the potential for IgG- dependent anaphylaxis induction is 

important for diagnosis and therapy. It is unfortunate that the screening of allergen-specific IgG is not 

recommended. Particularly pertaining to allergens such as injectable substances, to which anaphylaxis 

has been documented to proceed in the absence of specific IgE but in the presence of specific IgG. 

Moreover, IgG-dependent pathways, and therefore neutrophil activation, may underlie a fraction of 

reactions occurring in response to food and venom allergens: especially considering that the systemic 

absorption of antigen is necessary for severe systemic shock. Accurate diagnosis of apparent ‘idiopathic’ 

reactions could be achieved by IgG screening, along with other diagnostic markers of IgG-dependent 

anaphylaxis. 

The theory of allergen immunotherapy appoints that different routes and doses of antigen 

administration, and the use of different adjuvant agents, can achieve a bias away from the production 

of IgE, or towards different subclasses of IgG. These techniques have demonstrable success, yet 

without a proper consideration of both the IgE and IgG pathological outcomes, we may be heading 

down an erroneous road for therapeutic applications. Although in some cases the allergic phenotype is 

highly evident, as is the pathophysiology – for example reducing IgE levels certainly protects against 

dermatitis or rhinitis – the potential side effects of guiding the response against any allergen towards a 

different type of immune reactivity remain incompletely determined. IgG may block the interaction of 

antigen with IgE- FcεR and mast cells, and therefore inhibit such a pathway of anaphylaxis. Some data 



indicates that subclass specificity of IgG in allergen immunotherapy correlates with positive outcomes. 

Our data indicate that in the context of large amounts of immune complex formation, IgG can trigger 

anaphylaxis. An understanding of the relative importance of IgE and IgG pathways, as well as the 

anaphylactogenic potential of each of the four human IgG subclasses, will therefore inform such 

therapeutic approaches. Finally, we consider here primarily Fc receptor-dependent pathways of 

immune cell activation: IgG antibodies can also trigger complement pathway engagement and activate 

immune cells by co-engagement with other humoral components of innate immunity - feasibly 

contributing to either the perpetuation or dampening of inflammatory responses - yet these aspects 

remain to be addressed. 

Herein we have identified a major contribution of PAF and histamine to IgG-dependent 

anaphylaxis induction. The contribution of PAF to human anaphylaxis is well established, and PAF 

antagonism seems a very promising avenue for therapeutic interventions during suspected anaphylaxis. 

It would be highly informative to furthermore investigate other potential mediators, particularly lipid-

derived, during hIgG-dependent anaphylaxis in Audrey mice. Given the capacity for neutrophils to 

systemically influence lipid mediator production and release, such data may have potential therapeutic 

benefit. Many outstanding questions remain: where is the inflammatory response initiated during 

anaphylaxis, and how does the reaction propagate? Surely there are organ-specific effects that should 

be addressed? What are the determinants of reaction severity, and how do these relate to cause of 

death? 

That neutrophils can be in one sense protective and in another pathological during systemic 

inflammation surely depends on the bodily compartment in which they are activated, and the 

combination of signals received. The data and models described herein provide some insight, and will 

have valuable future applications, to understand how the appropriate activation of neutrophils occurs 

in a regulated manner, so as to design interventions that promote host defence and homeostatic 

immunity, but minimize the detrimental effects of these innate effector cells. 
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IgG subclasses determine pathways of anaphylaxis
in mice
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Background: Animal models have demonstrated that allergen-
specific IgG confers sensitivity to systemic anaphylaxis that
relies on IgG Fc receptors (FcgRs). Mouse IgG2a and IgG2b

bind activating FcgRI, FcgRIII, and FcgRIV and inhibitory
FcgRIIB; mouse IgG1 binds only FcgRIII and FcgRIIB.
Although these interactions are of strikingly different affinities,
these 3 IgG subclasses have been shown to enable induction of
systemic anaphylaxis.
Objective: We sought to determine which pathways control the
induction of IgG1-, IgG2a-, and IgG2b-dependent passive
systemic anaphylaxis.
Methods: Mice were sensitized with IgG1, IgG2a, or IgG2b anti-
trinitrophenyl mAbs and challenged with trinitrophenyl-BSA
intravenously to induce systemic anaphylaxis that was
monitored by using rectal temperature. Anaphylaxis was
evaluated in mice deficient for FcgRs injected with mediator
antagonists or in which basophils, monocytes/macrophages, or
neutrophils had been depleted. FcgR expression was evaluated
on these cells before and after anaphylaxis.

Results: Activating FcgRIII is the receptor primarily
responsible for all 3 models of anaphylaxis, and subsequent
downregulation of this receptor was observed. These models
differentially relied on histamine release and the contribution of
mast cells, basophils, macrophages, and neutrophils. Strikingly,
basophil contribution and histamine predominance in mice with
IgG1- and IgG2b-induced anaphylaxis correlated with the ability
of inhibitory FcgRIIB to negatively regulate these models of
anaphylaxis.
Conclusion: We propose that the differential expression of
inhibitory FcgRIIB on myeloid cells and its differential binding
of IgG subclasses controls the contributions of mast cells,
basophils, neutrophils, and macrophages to IgG subclass–
dependent anaphylaxis. Collectively, our results unravel novel
complexities in the involvement and regulation of cell
populations in IgG-dependent reactions in vivo. (J Allergy Clin
Immunol 2016;nnn:nnn-nnn.)

Key words: Anaphylaxis, IgG, mouse model, basophil, neutrophil,
monocyte, macrophage, IgG Fc receptor, platelet-activating factor,
histamine

Anaphylaxis is a hyperacute allergic reaction that occurs with
increasing incidence in the population and can be of fatal
consequence. Symptoms include skin rash, hypotension, hypo-
thermia, abdominal pain, bronchospasm, and heart and lung
failure, which can lead to asphyxia and sometimes death.1 The
main treatment remains epinephrine (adrenaline) injection to
restore heart and lung function. Because anaphylaxis represents
an emergency situation, few clinical studies have been possible
to address the mechanisms leading to anaphylaxis in patients.
Experimental models of anaphylaxis identified mechanisms
involving allergen-specific antibodies that trigger activating anti-
body receptors on myeloid cells, leading to mediator release.
These mediators can, by themselves, recapitulate the symptoms
of anaphylaxis observed in human subjects.2,3

The ‘‘classical’’ mechanism of anaphylaxis states that allergen-
specific IgE binds the activating IgE receptor FcεRI on mast cells,
which, on allergen encounter, become activated and release hista-
mine, among other mediators. Notably, histamine injection suffices
to induce signs of anaphylaxis in animal models.4 In many cases
detectable allergen-specific IgE and increased histamine levels do
not accompany anaphylaxis in human subjects (discussed in Kho-
doun et al5), leading to the notion that ‘‘atypical’’ or ‘‘alternate’’
mechanisms of induction could explain these cases. One of these
atypical/alternate models proposes a similar cascade of events but
instead based on allergen-specific IgG binding to allergen, forming
IgG-allergen immune complexes that trigger activating IgG Fc re-
ceptors (FcgRs) expressed on myeloid cells (ie, macrophages,
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Abbreviations used

FcgR: IgG Fc receptor

FcRn: Neonatal IgG receptor

FITC: Fluorescein isothiocyanate

Gfi1: Growth factor independence 1

KA: Affinity constant

KD: Dissociation equilibrium constant

Koff: Dissociation rate

Kon: Association rate

mMCP-1: Mast cell protease 1

PAF: Platelet-activating factor

PSA: Passive systemic anaphylaxis

RU: Resonance units

TNP: Trinitrophenyl

TRIM21: Tripartite motif-containing protein 21

WT: C57Bl/6 wild-type

basophils, and/or neutrophils), which in turn release platelet-
activating factor (PAF).2,3 Importantly, PAF injection suffices to
induce signs of anaphylaxis in animal models.6 IgG-induced
anaphylaxis can be elicited by intravenous injection of
allergen-specific IgG followed by allergen administration and is
termed IgG-induced passive systemic anaphylaxis (PSA).

IgG receptors in the mouse comprise 4 ‘‘classical’’ IgG
receptors termed FcgRs but also the neonatal IgG receptor
(FcRn) and the intracellular FcR tripartite motif-containing
protein 21 (TRIM21).7,8 Although FcRn and TRIM21 both partic-
ipate in the intracellular routing of IgG and FcRn in protection
from catabolism and distribution to tissues,9 FcgRs control cell
activation in the presence of immune complexes. FcgRs in mice
are subdivided into (1) activating FcgRs (ie, FcgRI, FcgRIII,
and FcgRIV), which lead to cell activation on immune complex
binding, and (2) an inhibitory FcgR (ie, FcgRIIB), which inhibits
cell activation when coengaged by an immune complex with an
activating FcgR coexpressed on the same cell.10 Thus inhibition
of cell activation by FcgRIIB requires that the immune complex
contains IgG bound by both the activating and inhibitory FcgR.

Four IgG subclasses exist inmice: IgG1, IgG2a, IgG2b, and IgG3.
Among those, only IgG2a and IgG2b bind to all FcgRs, whereas
IgG1 binds only to FcgRIIB and FcgRIII. It remains under debate
whether IgG3 binds to FcgRs, particularly FcgRI.11,12 The affin-
ities of these FcgRs toward IgG subclasses are strikingly different
(Table I),11-14 leading to the notion of high-affinity receptors that
retain monomeric IgG and low-affinity receptors that do not.8

However, the avidity of IgG-immune complexes enables both
types of receptors to retain IgG-immune complexes, leading to
receptor clustering, intracellular signaling events, and, eventually,
cell activation. FcgRI is a high-affinity receptor for IgG2a,

15 and
FcgRIV is a high-affinity receptor for IgG2a and IgG2b.

16 All other
FcgR-IgG interactions are of low affinity (reviewed in Bruhns7).

Three of the 4 IgG subclasses in the mouse, IgG1, IgG2a, and
IgG2b, have been reported to enable the induction of systemic
anaphylaxis, inducing mild-to-severe hypothermia.5,17,18 This is
rather surprising for IgG1, considering that inhibitory FcgRIIB
binds IgG1 with a 10-fold higher affinity (affinity constant
[KA], 3.3 3 106 M21) than activating FcgRIII (KA,
3.1 3 105 M21; Table I),13 implying that inhibition should
dominate over activation. C57Bl/6 wild-type (WT) mice experi-
ence a very mild anaphylactic reaction during IgG1-induced
PSA compared to FcgRIIB2/2 mice,19 indicating that inhibition

by FcgRIIB occurs in WT mice during IgG1-induced PSA,
reducing but not protecting against anaphylaxis. IgG1-dependent
PSA has been reported to rely on basophils20 that coexpress
FcgRIIB and FcgRIII.21 In this apparently simple situation,
only 1 activating receptor and 1 inhibitory receptor are
engaged on a single cell type that, once activated, produces an
anaphylactogenic mediator, such as PAF.20

However, IgG2a and IgG2b bind 3 activating FcgRs and
inhibitory FcgRIIB with different affinities, ranging over 2 logs.
In particular, the affinity of FcgRIIB for IgG2a is significantly
lower than that for IgG2b, whereas the activating IgG receptors
FcgRIII and FcgRIV bind IgG2a and IgG2b with similar affinities,
respectively (Table I). Notably, FcgRIV is not expressed on
basophils but on monocytes/macrophages and neutrophils,14

which have both been reported to contribute to experimental
anaphylaxis.18,22-24 In addition, mice expressing only FcgRIV
can develop IgG-dependent PSA.16 Therefore, together
with expression and binding data, one would hypothesize that
FcgRIV contributes predominantly to IgG2a- and IgG2b-induced
PSA.

In this work we present evidence contrary to this hypothesis
and reveal which activating FcgR on which cell types releasing
which mediators are responsible for IgG2a-dependent PSA and
IgG2b-dependent PSA and the differential regulation of these
models of anaphylaxis by FcgRIIB. Our results unravel a
complex balance determined by FcgR expression patterns,
inhibition potential by FcgRIIB, and respective affinities of
activating and inhibitory FcgRs for IgG subclasses that, together,
regulate the contribution of cells and anaphylactogenic mediators
to a given model of IgG-induced anaphylaxis.

METHODS

Mice
Female C57Bl/6J mice (herein referred to as WT mice) were purchased

from Charles River (Wilmington, Mass), female BALB/cJRj mice were from

Janvier Labs (Le Genest-Saint-Isle, France), and FcgRIIB2/2

(MGI:1857166), FcgRIII2/2 (MGI: 3620982) and Rosa26-YFP mice were

from Jackson Laboratories (Bar Harbor, Me). FcgRI2/2 mice (MGI:

3664782) were provided by J. Leusen (University Medical Center, Utrecht,

The Netherlands), FcgRIV2/2 mice (MGI: 5428684) were provided by J. V.

Ravetch (Rockefeller University, NewYork, NY), growth factor independence

1 (Gfi1)2/2mice were provided by T. Moroy (Montreal University, Montreal,

Quebec, Canada), and MRP8-cre mice were provided by Clifford

Lowell (University of California at San Francisco, San Francisco, Calif).

MRP8-cre and Rosa26-YFP mice were intercrossed to generate MRP8-cre;

Rosa26-YFP mice. Cpa3-Cre; Mcl-1fl/fl mice25 (backcrossed for at least 9

generations on a C57Bl/6J background) were kept in the Stanford University

animal facility. All mouse protocols were approved by the Animal Ethics

committee CETEA (Institut Pasteur, Paris, France) registered under

#C2EA-89 and/or the Institutional Animal Care and Use Committee of

Stanford University.

TABLE I. Affinities of mouse FcgR-IgG subclass interactions

(KA values in M21)

IgG1 IgG2a IgG2b IgG3

FcgRI 2 1 3 108 1 3 105 (1)

FcgRIIB 3.3 3 106 4.2 3 105 2.2 3 106 2
FcgRIII 3.1 3 105 6.8 3 105 6.4 3 105 2
FcgRIV 2 2.9 3 107 1.7 3 107 2

Data were compiled from Nimmerjahn and Ravetch13 and Nimmerjahn et al.14

2, No detectable affinity; (1), under debate.11,12
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Antibodies and reagents
PBS and clodronate liposomes were prepared as previously described.26

Trinitrophenyl (TNP[21-31])–BSA was obtained from Santa Cruz Biotech-

nology (Dallas, Tex), ABT-491 was obtained from Sigma-Aldrich (St Louis,

Mo), cetirizine DiHCl was obtained from Selleck Chemicals (Houston,

Tex), anti-mouse FcgRIII (275003) was obtained from R&D Systems

(Minneapolis, Minn), and rat IgG2b isotype control (LTF-2) was obtained

from Bio X Cell (West Lebanon, NH). Purified anti-CD200R3 (Ba103) was

provided by H. Karasuyama (Tokyo Medical and Dental University Graduate

School, Tokyo, Japan). The hybridoma producing mAb anti-mouse FcgRIV

(9E9) was provided by J. V. Ravetch (Rockefeller University), anti-Ly6G

(NIMP-R14) was provided by C. Leclerc (Institut Pasteur), IgG1 anti-TNP

(TIB-191) was provided by D. Voehringer (Universit€atsklinikum, Erlangen,

Germany), IgG2a anti-TNP (Hy1.2) was provided by Shozo Izui (University

of Geneva, Geneva, Switzerland), and IgG2b anti-TNP (GORK) was provided

by B. Heyman (Uppsala Universitet, Uppsala, Sweden); corresponding

antibodies were purified, as previously described.18 Purified mouse IgE

anti-TNP was purchased from BD PharMingen (San Jose, Calif). The mAb

9E9 was coupled to fluorescein isothiocyanate (FITC) by using the Pierce

FITC Antibody labeling kit (Life Technologies, Grand Island, NY).

Antibodies used for flow cytometry staining of c-Kit (clone 2B8), CD49b

(clone DX5), IgE (clone R35-72), CD11b (clone M1/70), F4/80 (clone

6F12), CD115 (clone T38-320), Ly6G (clone 1A8), and Ly6C (clone

AL-21) were purchased from BD PharMingen; CD45 (clone 30F11) and

Gr1 (clone RB6-8C5) were purchased from Miltenyi Biotec (Bergisch

Gladbach, Germany). FcgRIIB was detected by using the FITC-coupled

mAb AT130-2 mIgG1 N297A.27

PSA
IgG-induced PSA. IgG1, IgG2a, or IgG2b anti-TNP antibodies

were administered intravenously at a dose of 500 mg, if not otherwise

indicated, in 200 mL of physiologic saline, followed by an intravenous

challenge with 200 mg of the antigen (TNP-BSA) in physiologic saline

16 hours later.

IgE-induced PSA. IgE anti-TNP antibodies were administered

intravenously at a dose of 50 mg in 200 mL of physiologic saline,

followed by an intravenous challenge with 500 mg of TNP-BSA in

physiologic saline 24 hours later. The body temperature of mice was

monitored with a digital thermometer with a rectal probe (YSI, Yellow

Springs, Ohio).

In vivo blocking and cellular depletion
Three hundred microlitres per mouse of PBS or clodronate liposomes,

300 mg/mouse of rat IgG2b isotype control or anti-Ly6G, and 30 mg/mouse of

anti-CD200R3 mAbs were injected intravenously 24 hours before

challenge. The specificity of cell depletion was evaluated by using flow

cytometry on blood, bone marrow, and splenic and peritoneal cells

taken from naive WT mice 24 hours after injection of the depleting

antibody or clodronate-liposomes (examples are shown in Figs E1 and E2

in this article’s Online Repository at www.jacionline.org). Twenty-five

micrograms per mouse of ABT-491 or 300 mg/mouse of cetirizine was

injected intravenously 20 minutes or intraperitoneally 30 minutes before

challenge, respectively. Two hundred micrograms per mouse of anti-FcgRIV

mAb was injected intravenously 30 minutes before challenge.

Flow cytometric analysis
Freshly isolated cells were stainedwith indicated fluorescently labeledmAbs

for 30 minutes at 48C. Cell populations were defined as follows: neutrophils

(CD451/CD11b1/Ly6Ghi/Ly6Cint), monocytes (CD451/CD11b1/Ly6Glo/

Ly6Clo/hi), basophils (CD45int/CD49b1/IgE1), spleen macrophages (CD451/

CD11b1/Gr-1lo/CD1151/F4/80hi), peritoneal macrophages (CD451/CD11b1/

F4/801), and peritoneal mast cells (CD451/c-Kit1/IgE1). FcgR expression

on the indicated cell population is represented as D geometric mean between

specific and isotype control staining.

Surface plasmon resonance analysis
Experiments were performed at 258Cwith a ProteOnXPR36 real-time SPR

biosensor (Bio-Rad Laboratories, Hercules, Calif). Anti-TNP antibodies were

immobilized covalently through amine coupling on the surface of a GLC chip.

TNP-BSAwas then injected on the chip at a flow rate of 25 mL $ min21, with

contact and dissociation times of 8 minutes each. Binding responses were

recorded in real time as resonance units (RU; 1 RUz 1 pg/mm2). Background

signals were subtracted, and binding rates (kon [association rate] and koff
[dissociation rate]) and equilibrium constants (Kd [dissociation equilibrium

constant]) were determined with BIAevaluation software (GE Healthcare,

Fairfield, Conn).

ELISAs
After induction of IgG1-, IgG2a-, IgG2b-, or IgE-induced PSA, plasma and

sera were collected at 5 minutes and 3 hours later to determine the histamine

and mast cell protease 1 (mMCP-1) content, respectively. Histamine and

mMCP-1 concentrations were determined with commercially available

ELISA kits (Beckman Coulter, Fullerton, Calif, and eBioscience, San Diego,

Calif), according to the manufacturer’s instructions. The relative binding

affinity of IgG1, IgG2a, and IgG2b anti-TNP antibodies to TNP-BSA was

determined by using ELISA. Briefly, TNP-BSA–coated plates were incubated

with dilutions of IgG1, IgG2a, or IgG2b anti-TNP antibodies. After washing,

bound anti-TNP IgG was revealed by using the same horseradish

peroxidase–coupled anti-mouse IgG and SIGMAFAST OPD Sigma-Aldrich

(St Louis, Mo) solution.

Mast cell histology
Mouse back skin biopsy specimens were collected 24 hours after induction

of specific cell depletion, and mouse ear skin biopsy specimens were collected

30 minutes after IgE-, IgG1-, IgG2a-, or IgG2b-induced PSA and embedded in

paraffin before sectioning. Mast cells in toluidine blue–stained biopsy speci-

mens were counted visually in at least 15 fields of view per mouse and

more than 6 mice per treatment (see Fig E1, I).

Statistics
Data were analyzed by using 1-way or 2-way ANOVA with the Tukey

posttest. A P value of less than .05 was considered significant. If not stated

otherwise, data are represented as means 6 SEMs.

RESULTS

FcgRIII dominates anaphylaxis induced by IgG

subclasses
PSAwas induced by means of an intravenous injection of one

of the different anti-TNP IgG isotypes (IgG1, IgG2a, and IgG2b),
followed by an intravenous challenge with TNP-BSA 16 hours
later. This protocol induces a transient decrease in body
temperature that is most pronounced between 30 and 40 minutes.
As reported previously,3,18,20,22,28 all 3 IgG isotypes were capable
of inducing anaphylaxis in WT mice (Fig 1). In these experi-
mental conditions IgG1-induced PSA triggered a maximum
temperature loss of approximately 28C, IgG2a-induced PSA
triggered a maximum temperature loss of approximately 48C,
and IgG2b-induced PSA triggered a maximum temperature loss
of approximately 38C in WT mice. Using single FcgR knockout
mice we evaluated the contribution of each of the 4 mouse FcgRs
to these anaphylaxis models. The absence of either FcgRIV (with
the exception of a single time point in IgG2b-induced PSA) or
FcgRI had no significant effect on IgG- PSA–induced hypother-
mia, regardless of the subclass of IgG antibodies used to induce
anaphylaxis (Fig 1). However, the lack of FcgRIII protected
mice from anaphylaxis in all models.
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Mice lacking the inhibitory receptor FcgRIIB had a signifi-
cantly more severe temperature decrease than seen in WT mice
with IgG1- or IgG2b-induced PSA but showed no significant dif-
ference in the severity of IgG2a-induced PSA (Fig 1). Even though
the 3 anti-TNP IgGmAbs used are not switch variants of a unique
anti-TNP antibody, they show comparable binding to TNP-BSA,
as determined by using ELISA, and similar affinity (nanomolar
range) and dissociation rates (koff), as determined by using sur-
face plasmon resonance analysis, particularly the IgG2a and
IgG2b anti-TNP antibodies (see Fig E3, A-C, in this article’s
Online Repository at www.jacionline.org).

Of note, untreated FcgR-deficient mice presented modest
variations in FcgR expression levels (see Fig E4 in this article’s
Online Repository at www.jacionline.org) and leukocyte
representation among blood cells compared with WT mice (see
Fig E5 in this article’s Online Repository at www.jacionline.
org). In particular, a mild lymphopenia in FcgRIV2/2 and
FcgRIIB2/2 mice (the latter also have a tendency to express
higher levels of FcgRIII and FcgRIV) and a mild eosinophilia
in FcgRIII2/2 mice, which also express significantly more

FcgRIIB on neutrophils and Ly6Chi monocytes, were seen.
Together, we think that these variations do not explain the drastic
phenotypes observed for PSA in FcgRIIB2/2 and FcgRIII2/2

mice compared with WT mice. Thus these data indicate that
FcgRIII predominates in the induction of IgG1-, IgG2a-, and
IgG2b-induced PSA and that FcgRIIB specifically dampens
anaphylaxis severity in mice with IgG1- and IgG2b-induced PSA.

Basophils, mast cells, monocytes/macrophages

and neutrophils contribute differentially to IgG

isotype-dependent anaphylaxis models
FcgRIII is expressed by all myeloid cells7,21 and, to a lesser

extent, by natural killer (NK) cells.29 Therefore one might antic-
ipate that IgG immune complexes formed in vivo as a conse-
quence of TNP-BSA injection in anti-TNP–sensitized mice
would engage FcgRIII on these cells, leading to cell activation
and possibly contributing to anaphylaxis. Basophils, mast cells,
neutrophils, and monocyte/macrophages have indeed been re-
ported to contribute to IgG-induced PSA,17,18,20,22; however, the

FIG 1. FcgRIII dominates in IgG-induced PSA models. Mice injected with anti-TNP mAbs were challenged

with TNP-BSA, and body temperatures were monitored: IgG1-induced PSA (A), IgG2a-induced PSA (B), or

IgG2b-induced PSA (C) in indicated mice (n >_ 3 per group). Data are representative of at least 2 independent

experiments (Fig 1, A: n 5 2; Fig 1, B: n 5 3; Fig 1, C: n 5 2). Significant differences compared with the WT

group are indicated. *P < .05, ***P < .001, and ****P < .0001.

FIG 2. Basophils, mast cells, monocytes/macrophages, and neutrophils contribute differentially to IgG-

induced PSA models. Indicated mice (n >_ 8 per group) were injected with IgG2a (A-E) or IgG2b (F-J) anti-TNP

mAbs and challenged with TNP-BSA, and body temperatures were monitored. WT mice (n 5 8 per group)

were pretreated, as indicated (Fig 2, A, C, D, F, H, and I). Lipo-PBS, PBS liposomes; Lipo-Cd, clodronate

liposomes. Data are pooled from at least 2 independent experiments. *P <.05, **P <.01, and ****P < .0001.
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respective contribution of each of these different cell types re-
mains debated.2,28 To investigate which cell types contribute to
PSA induced by different IgG subclasses, we depleted basophils
(anti-CD200R3 mAb), monocytes/macrophages (clodronate-
filled liposomes), or neutrophils (anti-Ly6G) before anaphylaxis
induction or evaluated anaphylaxis induction in transgenic mice
deficient in certain cell populations.

Of note, the relatively mild temperature loss in WT mice with
IgG1-induced PSA (see Fig E6, A, in this article’s Online Repos-
itory at www.jacionline.org) did not allow us to address reliably
the contribution of either basophils or neutrophils to this model
of anaphylaxis. Therefore we restricted our analysis of the contri-
bution of myeloid cell populations to IgG2a- and IgG2b-induced
PSA. Antibody-induced basophil depletion or genetically
induced mast cell and basophil deficiency (see Fig E2, H:
Cpa3-Cre; Mcl-1fl/fl mice25) did not affect IgG2a-induced
PSA (Fig 2, A and B) but significantly inhibited IgG2b-induced
PSA (Fig 2, F and G). Monocyte/macrophage depletion (Fig 2,
C and H) significantly inhibited both IgG2a- and IgG2b-induced
PSA. The absence of neutrophils, either after antibody-
mediated depletion (Fig 2, D and I) or with neutropenic Gfi12/2

mice (Fig 2, E and J),30 significantly inhibited both IgG2a-
and IgG2b-induced PSA. Although monocytes/macrophages
and neutrophils appear to contribute to both models of anaphy-
laxis, basophils and possibly mast cells contribute specifically
to IgG2b- but not IgG2a-induced PSA.

FcgRIII is downregulated specifically on neutrophils

after IgG2a-induced PSA
Khodoun et al31 proposed to use the reduced expression

of FcgRIII on mouse neutrophils as a marker to distinguish

IgE- from IgG1-induced PSA, both of which required
priming with an antigen-specific antibody and challenge
with the recognized antigen. Therefore we wondered whether
FcgRIII expression on neutrophils might also be a marker
for IgG2a- and IgG2b-induced PSA. In addition, reduced
expression of FcgRs after IgG-induced PSA might document
that a particular cell population is activated after engagement
of its FcgRs by IgG-immune complexes during anaphylaxis.
Thus this parameter can be used to discriminate cell popula-
tions contributing to anaphylaxis after direct activation by
IgG-immune complexes from those contributing after
activation by mediators liberated by IgG-immune complex–
activated cells (eg, histamine, PAF, leukotrienes, and
prostaglandins).

Among mouse IgG receptors, only FcgRIIB, FcgRIII, and
FcgRIV are significantly expressed on circulating myeloid cells
but not FcgRI.7,32,33 Of circulating monocyte populations, ‘‘clas-
sical’’ Ly6Chi monocytes are FcgRIIBmedFcgRIIImedFcgRIV2,
whereas ‘‘nonclassical’’ Ly6Clo monocytes are FcgRII-
BloFcgRIIIloFcgRIVhi.34 Thereforewe determined the expression
of FcgRIIB, FcgRIII, and FcgRIV before and after IgG2a-induced
PSA induction on neutrophils and monocyte subsets. Expression
of FcgRIII was downregulated on neutrophils, but not on Ly6Chi

monocytes, during IgG2a-induced PSA (Fig 3, A and D). Expres-
sion of FcgRIVwas also downregulated on neutrophils, but not on
Ly6Clo monocytes, during IgG2a-induced PSA (Fig 3, B and D).
This was unexpected considering that FcgRIV does not
significantly contribute to this PSA model (Fig 1, B). However,
FcgRIIB expression remained unchanged on Ly6Chi and Ly6Clo

monocytes and neutrophils (Fig 3, C and D), which is in
agreement with the lack of contribution of this receptor to
IgG2a-induced PSA (Fig 1, B).

FIG 3. Reduced expression of FcgRIII and FcgRIV, but not FcgRIIB, on neutrophils after IgG2a-induced PSA.

A-C, FcgRIII (Fig 3, A), FcgRIV (Fig 3, B), and FcgRIIB (Fig 3, C) expression on blood cells fromWTmice (Fig 3,

A and B: n 5 11 per group; Fig 3, C: n >_ 6 per group) left untreated, injected with IgG2a anti-TNP mAbs, or

injected with IgG2a anti-TNP mAbs and challenged with TNP-BSA is shown. D, Compilation of D geometric

mean (GeoMean) 6 SEM data from Fig 3, A-C. Ag, Antigen. *P < .05, **P < .01, and ****P < .0001.
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Together, these data suggest that neutrophils might be activated
directly through FcgRIII by immune complexes formed during
IgG2a-induced PSA. They also suggest that neutrophils, but not
Ly6Clo monocytes, can be similarly activated through FcgRIV,
even if no contribution of this receptor was identified in this model
using FcgRIV2/2 mice (Fig 1, B).

Increased IgG2 antibody doses reveal the

contribution of FcgRIV to IgG2a and IgG2b-induced

PSA
In mice FcgRIV binds monomeric IgG2a and IgG2b. Therefore

at physiologic concentrations of IgG2a (approximately 2.5 mg/
mL) and IgG2b (approximately 1.5 mg/mL) in serum, FcgRIV
might be occupied in vivo, particularly on circulating neutrophils
and monocytes. Nevertheless, the short binding half-lives of
monomeric IgG2a (half-life, approximately 3 minutes) and mono-
meric IgG2b (half-life, approximately 10 minutes) by FcgRIVand
their ability to be displaced from this receptor by immune
complexes16 might enable IgG2-immune complexes to interact
with FcgRIV during anaphylaxis and therefore contribute to its
induction, severity, or both.

To explore this possibility, we primed FcgRIII2/2 mice
with various doses of anti-TNP IgG2a before challenge with
TNP-BSA to induce a range of in vivo concentrations of immune
complexes. As expected, the low doses did not trigger FcgRIII2/2

mice to have anaphylaxis after challenge. However, increased
doses (1 or 2 mg) enabled significant temperature decreases in
FcgRIII2/2 mice comparable with those observed in WT mice
primed with 500 mg of IgG2, particularly at the highest dose of
IgG2a (2 mg; Fig 4, A). Already at a dose of 1 mg of IgG2,
FcgRIII2/2 mice had mild hypothermia with IgG2a- but not
IgG2b-induced PSA (Fig 4, B and C). Unexpectedly, in the same
conditions FcgRIV contributed to IgG2b-induced PSA, which
was no longer dampened by inhibitory FcgRIIB (Fig 4, C). At a
dose of 2 mg of IgG, FcgRIII2/2 mice had hypothermia with
both IgG2a- and IgG2b-induced PSA, which was abolished when
FcgRIII2/2 mice were pretreated with a blocking antibody
against FcgRIV (Fig 4, D and E). FcgRI did not contribute to
either model of IgG2-induced PSA at an increased dose (Fig 4,
B and C). Furthermore, FcgRIII expression was downregulated
on neutrophils and basophils, but not on Ly6Chi monocytes, after
IgG2b-induced PSA (Fig 5, A andD). FcgRIVexpression was also
downregulated on neutrophils, but not on Ly6Clo monocytes (Fig
5, B and D). However, FcgRIIB expression did not change on
either neutrophils or Ly6Chi and Ly6Clo monocytes, even though
this inhibitory receptor regulates IgG2b-induced PSA (Figs 1, C,
and 5, C and D). This observation is in agreement with the study
by Khodoun et al,31 which reported that FcgRIIB expression did
not change on neutrophils after IgG1-induced PSA. Altogether,
high doses of antigen-specific IgG2 reveal the contribution of
FcgRIV to IgG2a-induced PSA and IgG2b-induced PSA and

FIG 4. High doses of IgG2 antibodies reveal FcgRIV contribution to IgG2-induced PSA. A, PSA in indicated

mice injected with various doses of IgG2a anti-TNP mAbs (n 5 2 per group). B-E, PSA in indicated mice

(Fig 4, B and C: n 5 8 per group; Fig 4, D and E: n >_ 3 per group) injected with indicated doses of

anti-TNP mAbs. Data are pooled from 2 independent experiments. Significant differences compared with

the untreated WT group are indicated. **P < .01, ***P < .001, and ****P < .0001.
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suggest the direct activation of neutrophils and basophils by
IgG2b-immune complexes.

IgG1-induced PSA in the absence of inhibitory

FcgRIIB
The unexpected differences observed between IgG2a- and

IgG2b-induced PSA induction pathways prompted us to find
a mouse model more sensitive to IgG1-induced PSA than
WT mice to be able to evaluate the contribution of cell types
and mediators in this model. Indeed, as mentioned earlier,
WT mice respond poorly in a model of IgG1-induced PSA
(Fig 1, A, and see Fig E6, A).19 However, FcgRIIB2/2 mice
experience a temperature decrease of approximately 48C during
IgG1-induced PSA, which is comparable with temperature
losses observed in WT mice during IgG2a- or IgG2b-induced
PSA (Fig 1, B and C). Therefore we analyzed the contribution
of cell types to IgG1-induced PSA in FcgRIIB2/2 mice.
Basophil depletion mildly but significantly inhibited IgG1-
induced PSA (Fig 6, A), which is in agreement with previous
data.20 The depletion of neutrophils had the same effect,
although not consistently as strongly as basophil depletion
(Fig 6, B, and data not shown). Monocyte/macrophage
depletion had a tendency to ameliorate anaphylaxis that was
reproducible but not significant (Fig 6, C). These results
suggest that IgG1-induced PSA relies on basophils and neutro-
phils and possibly also monocytes.

PAF and histamine contribute differentially to

IgG2a- and IgG2b-induced PSA
Because cell types contribute differently to IgG2-induced PSA

models (ie, IgG2a-induced PSA for neutrophils and monocytes
and IgG2b-induced PSA for basophils, neutrophils, and mono-
cytes), one can expect that the mediators responsible for clinical
signs also might differ between them. PAF has been shown to be
responsible for anaphylactic reactions that required basophil,20

neutrophil,18,24 and/or monocyte/macrophage22 activation,
whereas histamine has been shown to be responsible for mast
cell– and basophil-dependent anaphylaxis.35,36 Neutrophils are
the main producers of PAF,37 whereas mast cells and basophils
are the main producers of histamine.38,39 Therefore we analyzed
the relative contribution of these 2 mediators to the 3 models of
PSA by using the histamine receptor 1 antagonist cetirizine and
the PAF receptor antagonist ABT-491. Surprisingly, the histamine
receptor 1 antagonist cetirizine significantly inhibited IgG1-
induced PSA, whereas the PAF receptor antagonist ABT-491
had no significant effect, which is in opposition to previous
data.20 The combination of both antagonists had an additive effect
and almost abolished IgG1-induced PSA (Fig 7, A). The results
obtained in FcgRIIB2/2 mice were confirmed in WT mice
(Fig 7, A). Whereas cetirizine mildly reduced hypothermia in
IgG2a-induced PSA, it significantly inhibited IgG2b-induced
PSA. ABT-491 mildly reduced hypothermia in mice with
IgG2a-induced PSA but had no significant effect on mice with
IgG2b-induced PSA (Fig 7, B and C). However, the combination

FIG 5. Expression of FcgRs on myeloid cells after IgG2b-induced PSA. A-C, FcgRIII (left: n 5 8 per group,

right: n 5 3 per group; Fig 5, A), FcgRIV (n 5 8 per group; Fig 5, B), and FcgRIIB expression (n >_ 6 per group;

Fig 5, C) on cells from WT mice (n 5 8 per group) left untreated, injected with IgG2b anti-TNP mAbs, or in-

jected with IgG2b anti-TNP mAbs and challenged with TNP-BSA. D, Compilation of D geometric mean

(GeoMean)6SEM data from Fig 5,A-C.Ag, Antigen. In this figure 1 or 0.5mg of IgG2bwas injected to assess

expression on neutrophils/monocytes or basophils, respectively. *P <.05, **P <.01, and ****P <.0001.
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of cetirizine and ABT-491 almost abolished both IgG2a- and
IgG2b-induced PSA. Increased plasma histamine levels were de-
tected 5minutes after challenge in all 3 IgG-induced PSAmodels,
and particularly high levels were observed in mice undergoing
IgE-induced PSA (as a positive control) or IgG2a-induced PSA
(Fig 7, D and E). This latter finding is surprising because IgG2a-
induced PSA is unaffected by the absence of both mast cells
and basophils, which are considered major sources of histamine.
mMCP-1, which is released on activation of mucosal mast cells,
could be detected in the sera of mice undergoing IgE-induced
PSA but not in those undergoing any one of the 3 models of
IgG-induced PSA 3 hours after PSA induction (Fig 7, F).
Collectively, these results suggest that histamine predominantly
contributes to IgG1- and IgG2b-induced PSA, whereas histamine
and PAF together are necessary for IgG2a-induced PSA.

DISCUSSION
Our work suggests that the activating IgG receptor FcgRIII

predominantly contributes to IgG-dependent PSA, irrespective of
whether induced by IgG1, IgG2a, or IgG2b antibodies.
A contribution of the activating IgG receptor FcgRIV was only
identified when using very high amounts of IgG2 antibodies,
whereas the activating IgG receptor FcgRI played no detectable
role. Remarkably, the inhibitory IgG receptor FcgRIIB controlled
the severity of IgG1- and IgG2b- but not IgG2a-induced anaphy-
laxis. The ability of FcgRIIB to inhibit a given model of IgG-
induced anaphylaxis correlated with the contribution of basophils
and histamine to that model. Indeed, basophils, and possibly mast
cells, contributed with neutrophils to IgG1-induced PSA and with
neutrophils and monocytes to IgG2b-induced PSA but not to
IgG2a-induced PSA, which appeared to depend entirely on
neutrophils and monocytes/macrophages. Altogether, our data
propose that the 3 IgG subclasses, IgG1, IgG2a, and IgG2b, induce
3 qualitatively different pathways of anaphylaxis that are
nevertheless triggered primarily by a single IgG receptor,
FcgRIII.

FcgRIII is a low-affinity receptor for IgG1, IgG2a, and IgG2b,
whereas FcgRI is a high-affinity receptor for IgG2a, and FcgRIV
is a high-affinity receptor for IgG2a and IgG2b. Therefore one
would assume that FcgRIII predominates in IgG1-induced PSA,
FcgRI and FcgRIV predominate in IgG2a-induced PSA,
and FcgRIV predominates in IgG2b-induced PSA. However,
our data from FcgRIII2/2 mice indicate that this receptor

predominates in all 3 models. Notably, we found increased
expression of FcgRIIB on neutrophils and Ly6Chi monocytes in
FcgRIII2/2 mice, which could mask a potential contribution of
FcgRIV in these conditions.

In support of the notion that FcgRIII predominates in IgG-
induced PSA induction, an alternative model of PSA induced by
sensitization and challenge with goat antibodies was found to be
driven by FcgRIII,22 and blocking antibodies against FcgRIII
were protective in a model of PSA induced by IgG immune com-
plexes.18 In addition, IgG2a-induced PSA in FcgRIIB2/2 mice
was abolished after injection of anti-FcgRIIB/III blocking
mAbs.5 FcgRIII is the only activating IgG receptor in the mouse
that does not bind an IgG subclass with high affinity, and thus it
remains unoccupied by monomeric IgG and accessible for bind-
ing of immune complexes. This is theoretically not the case for
FcgRI and FcgRIV, which at physiologic serum concentrations
of IgG2a (approximately 2.5 mg/mL) and IgG2b (approximately
1.5 mg/mL), are likely occupied in vivo, particularly on circu-
lating cells. Of note, C57Bl/6 mice produce IgG2c but not IgG2a

antibodies, the amino acid sequence of which varies by about
15%. Experiments performed in BALB/c mice that express
endogenous IgG2a (but no IgG2c) produced similar results
regarding the contribution of basophils, neutrophils, and
monocytes to IgG2a (see Fig E6, B), indicating that IgG2a and
IgG2c sequence variations probably do not affect the mechanisms
of anaphylaxis induction that we describe herein.

Adult female mice of 20 g, as used in this study, possess a
circulating blood volume of 1.4 to 1.5 mL. Injection of 500 mg of
antibody thus corresponds to approximately 330 mg/mL of
circulating antibody, injection of 1 mg corresponds to approxi-
mately 660 mg/mL, and injection of 2 mg corresponds to
approximately 1.3mg/mL. In cases of anaphylaxis, the circulating
concentration of allergen-specific IgG has not been evaluated
because of a lack of testing and appropriate controls (ie, anti-
allergen mAbs), although we have reported high circulating
antigen-specific IgG levels in an autoimmunemodel of arthritis.33

It seems rather unlikely that patients with anaphylaxis possess
such increased circulating levels of IgG anti-allergen as mice
receiving the high doses we used in this study. Nevertheless, our
results in high-dose IgG2a- and IgG2b-induced PSA demonstrate
that FcgRIV can trigger anaphylaxis by itself (ie, in the absence
of FcgRIII). Similar results have been obtained inmice expressing
only FcgRIV: ‘‘FcgRIV-only’’ mice had IgG2b-induced PSA after
injection of preformed IgG2b immune complexes and also on

FIG 6. Cell contributions to IgG1-induced PSA in the absence of inhibitory FcgRIIB. FcgRIIB2/2 mice were

pretreated as indicated, injected with IgG1 anti-TNP mAbs, and challenged with TNP-BSA, and central tem-

peratures weremonitored (A: n5 8 per group; B: n5 7 per group; C: n5 10 per group). Data are represented

as means 6 SEMs. Data are pooled from 2 independent experiments. *P < .05, ***P < .001, and

****P < .0001.
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injection of polyclonal anti-sera, followed by antigen challenge.18

We reported previously that IgG2b-induced PSA triggered by in-
jection of preformed IgG2b-immune complexes in WT mice was
abolished after injection of anti-FcgRIV blocking mAb 9E9.18

This contrasts with the findings of the current study, in which
we show that FcgRIII is the major activating receptor in all
models of IgG-induced PSA and FcgRIV contributes only at high
antibody concentrations. Two hypotheses might explain these
discrepant results: (1) the injection of preformed IgG2b-immune
complexes leads to an immediate circulating bolus of immune
complexes, which are similarly formed only after injection of
high amounts of IgG2b and antigen, thus triggering FcgRIV, and
(2) as recently reported,40 mAb 9E9might not only block FcgRIV
through its Fab portions but also FcgRIII through its Fc portion
once 9E9 is bound to FcgRIV. In our view it is likely that a

combination of these mechanisms reconciles our previous and
herein described results and suggest that IgG2b PSA induced after
injection of preformed IgG2b-immune complexes relies on both
FcgRIII and FcgRIV rather than on FcgRIValone, as we reported
previously.18 Together, this body of evidence supports the notion
that FcgRIV is capable of triggering cell activation leading to
anaphylaxis, although in restricted conditions (ie, in the
absence/blockade of FcgRIII or presence of large amounts of
IgG2a and/or IgG2b antibodies).

The differential contribution of FcgRs to IgG-induced PSA
might rely on their respective expression patterns on myeloid
cells. Indeed, FcgRI is not32,33 or is only barely34 expressed on
circulating monocytes, and its expression is largely restricted to
tissue-resident macrophages. Therefore the level of its expression
on cells reported to contribute to anaphylaxis (ie, monocytes in

FIG 7. Contributions of histamine and PAF to IgG-induced PSA. A-D, Body temperatures of pretreated mice

during IgG1-induced PSA in FcgRIIB2/2 (n 5 6 per group) or WT (n 5 4 per group) mice (Fig 7, A), IgG2a-

induced PSA (Fig 7, B), IgG2b-induced PSA (Fig 7, C) or IgE-induced PSA (Fig 7, D) in WT mice (n >_ 7 per

group). E and F, Histamine (Fig 7, E) and mMCP-1 (Fig 7, F) concentrations after PSA (n 5 3 per group).

Data are representative of at least 2 independent experiments, except for Fig 7, A and C (pooled from 2 in-

dependent experiments). *P < .05, **P < .01, ***P < .001, and ****P < .0001.
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this case) might not suffice to induce their activation. This notion
is supported by the absence of any detectable effect of FcgRI defi-
ciency in the mice with IgG2-induced PSA on which we report in
this study, even at high doses of IgG2 antibodies. However,
FcgRIII is expressed on all myeloid cells7 and, moreover, at
comparably high levels on all those cell types that have been re-
ported to contribute to anaphylaxis: basophils, monocytes, and
neutrophils.21 This pattern of cellular expression might explain
its predominant contribution to all models of IgG-induced
anaphylaxis. FcgRIV is expressed on neutrophils and Ly6Clo

monocytes. However, it remains unclear whether Ly6Clo, Ly6Chi,
or both monocyte subsets contribute to anaphylaxis. FcgRIV
could contribute to PSA induction in exceptional conditions
(FcgRIII deficiency or high IgG2 antibody doses). The lack of
FcgRIV contribution in classical conditions of PSAmight suggest
that its expression level is not sufficient in WT mice. Notably, it
has been reported previously that particular FcgR deficiencies
modify the expression levels of other FcgRs. In particular,
FcgRIII2/2 mice, but not FcgRI2/2 mice, presented a significant
increase in FcgRIVexpression levels on neutrophils18,41,42 and a
tendency for increased expression on Ly6Clo monocytes (see Fig
E4, B). This could explain why the contribution of FcgRIV to
IgG2-induced PSA becomes apparent in FcgRIII2/2 mice.
Conversely, FcgRIV2/2 mice did not present alterations of
FcgRIII expression on neutrophils or Ly6Chi monocytes
compared with WT littermates (see Fig E4, A). FcgRIIB2/2

mice expressed significantly higher levels of FcgRIII and FcgRIV
on neutrophils and increased FcgRIII levels on Ly6Chi monocytes
that might, altogether, contribute to their higher susceptibility to
anaphylaxis induction (see Fig E4, A and B).

The contribution of a rather restricted subset of myeloid cells to
these (and other) models of anaphylaxis2,3 appears to be deter-
mined by at least 2 factors: their capacity to release anaphylacto-
genic mediators (eg, histamine or PAF) and their expression of
sufficient levels of activating IgG receptors. Mast cells and baso-
phils release histamine, and neutrophils monocytes/macrophages,
and basophils release PAF on FcgR triggering. Other mediators
might induce anaphylaxis or contribute to its severity, among
them lipid mediators, such as prostaglandins, thromboxanes,
and leukotrienes. Indeed, some of these have been reported to
trigger bronchoconstriction and an increase in vascular perme-
ability.43 The release of such mediators is sufficiently rapid to
coincide with the celerity of hypothermia, which is detectable
within minutes after allergen challenge. Therefore it is surprising
that eosinophils do not contribute to IgG-induced PSA because
they express high levels of activating FcgRIII and FcgRIIB21

(but no FcgRI or FcgRIV) and are capable of releasing leuko-
triene C4, prostaglandin E2, thromboxane, and PAF on activa-
tion.43 Although eosinophils appear in relatively low numbers
among blood cells (approximately 2 3 105/mL), this is an un-
likely explanation because basophils are significantly less
numerous (approximately 5 3 104/mL) but do contribute to
anaphylaxis models. Most revealingly, it has been reported that
eosinophils do not release PAF after IgG-dependent activation.44

Whether eosinophils produce other potentially anaphylactogenic
mediators after IgG-immune complex activation has not been
investigated, but the lack of such an effect appears the most
reasonable hypothesis to explain why eosinophils have not been
found to contribute to IgG-induced anaphylaxis.

We investigated the contribution of neutrophils and monocytes
to IgG-induced PSA models by using depletion approaches.

Ly6G1 cell depletion with NIMP-R14 resulted in an efficient
depletion of neutrophils in the blood and spleen (see Figs E1,
B, and E2, B). The same treatment resulted only in partial deple-
tion in the bone marrow, in which a proportion of Ly6G1 cells are
masked from fluorescent anti-Ly6G staining but not depleted by
NIMP-R14 treatment (refer to bone marrow panels in Figs E1,
C and D, and E2, C, D, and I). Importantly, we found that
NIMP-R14 depletion has a significant effect on monocyte popu-
lations in the blood and, to some extent, in the spleen. This should
be taken into consideration when interpreting the results of
NIMP-R14 depletion experiments. All IgG-induced PSA models
were ameliorated after NIMP-R14 depletion but alsowhenmono-
cytes/macrophages were targeted by using clodronate liposomes.
Intravenous injection of clodronate liposomes resulted in a signif-
icant depletion of monocytes from the blood and monocytes/mac-
rophages from the spleen and bone marrow but not from the skin
(data not shown) and peritoneum (see Figs E1 and E2, as previ-
ously reported26) and to a significant increase in blood leukocyte
counts, particularly neutrophils (see Figs E1 and E2). Thus the
anti-Ly6G and clodronate liposome treatments alter also mono-
cytes and the neutrophil compartment, respectively, but reduce
hypothermia in the 3models of IgG-induced PSA studied. Consti-
tutive deficiency in neutrophils, as studied with Gfi12/2 mice,
confirmed the role of neutrophils in IgG2a- and IgG2b-induced
PSA models. Therefore both neutrophils and monocytes can be
considered to contribute to IgG-induced anaphylaxis in mice,
whether dependent on IgG1, IgG2a, or IgG2b. The role of macro-
phages in the different IgG-induced PSA models remains to be
investigated more deeply because clodronate liposomes injected
intravenously efficiently targeted macrophages in the spleen but
not in other tissues, such as the peritoneum or skin, and this
does not allow conclusions on their contribution.

The contribution of basophils to models of anaphylaxis has been
a recent matter of debate. Tsujimura et al20 reported that depletion
of basophils with anti-CD200R3 (clone Ba103) mAbs strongly in-
hibited IgG1-induced PSA and rescued mast cell–deficient mice
from active anaphylaxis. However, Ohnmacht et al45 found that
basophil-deficient Mcpt8cre mice demonstrated slightly decreased
but significant hypothermia in response to IgG1-induced PSA
(induced with the same antibody clone) when compared with
WT mice. More recently, Reber et al36 reported that peanut-
induced anaphylaxis was reduced after diphtheria toxin injection
in Mcpt8DTR mice, which selectively depletes basophils, and
confirmed that basophil depletion with anti-CD200R3 mAbs in-
hibited anaphylaxis. Moreover, Khodoun et al5 found a contribu-
tion of basophils to anaphylaxis-related mortality but not to
hypothermia in a model of IgG2a-induced PSA after anti-
CD200R3 mAb injection. Therefore it appears that differences be-
tween inducible basophil depletionwith specific antibodies or toxin
administration and a constitutive lackof basophils, possibly leading
to compensatory mechanisms during development of these mice,
might account for the divergent results observed. However, intrigu-
ingly, basophils have been reported to be resistant to IgG-immune
complex triggering ex vivo because of dominant inhibition by
FcgRIIB over activation by FcgRIII.21

In this study we report that both basophil depletion after anti-
CD200R3 mAb (Ba103) injection or constitutive deficiency of
basophils and mast cells in Cpa3-Cre; Mcl-1fl/fl mice inhibits
IgG2b-induced PSA but not IgG2a-induced PSA, confirming a
role for basophils (and potentially mast cells) to specific IgG-
induced PSA models. Of note, Ba103 efficiently depleted
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basophils from the blood and partially from the spleen and the
bonemarrow but had no significant effect onmast cells in the peri-
toneum or skin (see Figs E1, A and E, and E2, A and E). The dif-
ference in the ability of basophils to respond to IgG-immune
complex triggering in vitro and the various in vivo models might
be explained by functional alterations during basophil purifica-
tion or a requirement for costimulation by other cells or their
products that are present in vivo, but not ex vivo, for basophils
to respond to IgG-immune complexes.

Our results with Cpa3-Cre; Mcl-1fl/fl mice indicate that mast
cells were not necessary for IgG2a-induced PSA. We could not
formally define their role in IgG2b-induced PSA because basophil
depletion and deficiency in basophils and mast cells lead to
similar reduction in IgG2b-induced PSA. Notably, increased
plasma histamine levels, but no increase in mMCP-1 levels, could
be detected, suggesting that mucosal mast cells were not activated
during IgG-induced PSA. Intriguingly, however, some dermal
mast cells displayed a degranulated morphology 30 minutes after
challenge in all IgG-induced PSAmodels tested (for examples see
Fig E7 in this article’s Online Repository at www.jacionline.org).
However, whether their degranulation is a cause or a consequence
of anaphylaxis remains elusive.17

The ability of cells expressing activating FcgRs to respond to
IgG-immune complexes has been proposed to be regulated by
coexpression of FcgRIIB.46 FcgRIIB2/2 mice experience
increased hypersensitivity and anaphylactic reactions to
IgG1-induced PSA (as seen in this report).18,19 Our results further
demonstrate that FcgRIIB inhibits IgG2b-induced PSA but not
IgG2a-induced PSA. This latter finding is supported by results
fromKhodoun et al,5 who proposed that the lack of this inhibitory
receptor can lead to increased spontaneous formation of immune
complexes in FcgRIIB2/2 mice, which could compete with
IgG2a-immune complexes. In light of our results comparing
IgG1-, IgG2a-, and IgG2b-induced PSA, we propose that the
significantly lower affinity of inhibitory FcgRIIB for IgG2a (KA,
4.2 3 105 M21) than for IgG1 (KA, 3.3 3 106 M21) and IgG2b

(KA, 2.2 3 106 M21) is the determining factor (Table I).
Another factor might be the variance in expression
of FcgRIIB on circulating myeloid cells as follows: basophils
> monocytes > eosinophils >> neutrophils.21 Although the exact
numbers of expressed activating FcgRIII and inhibitory FcgRIIB
per cell remain unknown, flow cytometric analysis allowed the
estimation of their relative expression: indeed, the FcgRIII/
FcgRIIB ratio is higher on neutrophils than on monocytes and ba-
sophils. Thus these differential expression levels might explain
why neutrophils contribute to anaphylaxis because the receptor
balance is in favor of the activating receptor. Strikingly, FcgRIIB
is coexpressed only with FcgRIII on basophils and Ly6Chi

monocytes, whereas it is coexpressed with FcgRIII and FcgRIV
on neutrophils and Ly6Clo monocytes.34 Therefore contribution
of a given cell type to anaphylaxis might be favored when
inhibitory FcgRIIB is required to dampen the stimulatory
potential of 2 activating IgG receptors instead of 1. This concept
extends to IgG1-immune complexes that only engage one acti-
vating receptor, FcgRIII.

Our results on the contribution of mouse IgG receptors, cells,
and mediators in the setting of IgG-induced anaphylaxis can
potentially be translated to human IgG-dependent anaphylaxis
(eg, after intravenous IgG or therapeutic IgG antibody adminis-
tration). Indeed, even though IgG receptors are different in the 2
species, we have already reported that human FcgRI and human

FcgRIIA can induce anaphylaxis when expressed under the
control of their own promoter in transgenic mice.23,24 Human
FcgRI (CD64) is the equivalent of mouse FcgRI, whereas human
FcgRIIA (CD32A) can be regarded as the equivalent of mouse
FcgRIII, and human FcgRIIIA (CD16A) is the equivalent of
mouse FcgRIV.7 Human FcgRIIA, like mouse FcgRIII, is ex-
pressed on all myeloid cells and could therefore act as the prin-
cipal IgG receptor responsible for anaphylaxis in human
subjects. Human FcgRIIB, the equivalent of mouse FcgRIIB, is
scarcely expressed on most circulating myeloid cells,47 except
for its high expression on basophils,21 suggesting that among
myeloid cells, only human basophils are highly sensitive to hu-
man FcgRIIB-mediated inhibition. In contrast to mouse FcgRI,
human FcgRI is constitutively expressed on circulating mono-
cytes and inducibly on neutrophils, allowing this receptor to
induce anaphylaxis.24 The binding of human IgG subclasses to
human FcgRs differs strikingly from the binding of mouse IgG
subclasses to mouse FcgRs. Noticeably, the affinity of human
FcgRIIB for any human IgG subclass is the lowest among human
IgG–human FcgR interactions. For example, human IgG1, the
equivalent of mouse IgG2a, is bound by all activating human
FcgRs (KA, >10

6 M21) with at least a 10-fold higher affinity
than by inhibitory human FcgRIIB (KA, 105 M21).48 If we
consider the translation of our results obtained in the mouse to hu-
man IgG-induced anaphylaxis, one could anticipate that human
FcgRIIB-mediated inhibition of IgG-induced anaphylaxis is inef-
ficient in human neutrophils and monocytes and efficient only in
human basophils for which increased human FcgRIIB expression
might compensate for the low-affinity version of this receptor for
human IgG subclasses. Certainly, FcgR engagement by IgG im-
mune complexes on human basophils could not trigger any
detectable basophil activation in vitro,21 which is similar to the re-
sults we reported for mouse basophil activation. Altogether, our
data propose that the differential expression of inhibitory
FcgRIIB on myeloid cells and its differential binding of IgG
subclasses control the contribution of basophils, neutrophils,
and monocytes to IgG-dependent anaphylaxis, thus revealing
novel complexities in the mechanism of regulation of cell
populations and therefore their contribution to IgG-induced
reactions in vivo.
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Clinical implications: Anaphylactic pathways induced by
different IgG subclasses in mice vary in terms of contributions
by different cell types,mediators, and antibody receptors. These
results might help in the design of efforts to understand and
treat IgG-induced anaphylaxis in human subjects, such as those
seen after intravenous IgG or administration of therapeutic IgG
antibodies.
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FIG E1. Effects of depletion strategies on myeloid cell populations: cell counts. WT mice were treated with

indicated reagents. Twenty-four hours after injection, counts of specific cell populations were determined

by means of flow cytometry (A-G) or histology (I and J), and leukocyte counts in total blood were measured

with an automatic blood analyzer (H): counts of basophils (Fig E1, A), neutrophils (Fig E1, B), Ly6Chi

monocytes (Fig E1, C), and Ly6Clo monocytes (Fig E1, D) in blood, spleen, and bone marrow; peritoneal

mast cells (Fig E1, E); peritoneal macrophages (Fig E1, F); and splenic macrophages (Fig E1, G). I, Represen-

tation of a toluidine blue–stained back skin section with 2 mast cells (arrows). J, Counts of mast cells per

square millimeter in the dermis of WT mice. Fig E1, A-H, show 1 of 3 independent experiments. Individual

measurements and means6 SEMs are represented. Ba103, Anti-CD200R3 mAb; CS, clodronate liposomes;

Iso, isotype rat IgG2b; NIMP, anti-Ly6G mAb; PBS, PBS liposomes.
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FIG E2. Effects of depletion strategies on myeloid cell populations: frequencies. WTmice were treated with

indicated reagents. A-G, Twenty-four hours after injection, percentages of specific cell populations

among CD451 cells were determined by means of flow cytometry: basophils (Fig E2, A), neutrophils (Fig

E2, B), Ly6Chi monocytes (Fig E2, C), and Ly6Clo monocytes (Fig E2, D) in blood, spleen, and bone marrow;

peritoneal mast cells (Fig E2, E); peritoneal macrophages (Fig E2, F); and splenic macrophages (Fig E2, G).

Fig E2, H, Percentages of peritoneal mast cells (pMC FcεRI1/c-Kit1) and blood basophils (FcεRI1/CD49b1) in

Cpa3-Cre; Mcl-1fl/fl and Cpa3-Cre; Mcl-11/1 mice. I, Left, Percentages of YFP-positive cells in MRP8-Cre;

Rosa26-YFP mice. Right, Effect of NIMP-R14 injection on neutrophils (percentages and counts of CD451/

YFP1/Ly6Cneg/CD115neg cells) in blood, spleen, and bone marrow of MRP8-Cre; Rosa26-YFP mice. Fig E2,

A-H, show corresponding percentages to cell counts shown in Fig E1 and display values for individually

measured mice with means and SEMs. Ba103, Anti-CD200R3 mAb; CS, Clodronate liposomes; Iso, isotype

rat IgG2b, NIMP, anti-Ly6G mAb; PBS, PBS liposomes.
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FIG E3. Relative affinity of IgG1 (TIB191), IgG2a (Hy1.2), and IgG2b (GORK) anti-TNP to TNP-BSA. A, ELISA

anti-TNP. Comparison of binding capacity of TIB191, Hy1.2, or GORK to immobilized TNP-BSA. Data are

presented as means 6 SEMs and representative of results from 5 independent experiments. B, Surface

plasmon resonance analysis. Comparison of binding affinity TNP-BSA to immobilized TIB191, Hy1.2 or

GORK clones. C, The table shows the kon, koff, and KD values for each condition.
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FIG E4. FcgR expression in FcgR-deficient mice. Expression of FcgRIII (A), FcgRIV (B), and FcgRIIB (C) is

represented as the D geometric mean (GeoMean) of FcgR-specific staining compared with isotype control

staining from blood leukocytes collected from untreated WT, FcgRI2/2, FcgRIIB2/2, FcgRIII2/2, and

FcgRIV2/2 mice (n 5 4 per group). Data are represented as means 6 SEMs. **P < .01, ***P < .001, and

****P < .0001.
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FIG E5. Blood leukocyte numbers in FcgR-deficient mice. Leukocyte populations were assessed by using an

ABC Vet automatic blood analyzer (Horiba ABX, Irvine, Calif) from blood collected from untreated WT,

FcgRI2/2, FcgRIIB2/2, FcgRIII2/2, and FcgRIV2/2 mice (n 5 4 per group). Granulocytes represent mainly neu-

trophils (as judged by their size and granularity). Data are represented as means 6 SEMs, and each point

represents 1 mouse. GeoMean, Geometric mean. *P < .05 and ***P < .001.
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FIG E6. IgG1-induced PSA induces mild hypothermia in WT mice, and monocytes/macrophages and neu-

trophils contribute to IgG2a-induced PSA in BALB/c mice. A, WT mice were injected with IgG1 anti-TNP

mAbs and challenged with TNP-BSA, and body temperatures were monitored. PSA in mice left untreated

or injected with anti-Ly6G or anti-CD200R3 (n 5 4 per group) is shown. B, BALB/c mice were left untreated

or injected with anti-Ly6G, anti-CD200R3 (n5 6 per group), lipo-PBS (n5 6 per group), or lipo-Cd (n5 6 per

group) before IgG2a-induced PSA induction. Body temperatures were monitored. Data are represented as

means 6 SEMs. Data are pooled from 2 independent experiments. Significant differences compared with

the untreated group are indicated. *P <.05, **P <.01,***P <.001, and ****P <.0001.
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FIG E7. Examples of mast cell degranulation after IgG1-, IgG2a-, and IgG2b-induced PSA. WT mice were in-

jected with IgE, IgG1, IgG2a, and IgG2b anti-TNP mAbs or left untreated (n5 3 for all groups) and challenged

with TNP-BSA. Mouse ear skin biopsy specimens were collected 30 minutes after TNP-BSA injection.

A representation of a toluidine blue–stained ear skin section with 1 mast cell (indicated by an arrow) for 1

mouse of each group of mice is shown.
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ABSTRACT 

 

Two activating mouse IgG receptors (FcγRs) have the ability to bind monomeric IgG, the 

high-affinity mouse FcγRI and FcγRIV. Despite high circulating levels of IgG, reports using 

FcγRI-/- or FcγRIV-/- mice or FcγRIV-blocking antibodies implicate these receptors in IgG-

induced disease severity or therapeutic Ab efficacy. From these studies, however, one cannot 

conclude on the effector capabilities of a given receptor, because different activating FcγRs 

possess redundant properties in vivo, and cooperation between FcγRs may occur, or priming 

phenomena. To help resolve these uncertainties, we used mice expressing only FcγRI to 

determine its intrinsic properties in vivo. FcγRIonly mice were sensitive to IgG-induced 

autoimmune thrombocytopenia, anti-CD20 and anti-tumour immunotherapy, but resistant to IgG-

induced autoimmune arthritis, anaphylaxis and airway inflammation. Our results show that the in 

vivo roles of FcγRI are more restricted than initially reported using FcγRI-/- mice, but confirm 

effector capabilities for this high-affinity IgG receptor in vivo. 
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1. INTRODUCTION 
 

 IgG receptors (FcγR) in both humans and mice are divided into high-affinity IgG 

receptors that are able to retain monomeric IgG, and low-affinity IgG receptors that do not. Both 

high- and low-affinity FcγRs are, however, able to bind to IgG-immune complexes or IgG-

opsonised cells and surfaces. In humans only hFcγRI is a high-affinity IgG receptor, for human 

IgG1, IgG3 and IgG4; and in mice both mFcγRI (for mouse IgG2a) and mFcγRIV (for mouse 

IgG2a and IgG2b) are high-affinity receptors [1]. Although it was proposed that high-affinity 

FcγRs are occupied by circulating IgG in vivo (discussed in [2]), multiple effector roles for 

hFcγRI, mFcγRI and mFcγRIV have been reported using mouse models of disease and therapy 

[3-6]. 

hFcγRI has been studied by exogenous expression in hFcγRItg mice, demonstrating its 

role on dendritic cells in the enhancement of antigen presentation and cross-presentation [7], and 

on neutrophils and monocyte/macrophages in inflammation, autoimmunity and systemic 

anaphylaxis [8].  These studies indicate that hFcγRI can, by itself, induce clinical signs of 

autoimmune diseases, by triggering local inflammation (e.g. autoimmune rheumatoid arthritis) or 

phagocytosis (e.g. autoimmune thrombocytopenia and anaemia [9]). Additionally, hFcγRI was 

reported to induce allergic shock (anaphylaxis) triggered by IgG-immune complexes [8]. Finally, 

hFcγRI may also be a therapeutic target as it can mediate antibody-based therapies such as anti-

malaria [10], anti-metastatic melanoma [8] and angiogenesis prevention [6]. The mouse 

counterpart of hFcγRI, mFcγRI, has been so far studied only by the effect of its absence. 

Compared to wild-type, mFcγRI-/- mice demonstrate reduced reaction severity in models of 

autoimmune diseases such as experimental haemolytic anaemia and arthritis [11, 12]. In addition 
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mFcγRI-/- mice are less susceptible to IgG-mediated systemic anaphylaxis, Arthus reactions [13, 

14], and show reduced efficacy of anti-melanoma [15-17], anti-lymphoma [18] and anti-

angiogenic therapies [6]. mFcγRIV was also initially studied by its absence in mFcγRIV-/- mice 

or by using blocking anti-mFcγRIV mAbs. These studies reported reduced IgG-mediated 

autoimmune anaemia, thrombocytopenia, rheumatoid arthritis, experimental nephrotoxic 

nephritis, but also reduced anaphylaxis and less efficient subcutaneous melanoma therapy in the 

absence or after blockade of mFcγRIV [19, 20]; some of the latter results should be taken with 

caution since mFcγRIV-blocking antibody 9E9 may also block mFcγRIII in vivo [21]. Effector 

functions could nevertheless be definitively attributed to mFcγRIV through the generation of 

mice expressing mFcγRIV without other FcγR. Indeed, using mFcγRIVonly mice we could 

demonstrate that mFcγRIV can individually induce autoimmune thrombocytopenia and 

rheumatoid arthritis, as well as IgG-mediated airway inflammation and anaphylaxis, but not anti-

metastatic melanoma therapy [8, 22-24]. Altogether these data propose multiple effector 

functions for high-affinity receptors hFcγRI, mFcγRI and mFcγRIV in autoimmune and 

inflammatory disease models, and therapy, with direct evidence provided by studies using 

hFcγRItg mice and mFcγRIVonly mice, but only indirect evidence provided by mFcγRI-/- mice. 

The in vivo effector functions proposed for mFcγRI in IgG-mediated autoimmune disease 

and therapy models are surprising, considering its expression is restricted to monocytes, 

monocyte-derived dendritic cells and some tissue-resident macrophages, and is absent on 

neutrophils. As several reports suggest redundant functions among mFcγRs (reviewed in [1, 2]), 

it is uncertain if mFcγRI can induce IgG-mediated autoimmune diseases and therapeutic efficacy 

by itself, or if this receptor is indirectly involved: either for optimal activation via other mFcγRs 

or priming of effector cells. Therefore we analysed the in vivo effector functions of mFcγRI in 
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mFcγRIonly mice, i.e. in the absence of mFcγRIIB, mFcγRIII and mFcγRIV, in comparison with 

mFcγRnull mice that express no mFcγR. Our results identify the effector functions of mFcγRI as 

more restricted than initially reported, but confirm that mFcγRI does function independently in 

vivo, in particular for depletion of IgG-opsonised cells. 
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2. MATERIALS & METHODS 

2.1 Mice 

C57BL/6J mice (WT) were purchased from Charles River. VG1505 (FcγRIonly) mice were 

reported previously [17] and generated by Regeneron Pharmaceuticals, Inc. FcγRnull mice were 

generated by crossing FcγRIonly mice to FcγRI-/- mice. FcγRIonly and FcγRnull mice were bred at 

Institut Pasteur, used for experiments at 8-11 weeks of age and all protocols were approved by 

the Animal Ethics committee CETEA (Institut Pasteur, Paris, France) registered under #C2EA-

89. 

 

2.2 K/BxN serum-induced passive arthritis  

K/BxN serum was generated from a pooled collection of >40 animals. Arthritis was induced by 

i.v. transfer of indicated volumes of K/BxN serum, and scored as described [25]. In some 

experiments mice were sacrificed on day 8 for blinded histological assessment. 

 

2.3 Airway Inflammation 

As previously described [26], mice were injected with 50 μL of rabbit anti-OVA serum i.n. and 

500 μg of OVA i.v. 16-18h later 4 bronchoalveolar lavages (BALs) were performed with cold 

PBS (1x 0.5ml, then 3x 1mL) under lethal anaesthetic. Cells were pooled and stained for flow 

cytometry after RBC lysis; and haemorrhage was determined by OD570nm in the supernatant. 

We confirmed that mFcγRI, like all mouse FcγR, can indeed bind rabbit IgG immune complexes 

(Supplementary Fig.2). 
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2.4 Passive Systemic Anaphylaxis (PSA) 

Mice were sensitised by i.v. injection of 500μg anti-DNP IgG2a (clone Hy1.2) and challenged 

16h later with 200μg TNP(21-31)-BSA i.v. Alternatively, mice were injected with 1mg of heat-

aggregated (1 hour at 63°C in BBS pH8) human IVIG; considering that mouse FcγRI cross-binds 

human IgG subclasses 1, 3 and 4 [27]. Central temperature was monitored using a digital 

thermometer with rectal probe (YSI). 

 

2.5 Experimental Thrombocytopenia 

Blood samples were taken in EDTA before and at indicated time points after i.v. injection of 3 or 

10μg anti-platelet mAb 6A6. Some mice were treated 32h before 6A6 injection with PBS- or 

clodronate- liposomes. Platelet counts were determined using an ABC Vet automatic blood 

analyser (Horiba ABX). 

 

2.6 Tumour Immunotherapy 

Mice were depilated and received 5x105 B16-Luc2+ cells s.c. on d0. Where indicated, mice were 

injected i.v. with 200μg mAb TA99 on d1, d2 and d3 (Figure 4A, closed symbols), and control 

groups were untreated (Figure 4A, open symbols). Bioluminescence was acquired from 

anaesthetised mice on d1, d7 and d13, 10 min after injection of 75μg luciferin s.c. (IVIS 

Spectrum CT, Caliper Life Sciences), and images were analysed with Living Image software. 

 

2.7 Anti-mouse CD20 treatment 

Mice received a single i.v. injection of 50μg anti-mouse CD20 (clone 5D2, rat IgG2a, Genentech) 

to deplete endogenous B cells, or saline control, and CD19+B220+ B cells in the blood, spleen 
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and inguinal lymph nodes were assessed 16 hours later by flow cytometry. Remaining B cells 

were calculated as a percentage of the average of vehicle-treated controls (Fig. 4B). 

 

2.7 Statistics 

Data was analysed using one-way ANOVA with Bonferroni post-test (Fig.2C) or a Tukey’s  

multiple comparisons test (Fig.1 B&C) to compare individual timepoints (Fig.2 B, D & E, and 

Fig.3 A, B & E), or a Kruskal-Wallis test with Dunn’s multiple comparisons (Fig. 2A & 2C, 

bottom panel); a Student’s t-test (Fig.3 C&D, Fig.4B) or a Mann-Whitney test (Fig.4A). 

Statistical significance is indicated (ns: p>0.05; *p<0.05; **p<0.01, *** p<0.001, **** 

p<0.0001). 

 

Please refer to supplemental Methods for information on reagents, flow cytometry, histology, 

surgical procedures and Active Systemic Anaphylaxis (ASA). 
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3. RESULTS & DISCUSSION 

 

 To evaluate the in vivo effector functions of mouse FcγRI, we investigated mice 

expressing this receptor in the absence of other endogenous classical FcγR (FcγRIIB, FcγRIII and 

FcγRIV-deficient), termed FcγRIonly mice [17] or VG1505 mice (Gillis et al, J Allergy Clin Imm, 

in press), in comparison with mice deficient for all four endogenous classical FcγRs (FcγRI, 

FcγRIIB, FcγRIII and FcγRIV-deficient), termed FcγRnull mice (Fig.1A). Both strains retain FcRn 

and non-classical IgG receptor expression. FcγRIonly and FcγRnull mice display normal breeding 

patterns and development, and no overt pathological signs up until 1 year of age. We assessed the 

circulating immune cell populations in these novel strains, compared to WT mice, using an 

automated blood cell analyser (Fig.1B-C). Across a large sample size, WT, FcγRIonly and FcγRnull 

mice display comparable total leukocyte counts in the blood (Fig.1B), and similar frequencies of 

leukocytes, granulocytes and eosinophils (Fig.1C). Notably, FcγRIonly and FcγRnull mice have a 

slightly higher frequency of circulating monocytes. The pattern of expression of FcγRI in 

FcγRIonly mice was comparable to wt mice: FcγRI was detected on circulating Ly6Chi and 

Ly6Clow monocytes (Fig.1D), with greater expression on the latter, and on CD11b+CD11c+ spleen 

cells, liver kupffer cells and liver macrophages, alveolar macrophages and bone marrow 

monocytes (not shown) and prominently on CD11b+ skin resident cells (Fig.1E), but barely 

detected on F4/80+ peritoneal macrophages, in agreement with previous reports [24, 28, 29].  

An understanding of the participation of FcγRI in autoimmune and inflammatory 

pathologies remains elusive [4]. FcγRI-/- mice seem to experience reduced inflammation 

associated with immune complex tissue deposition [13] and severity of antigen-induced arthritis 

[11, 12]. Yet redundancy between FcγRI and FcγRIII certainly exists [12] and many of these 
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earlier studies did not consider the potential contribution of FcγRIV [14, 24]. To address whether 

FcγRI can play an effector role in inflammatory autoimmunity, we subjected FcγRIonly and 

FcγRnull mice to the K/BxN passive serum transfer model of autoimmune rheumatoid arthritis 

(K/BxN PA) [30], and to a model of airway inflammation induced by immune complex 

deposition. Transfer of K/BxN serum into wt mice induced inflammatory signs of arthritis, and 

an arthritic score which peaked at day 4-6 and remained elevated until day 10 following serum 

transfer (Fig.2A&B), yet the same volume transferred into FcγRIonly or FcγRnull mice did not 

induce arthritis. Histological assessment of ankle joints confirmed marked to severe arthritis in wt 

mice, and no microscopic signs of arthritis observed in either FcγRIonly or FcγRnull mice 

(Supplementary Fig.1A-F). Moreover, K/BxN serum transfer at a dose higher that which was 

sufficient to induce arthritis in FcγRIVonly mice [24] did not result in arthritis induction in 

FcγRIonly mice (Supplementary Fig.1G), indicating that FcγRI alone cannot induce significant 

cellular infiltration and inflammation associated with this model of autoimmune rheumatoid 

arthritis. Indeed, during experimental antigen-induced arthritis (EAIA), FcγRI-/- mice were 

reported to experience comparable joint swelling but a reduction in severe cartilage destruction 

compared to wt mice [11, 12]. Importantly, EAIA relies on antigen uptake and presentation, a 

known functionality of FcγRI [13] on monocyte-derived dendritic cells. Therefore in this latter 

model FcγRI-/- mice may highlight the contribution of FcγRI to the induction phase of arthritis 

rather than its effector function. Furthermore, the cardinal marker of cartilage destruction used in 

EAIA studies relies on the release of matrix metalloaproteinases (MMPs) and the creation of neo-

epitopes [11, 31]. Therefore although FcγRI does not mediate cell recruitment and joint 

inflammation in either of these arthritis models (Fig.2A and [11, 12]), it may contribute to 

reaction severity via local events in the tissue, i.e. MMP release and cartilage destruction.  
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The K/BxN model of autoimmune rheumatoid arthritis relies on local generation of IgG-

immune complexes on the cartilage surface, that trigger the activation of FcγR-expressing cells. 

To determine if FcγRI can induce local inflammation in another context, we induced IgG-

immune complexes at another anatomical site, the airways, and examined the resulting alveolitis. 

The inflammatory response in wt mice is characterised in the bronchoalveolar lavage (BAL) by 

massive neutrophil infiltration, significant infiltration of Ly-6C+ monocytes, and damage to the 

airways with haemorrhage into the BAL 16h after challenge (Fig.2C) [26]. Neither FcγRnull mice 

nor FcγRIonly mice experienced significant local inflammation: only a mild neutrophil infiltration 

was observed in the absence of inflammatory monocytes and haemorrhage. Together, our data 

support the notion that FcγRI does not mediate significant immune cell recruitment and 

inflammation associated with IgG-immune complex deposition, but may contribute to reaction 

severity via local events in the tissue, as suggested by studies using FcγRI-/- mice [13, 14]. 

 

Local inflammatory reactions, such as that which drive autoimmune arthritis, require the 

activation of several cell populations including monocytes/macrophages and neutrophils. 

Systemic inflammatory reactions like severe hypersensitivity reactions, or anaphylaxis, can also 

proceed through pathways dependent on IgG and IgG receptors, yet symptoms may arise 

following the activation of only one cell population, among monocyte/macrophages, neutrophils 

and basophils (reviewed in [5, 32]). FcγRI may participate in such reactions by its expression on 

monocyte/macrophages. Although FcγRI-/- mice were reported to experience mouse IgG2a-

induced passive systemic anaphylaxis (PSA) with reduced severity [11], we could not reproduce 

these findings [33]. Here we demonstrate that FcγRIonly, as FcγRnull mice, were resistant to mouse 

IgG2a-mediated anaphylaxis (Fig.2D), heat-aggregated human IVIG-mediated anaphylaxis 

(Fig.2E) and even to an active model of anaphylaxis induced by BSA immunization and 
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challenge (Supplementary Fig.3). Two possibilities emerge from these findings: firstly, that 

FcγRI alone is incapable of triggering sufficient inflammatory mediator release to cause systemic 

symptoms; secondly, that FcγRI expression is insufficient on monocyte/macrophages to mediate 

anaphylaxis induction. 

 

Since we found that FcγRI is not sufficient to mediate IgG-induced local or systemic 

inflammation that require cell recruitment and activation, and release of mediators, we wondered 

if FcγRI was able to induce IgG-mediated cell depletion through phagocytosis and/or ADCC 

mechanisms that contribute to several autoimmune diseases (e.g. autoimmune thrombocytopenia 

and anaemia) and to immunotherapies. Earlier studies using FcγRI-/- mice indicated that FcγRI 

contributes to experimental autoimmune haemolytic anaemia induced by RBC-targeting mIgG2a 

antibodies [11], particularly to more severe manifestations at high Ab doses [34]. To determine if 

FcγRI has autoimmune destructive properties in FcγRIonly mice, we examined another model of 

autoimmunity characterised by circulating immune complexes, immune thrombocytopenic 

purpura (ITP) induced by injecting anti-platelet antibodies intravenously. ITP could be induced in 

wt and FcγRIonly mice, but not FcγRnull mice (Fig.3A). Within 4 hours of mAb injection, 

circulating platelet levels were reduced to <20% of their initial concentration in both wt and 

FcγRIonly mice (Fig.3B), and platelet counts remained low even 24 hours later. Administration of 

platelet-targeting mAb at a threefold-reduced dose was also sufficient to induce platelet clearance 

in FcγRIonly mice, comparable to that of WT mice (Supplementary Fig.4A&B). Toxic clodronate-

containing liposomes, administered i.v. to deplete monocyte/macrophages mainly in the blood, 

spleen, and liver, protected against ITP induction in both WT and FcγRIonly mice (Fig.3C), 

indicating that macrophages are responsible for platelet clearance. 
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To investigate the organ-specific macrophage population responsible for FcγRI-dependent 

autoimmune platelet clearance, we subjected FcγRIonly mice to either removal of the spleen 

(splenectomy), or partial removal of the liver (hemi-hepatectomy), prior to ITP induction (Figure 

3D&E). ITP induction in FcγRIonly mice was mildly inhibited by splenectomy (Figure 3D): 

comprising an average reduction in platelet clearance from 88% (±4.2%) to 77% (±9%) 3.5 hours 

after mAb injection. Splenectomised FcγRIonly and WT mice had somewhat elevated platelet 

counts at baseline, whether sampled 1 week or 3 weeks post-surgery, yet notably spleen removal 

did not inhibit ITP induction in WT mice (Supplementary Fig 4C, and data not shown). These 

data suggest that splenic macrophages contribute partially to FcγRI-dependent ITP. Conversely, 

partial removal of the liver, which amounted to about 50% reduction in liver mass [35], did not 

affect ITP induction in FcγRIonly mice (Figure 3E and Supplementary Fig 4F), suggesting that 

liver macrophages may not be mandatory for FcγRI-dependent ITP. We performed ITP 

experiments starting 4-5 days after hepatectomies or sham surgeries, due to the rapid regenerative 

potential of the liver. Importantly, despite the inflammatory effect of the surgical procedures, we 

did not see differences in FcγRI expression on circulating cells between sham operated and hemi-

hepatectomised mice (data not shown). It is difficult to completely exclude a role for the liver in 

this model, as the part of the organ remaining after hemi-hepatectomy may be sufficient to 

efficiently mediate ITP. Moreover, considerable platelet clearance was still observed in 

splenectomised mice, which implies the involvement of another physiological site. Collectively, 

our data indicate a contribution of splenic macrophages to FcγRI-dependent ITP, but do not 

provide evidence of a role for liver macrophages. 

Antibody-mediated therapies are now a frontline treatment for many malignancies, and a 

number of autoimmune diseases. Reports using FcγRI-/- mice suggest that FcγRI contributes to 

IgG-induced tumour cell depletion in the lung [15] and liver [16] but not the skin [20]. As the 
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latter finding may be due to redundant functions among mouse FcγRs in the skin, we followed 

TYRP-1+ Luc2+ B16 melanoma cells tumour growth by bioluminescent imaging in vivo [17] in 

mice treated or not with anti-TYRP-1 mouse IgG2a TA99 mAb. Identical growth kinetics were 

detected in FcγRIonly and FcγRnull mice (Fig.2F; WT mice in Supplementary Fig.5A), and 

repeated TA99 injections dramatically reduced tumour load in FcγRIonly mice, but not in FcγRnull 

mice, to that of background levels (Fig.4A and Supplementary Fig.5). Thus FcγRIonly mice reveal 

FcγRI-mediated functions that can remain masked in FcγRI-/- mice. Furthermore, these data 

reinforce the previously reported anti-tumour effector function of FcγRI in lung and liver tissues 

[15-18] and extends it to the skin tissue. 

Anti-CD20 therapy to deplete B cells has been highly successful in the treatment of B cell 

malignancies and autoimmune disorders. B cell depletion is known to depend on FcR-dependent 

mechanisms [36], primarily phagocytosis by Kupffer cells in the liver [35]. A role for FcγRI in 

the clearance of both malignant and endogenous B cells, in cooperation with FcγRIII and 

FcγRIV, has been suggested by several studies [18, 37], but has not been formally demonstrated. 

Since FcγRI was sufficient to mediate destructive platelet clearance (Fig.3), and is expressed on 

liver Kupffer cells, we tested the capacity of FcγRI to deplete endogenous B cells in a model of 

anti-CD20 therapy. Administration of mouse CD20-targeting mAb 5D2 (IgG2a) induced B cell 

depletion in the blood, spleen and lymph nodes of FcγRIonly, but not FcγRnull mice: 16 hours after 

treatment 85% of B cells were cleared from the blood and 25-30% of B cells from the secondary 

lymphoid organs of anti-CD20 treated FcγRIonly mice. These data demonstrate that FcγRI, in the 

absence of FcγRIII and FcγRIV, is sufficient to mediate endogenous B cell clearance, and 

support a contribution for FcγRI to the efficacy of anti-CD20 therapy in models of lymphoma and 

autoimmunity. 
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In conclusion, genetically modified FcγRIonly mice enabled us to demonstrate that the 

mouse high-affinity IgG receptor FcγRI is sufficient to mediate IgG-induced autoimmune 

thrombocytopenia and IgG-based immunotherapy targeting either B cells (anti-CD20) or 

subcutaneous melanoma, in the absence of FcγRIIB, FcγRIII and FcγRIV. FcγRI alone is, 

however, insufficient to induce IgG-induced autoimmune rheumatoid arthritis, airway 

inflammation and systemic anaphylaxis, probably due to its inability to efficiently mediate Ab-

induced cell recruitment or release of inflammatory mediators. Rather we identify that FcγRI 

mediates Ab-induced cell depletion/destruction, in both pathogenic autoimmune and therapeutic 

anti-tumour contexts; which agrees with the important contributions of this receptor to pathogen 

elimination [11, 38, 39] and antigen uptake and presentation [13]. Furthermore, our data attribute 

FcγRI-dependent phagocytic function to macrophages in the skin and the spleen. Finally, the 

effector capabilities of mouse FcγRI appear aligned with its restricted expression profile: low to 

moderate expression on monocytes, tissue macrophages and monocyte-derived DCs, who are 

indeed responsible for clearance of foreign bodies and antigen uptake, whereas that of its human 

homolog hFcγRI extend to pro-inflammatory and pro-anaphylactic functions attributable to more 

promiscuous expression, particularly high on circulating monocytes and neutrophils. In 

conclusion, mice models expressing only one particular IgG receptor, e.g. FcγRIonly or FcγRIVonly 

mice [17, 22-24], are particularly useful to ascribe independent functions to FcγRs, as distinct 

from potential cooperative roles with other FcγR, the latter of which may be implied from studies 

using specific FcγR-/- mice. 
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FIGURE LEGENDS 
 

Figure 1: FcγRI only mice have normal blood leukocyte composition and show comparable 

FcγRI expression to that of WT mice. (A) Schematic representation of WT, FcγRIonly and 

FcγRnull mice. Leukocyte counts (B) and relative percentages of immune cell populations (C) in 

the blood of WT (n=20), FcγRIonly (n=35) and FcγRnull (n=24) mice were enumerated using an 

automatic blood cell analyser. (D-E) Representative flow cytometry profiles of FcγRI expression 

on indicated cell populations from the blood (D) and organs (E) of WT, FcγRIonly and FcγRnull 

mice (MΦ; macrophages). Shaded histograms indicate background staining of a mIgG1 isotype 

control. Staining is representative of at least 2 independent experiments, n≥2. 

 

Figure 2: FcγRI alone is insufficient to mediate IgG-induced arthritis, airway inflammation 

or systemic anaphylaxis, (A-B) Arthritis was evaluated by clinical score (A) and ankle thickness 

(B) measured following transfer of K/BxN serum (5μL/g body weight) into WT (triangles), 

FcγRIonly (circles) or FcγRnull (squares) mice. (A) *p<0.05 on d3-6, WT compared to FcγRnull 

mice; (B) *p<0.05 on d2, **p<0.01 on d3, ***p<0.001 on d4-6, WT compared to FcγRnull and 

FcγRIonly mice. Data is representative of >2 independent experiments, n≥3 per group. (C) 

Bronchoalveolar lavage (BAL) was performed on naive (open symbols, n=3 per group) WT 

(triangles), FcγRIonly (circles) and FcγRnull (squares) mice, or mice 16-18h after challenge with 

antiserum i.n. and OVA antigen i.v. (closed symbols). Neutrophils and Ly6C+ macrophages 

(MΦ) in the BAL were determined by flow cytometry. Haemorrhage was determined by 

measuring haemoglobin concentration in the BAL supernatant. **p<0.01, *** p<0.001, **** 

p<0.0001; challenge data is pooled from 2 independent experiments, n=8-10 mice per group. (D-

E) Temperature monitoring during passive systemic anaphylaxis (PSA) in WT, FcγRnull or 
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FcγRIonly mice, induced by (D) mIgG2a anti-TNP sensitization and TNP-BSA i.v. challenge or 

(E) i.v. injection of aggregated human IVIG.  n=3-5 per group; data is representative of 2 

independent experiments. *p<0.05, **p<0.01, **** p<0.0001 at all time points from 30min; WT 

compared to FcγRnull and FcγRIonly mice.  

 

Figure 3: FcγRI-mediated thrombocytopenia is dependent on macrophages, and partially 

inhibited by splenectomy. (A-B) Circulating platelets in the blood of WT (n=3), FcγRIonly (n=7) 

and FcγRnull (n=7) mice were quantified at baseline and following i.v. injection of 10μg anti-

platelet mAb (clone 6A6) and are represented as (A) percentage over time and (B) number of 

platelets 4 hours after mAb injection; **** p<0.0001 at 4h, 9h and 24h, WT vs FcγRnull and 

FcγRIonly vs FcγRnull. (C) Platelet counts at baseline and 4 hours after mAb injection in mice pre-

treated with PBS- (open symbols) or toxic- (closed symbols) liposomes; n=4-5 per group; * 

p<0.05, **** p<0.0001, significance values indicated at 4 hours for each group compared to 

baseline. (D-E) ITP induction and percentage of circulating platelets in (D) FcγRIonly mice 

following splenectomy (closed symbols, n=11) compared to controls (open symbols, n=10); and 

(E) FcγRnull mice (n=4) or FcγRIonly mice following hemi-hepatectomy (n=5), compared to sham 

operated (n=4), or controls (n=3); ** p<0.01 and *** p<0.001, splenectomised mice compared to 

controls; **** p<0.0001 at 3.5h, 8h and 24h, all groups compared to FcγRnull; ns not significant. 

Data in (D&E) is pooled from two independent experiments. 

 

Figure 4 FcγRI is sufficient for anti-melanoma and B cell depletion therapies. 

(A) FcγRIonly (circles) or FcγRnull (squares) mice were injected with B16-Luc2+ cells s.c. on d0 

and received no treatment (open symbols) or mAb TA99 i.v. on day 1, 2 and 3 (closed symbols); 

tumour growth was monitored by bioluminescent signal after s.c. injection of luciferin. 
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(B) FcγRIonly (circles) or FcγRnull (squares) mice were injected with anti-CD20 mAb 5D2 (closed 

symbols) or vehicle (open symbols). The percentage of remaining CD19+B220+ B cells 

(compared to the average of vehicle-treated controls) was determined in the blood, spleen and 

inguinal lymph nodes after 16h later. Data in (A) is representative of 2 independent experiments, 

n=4-5 per group. Data in (B) is pooled from 2 independent experiments, n=3-5 per group. 

*p<0.05 on day 7 and day 13, ***p<0.001, ****p<0.0001, FcγRIonly controls compared to mAb-

treated; ns not significant, FcγRnull controls compared to mAb-treated. 
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Supplemental Materials and Methods 

 

Reagents 

Human IVIG (Gamunex®) was from Grifols, containing 63% hIgG1, 29% hIgG2, 5% 

hIgG3 and 3% hIgG4. B16-Luc2+ cells were from Caliper-Life Sciences. IgG were 

purified by Protein G-affinity purification from supernatants of hybridomas producing 

anti-gp75 mAb (TA99) from American Type Culture Collection, mIgG2a anti–

platelet mAb (clone 6A6) provided by Dr R. Good (USFCM, Tampa, FL, USA), and 

mIgG2a anti-TNP mAb (Hy1.2) provided by Shozo Izui (University of Geneva, 

Geneva, Switzerland). Luciferin was from Invitrogen, rabbit anti-OVA antiserum, 

OVA, BSA, and Freund’s adjuvant (CFA/IFA) were from Sigma-Aldrich, TNP(21-31)-

BSA was from Santa Cruz and PBS- and clodronate-liposomes were prepared as 

previously described 1. Vivotag-680 was from Perkin Elmer and OVA-vivotag-680 

was prepared as recommended by the manufacturer.  

 

Tissue processing and flow cytometry 

Spleens were dissociated through a 70μm cell strainer into MACS buffer (PBS 

/0.5%BSA /2mM EDTA) and RBC lysis was performed using an ammonium 

chloride-based buffer. For isolation of skin cells, ears were split into dorsal and 

ventral halves and roughly chopped before digestion with 0.25mg/mL Liberase TL 

ResearchGrade (Roche) + 0.1mg/mL DNase (Sigma) for 1h at 37°C (800rpm; 

Eppendorf Thermomixer), washed with 10x volume of PBS/ 10%FBS /2mM EDTA 

and processed through a 100μm cell strainer. Livers were perfused with cold PBS 

before dissection, and liver leukocytes were isolated using the Liver Dissociation Kit 

and gentleMACS Octo Dissociator from Miltenyi, according to the manufacturer’s 



instructions. Cells were isolated from the peritoneum by lavage with 6mL cold PBS; 

BALs were performed 3x with 1mL PBS. For blood leukocyte analysis, heparinised 

blood was subjected to RBC lysis with either Red Blood Cell Lysis Solution 

(Miltenyi) or BD Pharm Lyse Lysing Buffer (BD Biosciences) and washed with 

MACS buffer. Single cell suspensions were washed with MACS buffer, incubated 

with 2.4G2 (Fab’)2 fragments (anti-CD16/32, 40μg/mL; 15min on ice) and stained 

with fluorochrome-conjugated antibodies in MACS buffer for 30min on ice. Data was 

collected on a MACSQuant flow cytometer (Miltenyi), and analysed using FlowJo 

Software (TreeStar, Inc.). 

Cell populations were defined by FSC/SSC properties and surface markers as 

indicated (Fig.1B), or in the BAL (Fig.2B): alveolar macrophages (CD11c+/ SiglecF+), 

eosinophils (CD11cneg/ SiglecF+), neutrophils (CD11cneg/ SiglecFneg/ CD11b+/ Ly-

6G+), Ly-6C+ macrophages (CD11cneg/ SiglecFneg/ CD11b+/ Ly-6Gneg/ Ly-6C+). 

 

Active Systemic Anaphylaxis (ASA) 

Mice were immunised i.p. on d0 with 200μg BSA in Complete Freund’s Adjuvant, 

and boosted on d14 with 200μg BSA in Incomplete Freund’s Adjuvant. BSA-specific 

IgG1, IgG2a/b/c and IgE serum antibodies were titered by ELISA on d21 as described 

2. Mice with comparable antibody titers were challenged 13-14 days after the last 

immunisation i.v. with 500μg BSA. Central temperature and mortality was monitored. 

 

Partial hepatectomy and splenectomy 

Partial hepatectomy was perfomed as described3. Mice were anaesthetised and a 

transverse abdominal incision was made. The superior lobes of the liver were laid on 

the diaphragm and the ligaments of the caudate lobe dissected. The caudate lobe was 



then pulled in front of the stomach and resected after in-bloc ligature of its hilum (6/0 

silk). The lateral left lobe was resected using the same technique. The abdomen was 

closed using 4/0 silk running sutures. The procedure removed approximately half of 

the initial liver mass. Mice were rested for 2 days before experimental procedure. 

For splenectomy, a small vertical incision was made on the left flank, the spleen was 

gently pulled outside the abdomen, and the splenic ligaments and vessels were cut. 

The abdomen was closed with a 4/0 silk suture, and the skin with a surgical staple. 

Mice were rested for 1-3 weeks before experimental procedure. 

 

Histology 

Ankle joints and surrounding tissues (from the extremity of the femur/tibia to the 

digits) were sampled on day 8 after K/BxN serum transfer (batch #1, 5mL/kg), then 

fixed and simultaneously decalcified using Formical-4® (StatLab Medical Products) 

for 2 weeks. Samples were routinely embedded in paraffin, and 4 mm sections were 

stained with haematoxylin and eosin (H&E). Sections were evaluated microscopically 

and histological changes (i.e. inflammation, pannus formation, bone erosion and 

cartilage damage) were scored from 0 (no change) to 5 (severe). 
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The biological activities of human IgG antibodies predominantly rely on a family of
receptors for the Fc portion of IgG, FcγRs: FcγRI, FcγRIIA, FcγRIIB, FcγRIIC, FcγRIIIA,
FcγRIIIB, FcRL5, FcRn, and TRIM21. All FcγRs bind IgG at the cell surface, except
FcRn and TRIM21 that bind IgG once internalized. The affinity of FcγRs for IgG is deter-
mined by polymorphisms of human Fc 4γRs and ranges from 2×10 to 8×107 M−1.
The biological functions of FcγRs extend from cellular activation or inhibition, IgG-
internalization/endocytosis/phagocytosis to IgG transport and recycling. This review
focuses on human FcγRs and intends to present an overview of the current understanding
of how these receptors may contribute to various pathologies. It will define FcγRs and
their polymorphic variants, their affinity for human IgG subclasses, and review the associ-
ations found between FcγR polymorphisms and human pathologies. It will also describe
the human FcγR-transgenic mice that have been used to study the role of these receptors
in autoimmune, inflammatory, and allergic disease models.

Keywords: IgG receptors, transgenic mice, anaphylaxis, autoimmune diseases, genetic polymorphisms and disease
association, human IgG receptors

INTRODUCTION ON HUMAN FcγRs: DEFINITION AND BASIC
FUNCTIONS
Human myeloid cells, NK cells, and B cells are equipped with a
variety of receptors that enable their interaction with monomeric
or aggregated immunoglobulins, antigen–antibody immune com-
plexes, and opsonized (antibody-coated) particles, cells, or sur-
faces. Most of these receptors bind the Fc portion of immunoglob-
ulins (receptors for the Fc portion of immunoglobulins, FcR) and
endow these cells with the capacity to interact with IgM, IgA, IgG,
and/or IgE. This review will focus on IgG-binding human FcRs,
FcγRs.

Humans express nine FcγRs: the six classical FcγRs, FcγRI,
FcγRIIA, FcγRIIB, FcγRIIC, FcγRIIIA, and FcγRIIIB; as well as
FcRn, FcRL5 (1, 2), and TRIM21 (3) (Figure 1). These FcγRs
all bind IgG on the surface of the cells expressing them, except
FcRn (4, 5) and TRIM21 (6, 7) that bind IgG once internal-
ized. Notably, all IgG receptors bind at least two human IgG
subclasses, albeit with varying binding affinity: the association
constants (KA) of IgG–FcγR interactions range from 8× 107 down
to 2× 104 M−1 (8) (Figure 1). Historically, FcγRs were catego-
rized as either low-affinity receptors that can only bind IgG when
present in an immune complex, aggregated, or opsonized; or high-
affinity receptors that can also bind free or monomeric IgG. This
terminology has become rather obsolete considering reports of
high- and low-affinity interactions for a single receptor toward

different Ig subclasses. Furthermore, although the prevailing belief
was that occupancy of high-affinity receptors with pre-bound
monomeric IgG prevents their participation in immediate IgG-
dependent reactions; this has recently been refuted in vivo (9).
Adding to this complexity,human FcγR polymorphisms that mod-
ulate affinity for some human IgG subclasses have been described
(8) (refer to part 2; Figure 1).

Human FcγR expression on different cell types has been fairly
comprehensively described, mostly by the use of FcγR-specific
monoclonal antibodies (mAb) but also from data using mRNA
profiling (Figure 2). Generally, the following observations can be
made: hFcγRI (CD64) is restricted to monocytes/macrophages
and dendritic cells and is inducibly expressed on neutrophils (10)
and mast cells (11); hFcγRIIA (CD32A) is expressed on all myeloid
cells but not on lymphocytes; hFcγRIIB (CD32B) is expressed
at high levels only on B cells (12) and basophils (13). It is also
expressed on tissue macrophages and dendritic cells (12), but only
at low levels on 20% of circulating monocytes and 4% of cir-
culating neutrophils (12, 14), and is not expressed on primary
skin mast cells (15); hFcγRIIC (CD32C; refer to Section “Human
FcγR Polymorphisms”for its“stop13”polymorphism) is expressed
on NK cells (16), monocytes, and neutrophils (17); hFcγRIIIA
(CD16A) is expressed on NK cells and monocytes/macrophages;
hFcγRIIIB (CD16B) is highly expressed on neutrophils and at low
levels on some basophils (18). TRIM21 (aka Ro52) was described
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FIGURE 1 | Human IgG receptor family. Alleles are identified by the
amino acid variant in the protein (e.g., H131), or by the name of the
allelic variants (NA1, NA2, or SH). Binding affinities for the various
immunoglobulin subclasses are given as M−1. High-affinity
interactions are indicated in bold. –, no binding; ND, not determined;

\No allelic variants have yet been described that affect binding affinity.
#Associates with integrins. ITAM, immunoreceptor tyrosine-based
activation motif; γ2, dimer of FcRγ subunits; ITIM, immunoreceptor
tyrosine-based inhibitory motif; GPI, glycosyl-phosphatidylinositol;
β2m, β2-microglobulin.

to be widely expressed among lymphoid and myeloid populations,
but also on endothelial cells (19). FcRL5 has been reported to be
restricted to B cells (2).

These expression patterns highlight that hFcγRIIA is the only
activating IgG receptor constitutively expressed by mast cells,
basophils, neutrophils, and eosinophils, and that FCRL5 is the
only activating IgG receptor constitutively expressed by B cells.
Importantly, signal transduction events induced by human acti-
vating IgG receptors may be negatively regulated by hFcγRIIB
only in B cells, dendritic cells, and basophils, and rare fractions
of monocytes and neutrophils. Indeed, mast cells, NK cells, and
most neutrophils and monocytes do not express this inhibitory
receptor. hFcRn has been reported in dendritic cells, mono-
cytes/macrophages (21), neutrophils (22), and endothelial cells
(23), but expression on platelets and mast cells has not been
examined so far.

These patterns correspond to the expression of FcγRs in healthy
individuals. These may be modified during pathological condi-
tions or following therapeutic treatments. Certain cytokines for
example have been reported to up-regulate or down-regulate some
hFcγRs; e.g., B cells express higher levels of hFcγRIIB following
IFN-γ but lower levels following IL-4 stimulation, whereas oppo-
site effects have been reported for monocytes [reviewed in Ref.
(24)]. On the latter cells, expression of hFcγRIIA is increased fol-
lowing IFN-γ and decreased following IL-4 stimulation (25). IL-3
stimulation, however, induces higher expression of both recep-
tors (activating hFcγRIIA and inhibitory hFcγRIIB) on basophils

(13). Mucosal mast cells express hFcγRI upon IFN-γ stimulation
(11). Surprisingly, IL-3 stimulation of primary monocytes did
not modify hFcγRI expression, but increased its ability to bind
IgG-immune complexes and to induce intracellular activation
signals (26).

Activating FcγRs signal through an immunoreceptor tyrosine-
based activation motif (ITAM) that is either present in their
intracytoplasmic domain or in associated signaling subunits, such
as the FcRγ chain (Figure 1), the FcRβ chain (exclusively in
mast cells and basophils), or the CD3ζ chain (exclusively in NK
cells). These ITAM-containing structures allow FcγRs, once aggre-
gated by multimeric ligands, to activate signaling cascades via
SRC family kinases and spleen tyrosine kinase (SYK) leading to
cell activation, cytokine/chemokine production, and cell migra-
tion (27–29). The inhibitory receptor FcγRIIB possesses instead
an immunoreceptor tyrosine-based inhibition motif (ITIM) in
its intracytoplasmic domain (30), which allows this receptor,
once co-engaged with an activating FcγR, to recruit the inosi-
tol polyphosphate-5-phosphatase SHIP1 (31) that counteracts the
signaling cascades initiated by activating FcγRs (24). FcRL5 pos-
sesses both an ITAM and two ITIMs; however, it has been reported
to exert mainly negative regulatory functions (32). IgG receptors
devoid of both ITAM and ITIM may induce cell activation by asso-
ciating with other receptors at the cell membrane, for example the
glycophosphatidylinositol-anchored FcγRIIIB (33, 34) associates
with integrins (35); or by activating transcription pathways or
proteasome-related mechanisms as does TRIM21 (7, 36).
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FIGURE 2 | Human IgG receptor expression pattern. + indicates
expression; (+), inducible expression; ±, very low percentages or
rare subsets express the receptor; −, no expression; and NA, not
analyzed; Mono/Macro, monocytes, and/or macrophages. §Refer

to the review by Guilliams et al. for specific expression on human
DC subtypes (20). \In Fcgr2c-ORF persons (17). #Detectable and
functional expression in non-conventional Fcgr2c-Stop
persons (17).

Internalization of antibodies, and of the antigens they are
bound to, represents the only shared function of IgG receptors
expressed at the cell surface (that is, all except FcRn and TRIM21),
whether ITAM-bearing, ITIM-bearing, or neither. FcγRs thereby
enable antigen capture and internalization by all FcγR-expressing
nucleated cells, as well as phagocytosis of opsonized bacteria,
viruses, or cells by phagocytes. FcRn is the only receptor enabling
transcytosis of IgG or IgG-IC by polarized cells (23). Enhanced
uptake of antibody-bound antigen enables antigen-presenting
cells to activate antigen-specific T cells considerably more effi-
ciently than free antigen (37), signifying the pivotal role of FcγRs
in the initial phase of humoral and cellular immune responses.
Receptors that bind IgG only when it has already been internal-
ized, FcRn (the topic of this review series) and the ubiquitously
expressed intracellular receptor TRIM21, may possibly contribute
to this phenomenon [reviewed in Ref. (20)].

HUMAN FcγR POLYMORPHISMS
DEFINITIONS
The multiplicity of human FcγRs (Figure 1) is increased by a
series of genetic polymorphisms, for which we will describe herein
only those leading to known functional modifications. These are
summarized in Table 1.

FcγRIIA
A polymorphism resulting in the presence of a histidine or
an arginine residue at position 131 may also be referred to

as low-responder (H131) or high-responder (R131) (38). The
FcγRIIA-H131 allotype was originally reported to allow binding
to IgG2 (53), subject to ethnic variation (54, 55), and was later
described to also have increased binding for IgG3 (39). More
recently, we have identified that only the binding to IgG1 and
IgG2 are increased for H131 compared to R131 (8).

A novel splice variant of FCGR2A, FcγRIIA-exon 6*, contain-
ing an expressed cryptic exon 6* was identified in 2013 (41),
and is associated with increased neutrophil sensitivity to IgG
stimulation (56).

FcγRIIB
Single-nucleotide polymorphisms (SNPs) at positions 386 [IIB-
386 (G/c)] and 120 [IIB-120 (T/a)], collectively constitute the 2B.4
promoter haplotype, which displays increased binding capacity for
transcription factors GATA4 and Yin-Yang1, resulting in increased
promoter activity and higher expression of FcγRIIB on monocytes,
B lymphocytes, neutrophils, and myeloid DCs (24, 42).

A polymorphism encoding an isoleucine to threonine substi-
tution at position 232 in the transmembrane domain of FcγRIIB
(T232) may disable receptor function via exclusion from lipid rafts
(43, 57).

FcγRIIC
In 20% of individuals FCGR2C encodes for a glutamine at posi-
tion 13 (Q13 or ORF) and FcγRIIC is expressed; but in 80% of
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Table 1 | Summary of human FcγR polymorphisms.

Receptor Variant Effect Reference

FcγRIIA H/R131 H131: → binding of IgG2 and IgG1 (8, 38–40)

→ Immune complex-opsonization

FcγRIIA-exon 6* → Activation following IgG stimulation (41)

FcγRIIB −386G/c → promoter activity: thus, → FcγRIIB expression (24, 42)

−120T/a

I/T232 T232: → inhibitory function (43)

FcγRIIC Q/stop13 Q13: expression on NK cells, monocytes, neutrophils (17)
→ IgG-induced cell activation

CNV Correlation with protein expression levels (44)

FcγRIIIA V/F158 V158: → binding to IgG1, IgG2, IgG3 (8, 45, 46)

→ Cell activation

CNV Correlation with protein expression levels; impaired NK cell cytotoxic function (47)

FcγRIIIB NA1/NA2/SH NA1: → phagocytosis of IgG-immune complexes (48–51)

SH: → FcγRIIIB expression levels

CNV Correlation with protein expression levels (52)

individuals a SNP generates a stop codon (stop13), in which case
FCGR2C represents a pseudogene (16).

A subset of individuals carrying FCGR2C-ORF do not express
FcγRIIC due to splice-site mutations and loss of exon 7. Inversely,
this polymorphism leads to the expression of inhibitory hFcγRIIB
expression on NK cells that has been shown to negatively regulate
IgG-induced NK cell activation (17).

FcγRIIIA
A SNP determines the presence of a valine or phenylalanine at posi-
tion 158 (45). The FcγRIIIA-V158 variant demonstrates increased
affinity for IgG1, IgG2, and IgG3, and increased IgG-induced cell
activation and elimination of immune complexes (8, 46, 58).

FcγRIIIB
FcγRIIIB bears the neutrophil antigen (NA) in its membrane-
distal Ig-like domain, generating three variants termed NA1 (R36

N65 A78 D82 V106), NA2 (S36 S65 A78 N82 I106) (48, 59), and SH
(S36 S65 D78 N82 I106) (50) that do not demonstrate detectable
differences in affinity for hIgG subclasses (8). The NA1 allotype
was, however, reported to increase phagocytosis of IgG-opsonized
particles (49). The SH allotype has been associated with higher
FcγRIIIB expression levels (51).

Gene copy number variation (CNV)
Recognized as an important indicator for inter-individual differ-
ences, can alter the expression of activating IgG receptors. The
balance between activating and inhibitory FcγRs can therefore be
perturbed, altering cellular responses toward IgG-immune com-
plexes. CNV of FCGR2C, FCGR3A, and FCGR3B (Table 1) have
been shown to correlate with protein expression levels. Duplica-
tions of the gene encoding FCGR3B can lead to the expression
of the three different FcγRIIIB variants (NA1, NA2, and SH) in a
single individual (51). CNV in FCGR3A (deletion of one allele)
correlated with a reduced expression of FcγRIIIA on NK cells and

impaired cytotoxic function (47). Deletion of a large portion of
the FCGR locus, including FCGR2C and FCGR3B, also resulted
in abnormal expression of FcγRIIB on NK cells, presumably due
to deletion of upstream regulatory elements. Expression of this
inhibitory receptor enabled negative regulation of IgG-induced
NK cell activation (17). To the extent of our knowledge, CNV of
the FCGR2A and FCGR2B genes have not been reported (47).

ASSOCIATION WITH DISEASE SUSCEPTIBILITY AND/OR SUCCESS OF
ANTIBODY-BASED THERAPIES
Several FCGR polymorphisms modify the affinity between FcγRs
and human IgG, and therefore the efficacy of immune complex
clearance can be affected. Reduced immune complex clearance is
indeed a risk factor for diseases like Systemic Lupus Erythemato-
sus and Wegener’s granulomatosis (60, 61). Other polymorphisms
may favor detrimental inflammatory responses and thus predis-
pose to autoimmunity. Diseases that have been associated with
FcγR polymorphisms are presented in Table 1.

FcγR polymorphisms may also influence patients’ response
to treatment with intravenous immunoglobulin and therapeutic
mAb. Almost all mAb used in therapy are based on human IgG1
antibodies, either chimeric mouse/human or fully human, allow-
ing their interaction with all human FcγRs (8, 62). The first report
to assess the predictive value of FcγR polymorphisms in responses
to antibody therapies associated homozygous FCGR3A-V/V158

individuals with better clinical responses to anti-CD20 therapy
(Rituximab) in the treatment of non-Hodgkin lymphomas (63).
Homozygous FCGR3A-V/V158 individuals have since been found
to have improved biological responses to anti-CD20 therapy in
immune thrombocytopenia (64) and rheumatoid arthritis (RA)
(65); and anti-TNF-α therapy (Infliximab) to treat Crohn’s dis-
ease (66, 67); compared to carriers of one or two FCGR3A-F158

alleles. In arthritis patients, however, findings are controver-
sial regarding the association of FCGR3A polymorphisms with
clinical response to TNF-α inhibitors (infliximab, adalimumab,
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etanercept): although one study describes a better clinical response
in FCGR3A-F/F158 patients (68); another, larger study with a more
homogenous patient cohort found no association (69). Homozy-
gous FCGR3A-V/V158 individuals were more likely to experience
complete remission from immune thrombocytopenia following
medication, but conversely remission rates after splenectomy were
higher in homozygous FCGR3A-F/F158 or heterozygous individu-
als (70). The FCGR2A-H131 variant associates with susceptibility
to Kawasaki Disease (Table 1), whereas responsiveness to IVIG
therapy in Kawasaki Disease patients is strongly associated with
the FCGR3B genotype: the NA1 variant significantly decreases the
odds of an appropriate clinical outcome (71). Similarly, CNV of
both FCGR3B and FCGR2C were associated with Kawasaki Dis-
ease susceptibility and influenced IVIG treatment response (72).
Furthermore, the FCGR2B minor alleles (IIB-386c and IIB-120a)
conferring increased promoter activity were positively correlated
to IVIG therapeutic response, although with limited statistical
power over a small sample size (73). Each of these genetic asso-
ciations is also constrained by unequal polymorphic variation
between the different ethnic groups studied.

Altogether, particular FcγR polymorphisms have been
described to be associated with the induction or severity of
antibody-related disease, or patient responsiveness to antibody-
based therapies. Nonetheless one should keep in mind that most
FcγR-encoding genes are located within the 1q23 locus (FCGR2A,
FCGR3A, FCGR2B, FCGR2C, FCGR3B) and may display a high
degree of linkage disequilibrium, as reported for FCGR2A and
FCGR3A (74) and for FCGR2C and FCGR3B (44). Association
studies of FcγR-encoding genes should therefore include analyses
of all FcγR-encoding genes from the 1q23 locus, and not focus on
one particular gene.

IN VIVO ROLES OF HUMAN FcγRs: LESSONS FROM MOUSE
MODELS1

TRANSGENIC MOUSE MODELS EXPRESSING hFcγR(s)
Transgenic mouse studies have greatly enhanced our understand-
ing of the in vivo function of hFcγRs. In particular, these stud-
ies have highlighted the respective contributions of hFcγRs to
antibody-mediated inflammatory and allergic diseases (refer to
Section “Understanding the Role of hFcγRs In vivo Using Trans-
genic Mouse Models: Illustrated in Autoimmune, Inflammatory,
and Allergic Diseases”). Over the last two decades, various trans-
genic mouse strains have been generated that carry single or
multiple hFcγR-encoding genes (Table 2). Transgenic strains were
initially generated on a wild-type mouse background; however,
later studies have examined transgene expression in mice defi-
cient for multiple endogenous mFcγRs, to specifically study the
function of the transgenic human receptor.

The common approach to reproduce hFcγR expression pat-
terns in mice is to use the genuine human promoter to drive
transgene expression (Table 2). Whereas this strategy was suc-
cessful for hFcγRIIAtg and hFcγRIIIBtg mice, both hFcγRItg mice
and hFcγRIIBtg mice exhibit somewhat abnormal expression [dis-
cussed in Ref. (62)]. hFcγRItg mice, for example, constitutively

1Note: for the sake of clarity, this section will use the terminology “hFcγR” for
human IgG receptors, and “mFcγR” for mouse IgG receptors.

express substantial amounts of this receptor on neutrophils (37),
while in humans hFcγRI is only inducibly expressed on neu-
trophils in contexts of inflammation, infection and during partic-
ular therapies [reviewed in Ref. (62)]. An alternative strategy con-
sists of using a cell-specific promoter to drive hFcγR expression.
hFcγRIIAtg, hFcγRIIIBtg, or double-transgenic mice were gener-
ated using the human MRP8 promoter to express these receptors
on neutrophils and, abnormally for hFcγRIIIB, on a proportion
of monocytes (34). Finally, efforts made to cross the five single
hFcγR-transgenic mouse strains with mFcγRnull mice – lacking
mFcγRI, IIB, III, and IV – yielded a mouse model expressing most
human IgG receptors – hFcγRI, IIA, IIB, IIIA, and IIIB – that
preserves most human expression patterns (119) (Table 2).

UNDERSTANDING THE ROLE OF hFcγRs IN VIVO USING TRANSGENIC
MOUSE MODELS: ILLUSTRATED IN AUTOIMMUNE, INFLAMMATORY,
AND ALLERGIC DISEASES
FcR-mediated uptake of immune complexes and subsequent anti-
gen presentation is a critical aspect of the immune response to
foreign pathogens. Targeting of antigen to hFcγRI in hFcγRItg

mice induced a strong antibody response, suggesting that hFcγRI
on myeloid cells is capable of mediating antigen uptake and pre-
sentation in vivo (37, 120, 121). Various studies have demonstrated
the capacity for hFcγRI and hFcγRIIIA to mediate cytotoxicity
in the form of anti-tumor activity when engaged by bi-specific
antibodies or antibodies with enhanced FcR binding, highlighting
the effectiveness of such engineered antibody therapeutics in vivo
(122–125). The role of FcγR in mediating anti-tumor therapies
has recently been well-reviewed elsewhere (126, 127) and will not
be discussed further in this review. hFcγR-transgenic mice have
been useful both in understanding the in vivo function of these
receptors and dissecting pathological mechanisms of disease; for
illustration this section will describe results obtained in models of
autoimmune thrombocytopenia, anaphylaxis, inflammation, and
RA. Clearly, the biological responses to immobilized IgG are a
function of their location, structure, and deposition, determin-
ing the subsequent recruitment and FcγR-mediated activation of
immune cells: hFcγR-transgenic mice can assist us also in under-
standing the cell-specific role of FcγR in recruitment and immune
complex clearance.

Autoimmune thrombocytopenia
Mice deficient for the FcRγ-subunit that is necessary for the
expression of all mouse activating FcγRs are resistant to antibody-
mediated platelet destruction, demonstrating the importance of
activating FcγRs in this model of autoimmune thrombocytopenia
(128). Using transgenic mice, both hFcγRI and hFcγRIIA were
found to be independently sufficient for platelet clearance (9, 129).
In hFcγRItg mice, thrombocytopenia was mediated by mono-
cyte/macrophages outside of the spleen (9), whereas in hFcγRIIAtg

mice, splenectomy was found to provoke a more severe phenotype
of thrombosis and systemic shock when thrombocytopenia was
induced by activating anti-platelet antibodies (130). Importantly,
hFcγRIIA is the only FcγR expressed on platelets, in humans and
hFcγRIIAtg mice. It is likely, therefore, that the presence of this
FcγR on the platelets themselves contributes to antibody-induced
intravascular platelet activation that is most efficiently resolved
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Table 2 | Association of FcγRs receptor variants with chronic inflammatory or immunological diseases.

Gene SNP Disease Reference

FCGR2A H131 GBS, Kawasaki disease, idiopathic pulmonary fibrosis, and, for homozygous genotypes, MG,

and children chronic ITP

(75–79)

R131 Bronchial asthma and allergic rhinitis, Still disease, Behçet’s disease, refractory ITP, WG, MS,

SLE, lupus nephritis, antiphospholipid syndrome, giant cell arteritis, rheumatic fever, ITP, and

IgA nephropathy

(55, 60, 80–94)

FcγRIIa-exon 6* Anaphylaxis in patients with hypogammaglobulinemia, common variable immunodeficiency (41)

FCGR2B T232 SLE, anti-GBM disease (57, 95–99).

−386C/−120A SLE, chronic inflammatory demyelinating polyneuropathy (42, 100, 101)

FCGR2C CNV ITP, Kawasaki disease (44, 72)

FCGR3A F158 SLE, Crohn’s disease, Behçet’s disease, severe GBS, bullous pemphigoid, WG relapses, RA,

and for homozygotes, chronic ITP, and nephritis

(45, 60, 67, 70, 77, 93,

102–105)

V158 For homozygotes: RA susceptibility and severity, idiopathic inflammatory myopathies, and IgA

nephropathy

(90, 106–108)

CNV Anti-GBM disease, RA (109, 110)

FCGR3B NA1 For homozygotes: anti-neutrophil cytoplasmic antigen systemic vasculitis, chronic ITP in

children, and severe course of MG

(75, 77, 111, 112)

NA2 SLE, severe GBS, Behçet’s disease, IgA nephropathy, and MS (85, 93, 105, 111, 113)

SH Alloimmune neonatal neutropenia, transfusion reactions (50)

CNV Glomerulonephritis, SLE, systemic autoimmunity, RA, idiopathic pulmonary fibrosis, systemic

sclerosis, and Kawasaki disease

(52, 72, 114–118)

GBM, glomerular basement membrane; GBS, Guillain–Barré syndrome; ITP, idiotypic thrombocytopenic purpura; MG, myasthenia gravis; MS, multiple sclerosis; RA,

rheumatoid arthritis; SLE, systemic lupus erythematosis; SNP, single nuclear polymorphism; WG, Wegener’s granulomatosis.

by phagocytes in the spleen. These findings have implications for
understanding human immune-mediated thrombocytopenic dis-
orders, such as heparin-induced thrombocytopenia/thrombosis
(HIT/T), a serious complication arising from the clinical use
of heparin. Using hFcγRIIAtg mice it was identified that anti-
bodies against heparin–platelet factor 4 complexes are responsi-
ble for hFcγRIIA-mediated platelet activation, thrombocytope-
nia, and thrombi formation in the lung vasculature (131, 132).
Similarly, thromboembolic complications from the use of mono-
clonal antibody therapies may be a result of hFcγRIIA-dependent
platelet activation due to circulating immune complexes (133,
134). Another important outcome of these mouse studies is that
the density of hFcγRIIA expression in the transgenic animal affects
the severity of antibody-induced disease (130), which has critical
ramifications for understanding differences in immune reactions
between individuals. Finally, a therapeutic intervention target-
ing the hFcγRIIA-signaling pathway proved successful for the
prevention of thrombocytopenia in hFcγRIIAtg mice (135).

Anaphylactic reactions
Individuals who have developed antibodies against a given aller-
gen can, upon re-exposure, develop a severe systemic allergic
reaction (anaphylaxis). Allergen re-exposure induces the rapid for-
mation of immune complexes that leads to cellular activation and
release of vasoactive mediators, which drives the phenotype of
systemic shock, including symptoms of hypotension and respira-
tory distress. Although anaphylaxis is classically attributed to an
IgE-mediated mast cell-dependent paradigm of allergic reactivity,
the same systemic symptoms can be reproduced experimentally

in mice by the transfer of specific IgG antibodies and allergen,
of preformed immune complexes (passive systemic anaphylaxis,
PSA), or by repeated immunization with an antigen prior to chal-
lenge (active systemic anaphylaxis, ASA). hFcγRI and hFcγRIIA
expressed in transgenic mice were each individually sufficient to
mediate PSA, the symptoms of which may be alleviated by pre-
treatment with blocking antibodies (9, 136). PSA mediated by
hFcγRIIA was found to be independent of mast cells and basophils,
but rather dependent on neutrophils and monocytes/macrophages
(136). Furthermore, hFcγRI and hFcγRIIA were identified as each
individually sufficient to mediate ASA in transgenic mice, result-
ing in both hypothermia and death (9, 136). hFcγRI-dependent
ASA required neutrophils and the release of platelet activating
factor (9). These data demonstrate that hFcγR expressed on neu-
trophils and monocytes can mediate fatal anaphylactic reactions
in vivo. Furthermore, in hFcγRItgIIAtgIIBtgIIIAtgIIIBtg mice (on
the mFcγRnull background), administration of aggregated IgG was
sufficient to trigger anaphylaxis (119). In addition, directly tar-
geting either hFcγRI or hFcγRIIA by injection of agonistic mAb
could induce anaphylaxis in transgenic mice (9, 136). Altogether,
these data support the notion that anaphylaxis may also occur in
humans in an hFcγR-dependent manner when allergen-specific
IgGs are produced by an individual.

Immune complex induced inflammation
The formation of immune complexes is a hallmark of many
human diseases, and their accumulation is an important trigger
of inflammation-induced tissue damage. Pathogenic antibodies
may bind directly to host cells, or immune complexes may deposit
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within tissues and trigger activation of local or circulating hFcγR-
expressing cells. Using hFcγRIIAtg mice, it was demonstrated
that hFcγRIIA expressed on skin mast cells could trigger their
activation following intradermal injection of immune complexes
resulting in an inflammatory reaction in the skin (136). Inflam-
mation of the airways due to local formation of immune com-
plexes is characterized by granulocyte infiltration, elevated levels of
myeloperoxidase, and subsequent damage to the lung epithelium,
mimicking symptoms of asthmatic disease in humans. Whereas
FcRγ-subunit−/− mice are resistant to IC-induced airway inflam-
mation, transgenic expression of either hFcγRI or hFcγRIIA was
sufficient to restore this antibody-mediated pathology (9, 136).

Rheumatoid arthritis
Rheumatoid arthritis is an autoimmune disease in which the for-
mation of immune complexes within the joints drives an inflam-
matory pathology. Autoantibodies directed against joint proteins
such as collagen type II or glucose-6-phosphate isomerase (GPI)
are found in RA patients, and the arthritis pathology may be mod-
eled in mice by either active immunization with joint-associated
components or by passive antibody transfer. hFcRntg mice pro-
vided direct evidence for the role of this receptor in serum per-
sistence and transport of antibodies into tissues (23). Indeed,
mFcRn−/− mice are resistant to passive arthritis induction, and
transgenic expression of hFcRn could restore arthritis susceptibil-
ity (137, 138); suggesting that greater IgG serum persistence may
have implications for many autoimmune and inflammatory condi-
tions (139). Surprisingly, transgenic expression of hFcγRIIA-R131

on a wild-type mouse background was associated with the spon-
taneous development of an RA-like joint pathology (140). Expres-
sion of hFcγRIIA indeed renders mice highly susceptible to various
models of arthritis (140, 141), even if its expression is purposely
restricted to neutrophils (142). Small inhibitors designed to bind
antagonistically to hFcγRIIA were found to be protective (143),
proposing a hFcγR-targeted therapy for RA. Besides hFcγRIIAtg

mice, other hFcγR-transgenic mice do not exhibit spontaneous
joint inflammation. Nevertheless, hFcγRItg mice demonstrated
that this receptor is sufficient to mediate arthritis induction in
transgenic mice, dependent on the presence of both neutrophils
and monocytes/macrophages (9). Therapeutic elimination of
inflammatory macrophages by an hFcγRI-targeting immunotoxin
inhibited the progression of experimental arthritis in hFcγRItg rats
(144), and resolved cutaneous inflammation (145).

Cell-specific function of FcγR
Studies using hFcγRtg mice have enabled the description of spe-
cific in vivo functions not only for these IgG receptors, but also
the cells that express them. Neutrophils are a particularly relevant
example: the two main human neutrophil IgG receptors, hFcγRIIA
and hFcγRIIIB, were found to individually and cooperatively pro-
mote IC-induced neutrophil recruitment and accumulation in the
tissues. hFcγRIIA alone, however, promoted associated injury and
inflammation in multiple models of antibody-dependent autoim-
munity. Importantly, neutrophil recruitment occurred despite the
absence of FcγR expression on other cell types such as mast
cells and macrophages, indicating a prominent role for hFcγRs
on neutrophils in IC-induced recruitment (34). Furthermore,

specialized functions may be attributed to these two neutrophil
FcγR: hFcγRIIIB seems to play an important role in homeostatic
clearance of immune complexes deposited within the vasculature,
whereas in a complex environment of immune complex deposi-
tion within the tissue and the vasculature, hFcγRIIA was required
for the formation of neutrophil extracellular traps (NETs) (146).
Collectively, these data in hFcγRtg mice demonstrate the value of
a transgenic approach to appreciate the role of human FcγR and
the cells expressing them.

FINAL CONSIDERATIONS
Although, it is tempting to draw conclusions from genetic asso-
ciation studies performed in humans, it would be overreaching
to delineate causal relationships between particular FcγR vari-
ants and antibody-mediated human disease. Importantly, all the
human FcγR-transgenic mouse strains that have been reported
express a single polymorphic variant of each FcγR (Table 3).
Thus, no comprehensive study can compare today the proper-
ties of a given polymorphism in mouse models of disease. Novel
mouse models based on the exchange of the entire FCGR locus
with that of humans may allow these comparison studies, or
transgenic/knock-in mice expressing different polymorphic vari-
ants than the transgenic mice already reported, but remain to be
generated. Still, when taking into account published data from
both humans and animal models (referenced in Tables 2 and 3)
several parallel observations have been described:

- Expression of hFcγRIIA (R131) renders mice susceptible to
arthritis and autoimmune pathologies including thrombocy-
topenia (Table 3); and expression of hFcγRIIA-R131 allotype
is similarly associated with inflammatory diseases, thrombocy-
topenia, and autoimmunity in humans (Table 2). The FcγRIIa-
exon 6* polymorphic variant, which confers increased neu-
trophil sensitivity to IgG stimulation (Table 1) was also associ-
ated with anaphylactic responses in patients upon IVIG therapy
(Table 2); consistent with data obtained in hFcγRIIAtg mice
indicating that neutrophils can contribute to IgG-dependant
anaphylaxis mediated by FcγRIIA.

- The NA1 allotypic variant of FcγRIIIB confers increased phago-
cytosis of IgG-immune complexes, and is associated with throm-
bocytopenia in humans; whereas FcγRIIIB-NA2 and CNV
are associated with inflammatory and autoimmune conditions
characterized by immune complex deposition. These data are
congruent with findings in NA2-hFcγRIIIBtg mice (Table 2),
demonstrating an important role for this receptor in mediat-
ing neutrophil recruitment as well as homeostatic clearance of
immune complexes.

While genetic association studies identify important risk factors
and inform on the involvement of FcγR in human disease; hFcγRtg

mice allow us to more precisely dissect pathological mechanisms,
and describe the role of human FcγR and the cells expressing
them in various clinically relevant pathologies. Together, these
data in humans and transgenic models highlight the contribution
of hFcγR to antibody-mediated diseases, and open avenues for
understanding pathogenic mechanisms. Such data will continue
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Table 3 | hFcγR-transgenic mouse models: description and main results obtained.

Promoter Expression Variant Strain In vivo findings Reference

CD64 (hFcγRI)

FCGR1 Monocytes, macrophages,

DCs, neutrophils

FVB/N Bi-specific mAb-dependent hFcγRI-triggered killing (in vitro) (122)
FVB/N Anti-hFcγRI mAb immunization elicits higher Ab responses (37)

FVB/N hFcγRI-mediated binding and phagocytosis of opsonized RBCs (147)

? Antigen targeting to hFcγRI increased vaccination potency (120)

FVB/N Weak antigen targeting to hFcγRI enhances immunogenicity (121)

FVB/N Immunotoxin targeting of hFcγRI reduces inflammation (145)

5KO (B6 F6) hFcγRI-dependent arthritis, thrombocytopenia, airway

inflammation, and anaphylaxis (PSA and ASA)

(9)

CD32A (hFcγRIIA)

FCGR2A Monocytes, macrophages,

neutrophils, eosinophils,

basophils, mast cells, DCs,

megakaryocyte, platelets

R131 FcRγ−/− (B6xSJL) Immune thrombocytopenia can be induced via hFcγRIIA (129)

FcRγ−/− (B6) hFcγRIIA-dependent thrombosis and shock (130)

hPF4tg (B6) hFcγRIIA-dependent Heparin-induced thrombocytopenia (131)

C57BL/6 Increased active and passive collagen-induced arthritis (140)

FcRγ−/− (B6xSJL) hFcγRIIA mediates experimental immune hemolytic anemia (148)

hPF4tg lo/hi (B6) PF4-hFcγRIIA-dependent Heparin-induced thrombocytopenia (132)

C57BL/6×SJL F1 hFcγRIIA-dependent platelet activation by Bevacizumab IC (133)

C57BL/6×SJL F1 Small chemical entities inhibit collagen-induced arthritis (143)

C57BL/6×SJL F1 hFcγRIIA-dependent platelet activation by CD40L IC (134)

C57BL/6×SJL F1 Increased sensitivity to autoimmune arthritis (141)

C57BL/6 Inhibition of hFcγRIIA-signaling pathway to inhibit thrombosis

and thrombocytopenia

(135)

FcRγ−/−,5KO hFcγRIIA induces anaphylaxis and airway inflammation (136)

C57BL/6J hFcγRIIA cooperates with integrin signaling in platelets (149)

MRP8 Neutrophils, some

monocytes

R131 FcγR−/− hFcγRIIA-dependent nephritis, Arthus reaction, neutrophil

recruitment and tissue injury

(34)

FcγR−/− Neutrophil hFcγRIIA is sufficient for arthritis induction (142)

FcγR−/− hFcγRIIA-dependent NETosis in Arthus reaction (146)

CD32B (hFcγRIIB)

FCGR2B B cells, splenic CD11c

DCs, monocytes,

neutrophils, eosinophils

I232 C57Bl/6 Crosslinking hFcγRIIB and CD19 suppresses humoral immunity

in systemic lupus erythematosus

(150)

FcRγ−/− or

FcγRIIB−/−

hFcγRIIB-enhanced immunostimulatory and anti-tumor activity

of chimeric mouse–human agonistic anti-CD40 Abs

(151)

CD40−/− Anti-tumor activity of agonistic anti-TNFR Abs requires

differential hFcγRIIB coengagement

(152)

CD16A (hFcγRIIIA)

FCGR3A NK cells, macrophages F158 B6xCBAFl Promoter/expression analysis (153)

? NK cells and ? ? SCID Glycoengineering of a humanized anti-EGFR Ab leads to

enhanced ADCC through hFcγRIIIA

(125)

CD16B (hFcγRIIIB)

FCGR3B Neutrophils ? B6xCBAFl Promoter/expression analysis (153)

MRP8 Neutrophils, some

monocytes

NA2 FcRγ−/− hFcγRIIIB is sufficient for NTS nephritis, cutaneous RPA

reaction and promotes neutrophil recruitment

(34)

FcRγ−/− hFcγRIIIB mediates neutrophil tethering to intravascular

immune complexes and their uptake

(146)

CD32A (hFcγRIIA) + CD16B (hFcγRIIIB)

MRP8 Neutrophils, some

monocytes

IIA: R131 FcRγ−/− hFcγRIIA and hFcγRIIIB cooperate to induce nephritis and

cutaneous Arthus reaction

(34)
IIIB:NA2

(Continued)
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Table 3 | Continued

Promoter Expression Variant Strain In vivo findings Reference

FcγR-HUMANIZED MICE (INTERCROSS OF hFcγRItg, IIAtg, IIBtg, IIIAtg AND IIIBtg MICE)

FCGR1 Please refer to single

transgenic mice

I mFcγRI−/− Antibody-mediated FcγR-dependent cell depletion (B cells, T

cells, platelets), and B16-F10 lung metastasis clearance

FcγR-mediated IC-induced systemic anaphylaxis

(119)
FCGR2A IIA-R131 mFcγRIIB−/−

FCGR2B IIB-I232 mFcγRIII−/−

FCGR3A IIIA-F158 mFcγRIV−/−

FCGR3B IIIB-?

hFcRn

FCGRT Intestine and ? mFcRn−/− hFcRn expression restores serum half life of hIgG in mFcRn−/−

mice

(154)

mFcRn−/−;

mFcRn−/−

FcγRIIB−/−

hIgG with engineered high FcRn binding affinity has enhanced

half life in vivo; inhibition of the binding of pathogenic Abs to

hFcRn ameliorates arthritis

(137)

mFcRn−/−

mβ2m−/−

hFcRntg hβ2mtg

Blocking hFcRn using a peptide antagonist increases hIgG

catabolism

(155)

6KO (B6 F6) hFcRn restores arthritis susceptibility in 6KO mice (138)

?, information unavailable in the original publication.

to impact on therapeutic choices and potentially identify new
interventional targets.
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Synonyms

Allergic shock; Systemic type I immediate hyper-

sensitivity reaction

Anaphylaxis: Definition and Historical
Perspectives

Anaphylaxis is a severe and potentially fatal sys-

temic allergic reaction that occurs immediately

after contact with the provocative substance

(allergen). The most common causative agents

are food and drugs; however, an equivalently

large proportion of cases (20 %) are idiopathic.

Although there continues to be a dramatic

increase in prevalence of anaphylaxis worldwide

(Koplin et al. 2011), our understanding of the

responsible immunemechanisms remains incom-

plete. As a clinical condition, variable

presentation and heterogeneity in terminology,

criteria, and definitions have led to inconsistent

diagnoses of anaphylaxis, and further confound

attempts to understand the underlying pathogen-

esis. Recent efforts to define the diagnostic

criteria for an anaphylactic reaction consider the

involvement of multiple organ systems: primarily

the skin or mucosal tissue, since 80 % of cases

experience cutaneous symptoms such as hives,

itch, or flush, with simultaneous respiratory or

cardiovascular compromise, or persistent gastro-

intestinal symptoms.

The classical paradigm considers anaphylaxis

to be an immediate hypersensitivity reaction to an

allergen mediated by IgE antibodies, in a patient

previously sensitized to that particular antigen,

resulting in the release of granular mediators by

mast cells and basophils. These mediators induce

vasodilatation, increased vascular permeability,

and bronchoconstriction, leading to a state of

“shock”: a drop in arterial pressure, tachycardia,

bronchospasm, and digestive troubles. Death can

result from subsequent cardiac failure, asphyxia,

or pulmonary edema following major broncho-

spasm with respiratory distress. Altogether, cur-

rent treatments for allergic anaphylaxis remain

primarily limited to prophylactic allergen avoid-

ance and medications to reverse the physiological

effects ofmediator release, such as adrenaline. It is

therefore necessary to understand the underlying

immune mechanisms, to target these pathways to

alleviate shock or even ameliorate the allergic

state of the individual.
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Our understanding of the phenomenon of ana-

phylaxis began with the findings of Nobel prize-

winner Charles Richet and Paul Portier in 1902,

working with toxins isolated from the sea anem-

one Actinia sulcata (reviewed by Cohen and

Zelaya-Quesada (2002)). They found that dogs

which had recovered from receiving an injection

of the toxin experienced sudden and fatal reac-

tions after subsequent injection, even at a weaker

dose. Others had previously observed that injec-

tion of a foreign protein into laboratory animals,

although initially well tolerated, upon repeat

injection may give rise to unanticipated adverse

effects, systemic shock, and death. Indeed,

63 years earlier Magendie had noted that rabbits

developed sudden and fatal collapse upon

repeated injection of egg albumen. Portier and

Richet identified these reactions that they

observed in dogs to be a result of a pathological

phenomenon behaving in a similar yet opposite

manner to immunity. The initial inoculation,

rather than inducing antigen tolerance as

expected, specifically sensitized the animals to

subsequent exposure. Richet coined the term

“aphylaxis,” to indicate a lack of protection, a

term subsequently modified to anaphylaxis for

the sake of euphony. In 1907 Richet went on to

observe that the serum of inoculated dogs

contained anaphylactogenic properties, and that

transferring blood from an affected animal to a

healthy one could elicit hypersensitivity in the

recipient.

The passive transmission of hypersensitivity

was recapitulated in humans in 1921: conceived

as a test for patient allergy, Prausnitz and K€ustner

demonstrated that a serum factor or “reagin”

from an allergic patient could transfer antigen

sensitivity when injected intradermally into a

healthy recipient, manifesting as a skin reaction

after challenge with the antigen in question

(Prausnitz and K€ustner 1921). Indeed, the

Prausnitz-K€ustner reaction (P-K test) was there-

after used not only as an assay for patients’ aller-

gic status but also as a test to determine the

component of serum responsible for sensitiza-

tion. New analytical methods for serum protein

fractionation facilitated the identification of the

“reaginic” portion of allergic serum as a new

immunoglobulin class, subsequently designated

to be IgE (Ishizaka et al. 1966). At the same time,

an IgE-producing myeloma was identified, and

this myeloma-derived IgE protein was demon-

strated to block the induction of a Prausnitz-K-

€ustner reaction if injected prior to sensitization

with allergic serum, providing the experimental

proof that this was an IgE-mediated phenome-

non. Furthermore, the Fc fragment of the mye-

loma protein was sufficient to inhibit the P-K test,

indicating that the reaction proceeds through

binding to Fc receptors. Indeed the high-affinity

FceRI is expressed on mast cells in the skin, and

receptor-mediated mast cell activation leading to

degranulation and histamine release can induce

local inflammation. The current consensus of

anaphylaxis induction is that upon antigen sensi-

tization, specific IgE antibodies are produced and

bind to FceRI expressed on mast cells and baso-

phils. When an individual is reexposed to the

allergen, the binding of antigen to these specific

IgE-prebound receptors leads to rapid cellular

activation and the release of preformed media-

tors, such as histamine and mast cell-specific pro-

teases, chemokines, and cytokines, which

mediate anaphylactic symptoms and shock. The

mechanisms controlling antigen sensitization, or

the induction of an allergic state, remain incom-

pletely defined.

The discovery of IgE was critical to advances

in the field of allergy: antigen-dependent activa-

tion of tissue mast cells that have specific IgE

bound to their surface is the central event in many

acute allergic reactions (Galli 2005). Importantly,

however, the P-K test exemplifies a passive cuta-

neous model of anaphylaxis, with a specific sen-

sitization protocol and route of allergen exposure.

Anaphylaxis may results from exposure at cuta-

neous surfaces (insect stings), at mucosal linings

(gut epithelium) and on a systemic level (inject-

able drugs). Considering that food and drug expo-

sure accounts for the majority of anaphylactic

reactions, and studies have indicated that drug-

induced anaphylaxis is the most common cause

of anaphylaxis fatalities, it is necessary to under-

stand the immunological mechanisms underlying

these systemic reactions. Indeed IgE represents

only a very minor proportion of the total systemic
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immunoglobulin, present in the serum at concen-

trations less than 0.002 mg/mL, and with a very

short half-life of several hours in circulation. IgG

on the other hand is the most dominant antibody

subclass and exhibits the highest synthetic rate

and longest biological half-life: IgG antibodies

are present at serum concentrations of

5–12 mg/mL with a half-life of 14–21 days.

Both IgE and IgG have been implicated as medi-

ators of anaphylactic events. Mast cells and baso-

phils express IgG receptors as well as IgE

receptors, and furthermore other antibody

receptor-expressing cell types have the capacity

to produce vasoactive mediators.

Structure and Functions

Antibodies and their receptors: The immuno-

globulin protein backbone consists of two identi-

cal heavy and two identical light chains. The

amino-terminal regions of the heavy and light

chains exhibit highly variable amino acid com-

position, and these variable regions are involved

in antigen binding and determine the specificity

of the antibody. Five classes of immunoglobulins

(IgG, IgA, IgM, IgD, and IgE) have been distin-

guished on the basis of antigenic determinants in

regions of highly conserved amino acid

sequences in the constant regions of their heavy

chains. Four distinct heavy chain subgroups of

human IgG are defined as IgG subclasses 1, 2,

3, and 4 based on their relative concentration in

normal serum. The “constant” regions of the anti-

body heavy chain determine their effector func-

tions: complement fixation and ability to cross

membranes and to bind to antibody receptors

(FcR).

FcR induce biological responses within the

cell via activating or inhibitory signaling motifs

contained within the cytoplasmic portion of the

receptor molecule, or associated signaling chains.

Upon binding of antigen-antibody complexes,

receptor aggregation triggers intracellular signal-

ing pathways in a process referred to as receptor

cross-linking. Humans express a single high-

affinity activating receptor for IgE (hFceRI), sev-
eral activating receptors for IgG (hFcgRI,
hFcgRIIA, hFcgRIIC, and hFcgRIIIA), a single

inhibitory IgG receptor (hFcgRIIB), and a

glycophosphatidylinositol-linked receptor

hFcgRIIIB (Fig. 1). Mice express both IgE and

IgG immunoglobulins; however, the murine anti-

body receptor family is not a replicate of the

human (Fig. 2). In both species, each of these

receptors exhibits differential affinity for their

respective antibody binding (Table 1) and vari-

able expression on different cellular subsets

(Table 2; Bruhns 2012). Interestingly, inhibitory

mFcgRIIB and activating mFcgRIII and

mFcgRIV in the mouse also have low affinity

for binding IgE (Mancardi et al. 2008).

Studies of anaphylaxis in human patients are

extremely difficult due to the rapid rate of onset

and lethal potential of the reaction, as well as

large variability in the type and amount of aller-

gen and route of exposure. Early treatment of

shock is essential, and agents such as adrenaline

can mask subsequent signs and symptoms. The

investigation of anaphylaxis in the clinic has also

been severely impeded by the difficulties in diag-

nosis and absence of reliable laboratory
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biomarkers to confirm the clinical impression.

Therefore, to elucidate the underlying cellular

and molecular mechanisms of the anaphylactic

reaction, while avoiding the complications of

clinical studies, several animal models of ana-

phylaxis have been developed. Genetically mod-

ified mice, including gene-deficient or knockout

(KO) strains, have enabled the identification of

different ligands, receptors, and cells necessary

for the induction of anaphylaxis in specific exper-

imental protocols. While results obtained in ani-

mal models are not necessarily applicable to

humans, they provide a framework for under-

standing the mechanisms at work.

IgE-induced passive systemic anaphylaxis

(PSA) is elicited by injecting mice systemically

with IgE antibodies 24–48 h before an intrave-

nous (i.v.) challenge with specific antigen. The

anaphylactic shock which develops within

minutes can be easily assessed by monitoring

the decrease in body temperature. IgE-induced

PSA observed in wild-type (wt) mice was abro-

gated in mice deficient for mFceRI, the high-

affinity IgE receptor expressed by mast cells and

basophils (Dombrowicz et al. 1993) and in mast

cell-deficient W/Wv mice (Miyajima et al. 1997).

It was also abrogated in histidine decarboxylase-

deficient mice, which lack histamine, and in mice

injected with histamine receptor antagonists. Fur-

thermore, an i.v. injection of histamine alone can

induce anaphylactic symptoms in mice. These

findings altogether demonstrate the mandatory

role of mFceRI and mast cells in IgE-induced

PSA and emphasize the contribution of

histamine, contained within mast cell granules,

which are rapidly released upon the cross-linking

of IgE molecules bound to the mast cell surface

via mFceRI. This IgE-dependent mechanism

mediated by mast cells and the release of hista-

mine has been widely accepted as the paradigm

of the anaphylactic reaction (reviewed by Galli

(2005)).

IgG-induced PSA is elicited by injecting

mice systemically with IgG antibodies 2–24 h

before an i.v. challenge with specific antigen.

Alternatively, preformed IgG-immune com-

plexes (IC), consisting of antibody bound to sol-

uble antigen, can be injected i.v. Both IgE- and

IgG-induced PSA develop with similar symp-

toms and comparable kinetics.

IgG1 is the dominant antibody subclass raised

during humoral responses to protein antigens in

mice, and passively administered IgG1-IC are

sufficient to induce anaphylaxis. The

low-affinity IgG receptor mFcgRIII is the only

activating FcgR in mice that can bind mouse

IgG1 (Table 1), and since mFcgRIII can mediate

mast cell activation in vitro and passive cutane-

ous anaphylaxis in vivo, these receptors are con-

sidered to mediate IgG1-induced PSA. Indeed,

IgG1-induced PSA was abrogated in mFcgRIII-
deficient mice. Inhibitory mFcgRIIB that binds

mouse IgG1 negatively regulates mFcgRIII-
dependent IgG1-induced PSA (reviewed by

Bruhns (2012)).

Surprisingly, IgG1-induced PSA was not

abrogated in mast cell-deficient mice (Miyajima

et al. 1997) and although reportedly absent in
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wild-type mice after basophil depletion

(Tsujimura et al. 2008), IgG1-induced PSA was

normal in genetically basophil-deficient mice

(Ohnmacht et al. 2010). These data suggest that

mFcgRIII-expressing cells other than mast cells

and basophils can contribute to IgG1-

induced PSA.

Neutrophils can contribute to IgG-induced

PSA: in a model of polyclonal IgG-induced

PSA, neutrophil depletion was sufficient to

abrogate the reaction (Jönsson et al. 2011).

Whereas mouse mast cells and basophils express

mFcgRIII as their only activating FcgR, mouse

neutrophils express both mFcgRIII and mFcgRI-
V. Neutrophils are also necessary for IgG2-

induced PSA mediated via mFcgRIV. Upon

activation, mouse neutrophils and basophils rap-

idly release granular mediators, including hista-

mine, but also lipid-derived mediators such as

platelet-activating factor (PAF). Like histamine,

Anaphylaxis (Immediate Hypersensitivity): From Old to New Mechanisms, Table 1 Affinity of binding of
human and murine Fc receptors to IgG and IgE subclasses

hFcγRI
(CD64) 

hFcγRIIA
(CD32A) 

hFcγRIIB
(CD32B) 

hFcγRIIC
(CD32C) 

hFcγRIIIA
(CD16A) 

hFcγRIIIB
(CD16B) hFcεRI

hIgG2 – + +/–

+/– +/–

+/– +/–

+/– +

++
mIgG1 – + – – – – –

– –mIgG2a + + +

mIgG2b + + + + ? – –

mIgG3 + – – – – – –

mIgE – – – – – – ++

mFcγRI mFcγRIIB mFcγRIII mFcγRIV mFcεRI 

hIgG1 ++ + + + –

hIgG2 – + + + –
hIgG3 ++ + + + –

hIgG4 ++ + + + –

hIgE – –

–

–

–

– –

– –

–

mIgG1 +
+

+ – –
mIgG2a +

+

+

+
–
–

mIgG3 –

mIgE +  ++ 

++ : High-affinity binding 
+ : low-affinity binding 
+/– : weak/barely detectable binding 
– : no binding 

hIgG1

hIgG3
hIgG4

hIgE

++

++
++

++

+

+
+

+

+
+

+

+
+ +

+ +

+

–

–

–

–

–

–

– – – – –

mIgG2b
++
++

++
+

Ig subclass 

Ig subclass 
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PAF can reproduce the clinical signs of anaphy-

lactic shock when injected into naive animals,

and PAF, but not histamine, was shown to be

responsible for IgG1-induced PSA and IgG2-

induced PSA. Altogether these findings indicate

that IgG1-IC and IgG2-IC induce anaphylaxis

mediated by the release of PAF, probably by

aggregating mFcgRIII on basophils and

mFcgRIII and mFcgRIV on neutrophils

(reviewed by Bruhns (2012) and summarized in

Table 3).

Active systemic anaphylaxis (ASA) is

elicited by injection of allergen/antigen into

mice immunized with the same allergen/antigen

and is therefore a better model of anaphylaxis that

arises in humans who have been previously sen-

sitized to a specific allergen. Different routes of

exposure will mimic different human patholo-

gies: in particular, intravenous antigen challenge

resembles drug-induced anaphylaxis. Although

similar symptoms develop during ASA and

PSA, a greater proportion of animals die during

Anaphylaxis (Immediate Hypersensitivity): From Old to New Mechanisms, Table 2 Human and mouse FcR
expression pattern

HUMAN FcgRI FcgRIIA FcgRIIB FcgRIIC* FcgRIIIA FcgRIIIB FcRn FceRI
B cell – – + – – – – –
T cell – – – – – – – –

NK cell – – ** + + – – –
Monocyte/Macro. + + + + – + +‡

+‡Neutrophil (+) + + – + +
Dendritic cell + + + – – – + –

Basophil – + + – – – +
Mast cell (+) + – – – – +

Eosinophil – + – – – – – +
Endothelium – – – – – – + –

Platelet – + – – – – ? –
Intestine epithelium – – – – – – – –
Syncytiotrophoblast – – – – – – + –

MOUSE FcgRI FcgRIIB FcgRIII FcgRIV FcRn FceRI
B cell – + – – +† –
T cell – – – – – –

NK cell – – + – – –
Monocyte/Macro. – + + + + –

Neutrophil – + + + + –
Dendritic cell +§ + + – + –

Basophil – + + – – +
Mast cell – + + – ? +

Eosinophil – + + – – –
Endothelium – – – – + –

Intestine epithelium – – – – + –

(+) : Inducible expression
+/– : Some subsets express the receptor
* : In Fcgr2c-ORF individuals
** : Detectable and functional expression in non-conventional Fcgr2c-Stop individuals
‡ : In atopic/allergic individuals
§ : Monocyte-derived dendritic cells, but not conventional dendritic cells
† : On splenic B cells only

+/–

+/–
+/–
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ASA. Perhaps unsurprisingly, however, results

obtained from active models of anaphylaxis do

not correlate with most results from passive

models. Neither IgE nor mFceRI, mast cells,

basophils, nor both cells are mandatory for the

induction of ASA (reviewed by Bruhns (2012)).

Antibody-dependent ASA develops in mice

that have been immunized with protein antigen

(bovine serum albumin, BSA) in Freund’s adju-

vant prior to intravenous challenge: BSA-ASA is

lethal in wt mice but does not affect mice that

lack expression of activating FcRs. Studies using

this model have demonstrated important roles for

IgG, neutrophils, and PAF in the induction of

ASA. Even though antigen-specific IgG and IgE

are both present in immunized mice at the time of

challenge, the IgG receptors mFcgRIII and

mFcgRIV are responsible for ASA induction,

demonstrated by the abolition of the reaction in

mice treated with mFcgRIII- and mFcgRIV-
specific blocking antibodies. Neutrophils were

the dominant cell type responsible for the induc-

tion of shock, since neutrophil depletion

prevented ASA-associated death, while basophils

played a minor role: the contribution of basophils

was observable only in the absence of

neutrophils. Importantly, the transfer of human

neutrophils restored ASA in resistant mice

(Jönsson et al. 2011). In an alternate model of

ASA induced by i.v. injection of goat IgG in mice

immunized with goat IgG anti-mouse IgD

(GaMD-ASA), the reaction was determined to

proceed via mFcgRIII, monocyte/macrophage

activation, and the release of PAF (Strait

et al. 2002). Although a role for monocytes/mac-

rophages was not detectable in BSA-ASA, PAF

receptor antagonists also strongly inhibited

BSA-ASA, while a histamine receptor antagonist

had little effect. Altogether, data from these ani-

mal models support a mandatory role for IgG and

IgG receptors in ASA and the downstream pro-

duction of PAF that mediates the physiological

symptoms (summarized in Table 3).

Intestinal models of anaphylaxis to food

have been difficult to develop with the elicitation

of systemic symptoms. Studies in the mouse

intestine examining local allergic manifestations

in response to food allergens have highlighted the

contribution of classical mast cell- and

IgE-mediated mechanisms. A recent study of a

murine model of oral antigen-induced anaphy-

laxis with intestinal and systemic symptoms

Anaphylaxis (Immediate Hypersensitivity): From Old to New Mechanisms, Table 3 Contribution of specific
pathways to experimental anaphylaxis models. A pathway is represented by a cell type, the antibody class, and the

mediator released. ASA models describe BSA-immunized mice challenged with BSA (BSA-ASA) and goat IgG anti-

mouse IgD-immunized mice challenged with goat IgG. If identified, the responsible FcRs are indicated

PSA ASA

IgE IgG1 IgG2b BSA Goat IgG 
anti-IgD

Mast cell / IgE / Histamine
YES

(FceRI) NO n.a. NO NO

Basophil / IgG / PAF NO disputed n.a.
YES

(FcgRIII) n.a.

Macrophage / IgG / PAF NO NO n.a. NO YES

Neutrophil / IgG / PAF ? NO
YES

(FcgRIV)
YES

(FcgRIII+IV) NO

n.a : not analyzed.
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found that some symptoms, namely, diarrhea and

hypothermia, were attenuated in mFceRI-
deficient mice compared to controls. The severity

of these symptoms was also found to correlate

with levels of intestinal mast cells. Airway hyper-

responsiveness, however, occurred indepen-

dently of the IgE/mFceRI/mast cell pathway

(Ahrens et al. 2012). Most animal models of

food allergy involve the generation of both

antigen-specific IgE and IgG; however, the spe-

cific role of IgG in these models has not been well

addressed.

Deleterious Effects of Activated Neutrophils:

A Role for Extracellular Traps in Anaphylaxis?

If neutrophils are activated during anaphylactic

shock in patients, they may also contribute to the

deleterious pulmonary and cardiovascular symp-

toms of the shock. Indeed, while neutrophils play

an essential role in fighting infection and in the

resolution of inflammation, neutrophil-derived

products such as reactive oxygen species, pro-

teases, lipid mediators, and pro-inflammatory

cytokines can induce tissue damage and toxicity

in the local environment (Borregaard 2010). Tis-

sue pathology induced by these mediators has

been associated with the clinical manifestation

of other acute inflammatory reactions, including

acute respiratory distress syndrome of the adult,

acute alcoholic hepatitis, and heat shock. Neutro-

phils, as well as mast cells and eosinophils, may

contribute to tissue pathology under conditions of

inflammation by the formation of extracellular

traps. These filamentous structures consist of a

backbone of DNA, and histones presenting

numerous granular mediators are extruded fol-

lowing cell activation and constitute a novel

death mechanism called NETosis. Whereas the

role of NETs (Neutrophil Extracellular Traps) in

the anti-infectious response is well documented,

the interactions of NETs with the cellular envi-

ronment of the host are little understood. Some

reports, however, describe a deleterious effect of

NETs constituents for tissues, in particular of

histones on endothelial cells during sepsis, of

proteases on bronchial epithelia in asthma, or of

procoagulation molecules that induce thrombo-

sis. It can be hypothesized that during a severe

systemic anaphylactic reaction, NETs may be

released by neutrophils following their activation

by IgG receptors in the presence of allergen and

specific IgG; these NETs cause damage to tis-

sues, endothelial surfaces, and vasculature and

may contribute to respiratory distress.

Pathological Relevance

Clinical Aspects

Anaphylactic reactions are unpredictable and

life-threatening and therefore represent an emer-

gency situation for medical staff. As discussed

above, there are a great variety of eliciting com-

pounds to which allergic individuals can be

exposed via different routes of contact and at

varying distances from hospital and treatment,

rendering clinical studies difficult to conduct. In

cases of anaphylaxis arising in a clinical setting,

however, more homogenous groups of patients

may facilitate clinical studies. Immediate hyper-

sensitivity reactions during the perioperative

period have been reported with increasing fre-

quency in most developed countries and may be

attributable to anesthetic drugs, antibiotics, latex,

antiseptics, radiocontrast agents, colloids for

intravascular volume expansion, blood products,

or disinfectants. The most common causes of

anaphylaxis in this setting are neuromuscular

blocking agents (60–70 %) followed by latex

(12–18 %) and antibiotics (8–15 %) (Mertes

et al. 2011).

Any suspected anaphylactic reaction must be

investigated to provide precise recommendations

for future procedures. The severity of anaphy-

laxis can vary from a simple cutaneous rash to

cardiac failure and eventually death. Reactions

are therefore classified as a function of their

severity: grade 1, generalized cutaneous signs;

grade 2, moderate cardiovascular or bronchial

dysfunction that does not require a specific treat-

ment; grade 3, dysfunction with vital threat that

would not have recessed in the absence of symp-

tomatic treatment; grade 4, cardiorespiratory

arrest; and grade 5, corresponding to death. Cuta-

neous signs may be absent in more severe grades

8 Anaphylaxis (Immediate Hypersensitivity): From Old to New Mechanisms



of anaphylaxis or appear only when an adequate

perfusion pressure has been reestablished.

Since the classical immunological mechanism

of anaphylaxis implies the immediate release of

mediators by mast cells and basophils sensitized

by specific IgE (Galli 2005), when anaphylactic

shock is suspected in the clinic, levels of circu-

lating histamine and of tryptase (a mast cell-

specific protease) are measured to confirm the

diagnosis. If the patient survives the shock,

immunological tests are performed during a phy-

sician’s appointment 6–8 weeks later. To identify

the allergenic compound the patient reacted

against, these tests include skin tests (prick test

and/or intradermal test), measurement of

allergen-specific IgE in the patient’s serum, and

ex vivo basophil degranulation in the presence of

the “suspected allergen.” In view of the patient’s

medical history and the results of the immuno-

logical tests, recommendations to avoid the

“suspected allergen” may be given to the patient

to prevent future occurrences of anaphylaxis.

Clinical reactions observed can, however, also

be a result of nonimmune-mediated events, such

as the nonspecific release of histamine, a phe-

nomenon referred to as an “anaphylactoid” reac-

tion, and reportedly accounting for 30–40 % of

hypersensitivity reactions. The use of the term

“anaphylactoid,” however, is discouraged by the

European Academy of Allergy and Clinical

Immunology. Clinically, these two terms are

indistinguishable in presentation, and rather

such a distinction disregards the potential contri-

bution of as yet unrecognized immunological

mechanisms to the anaphylactic response, or pro-

cesses for which reliable laboratory biomarkers

are not yet established.

None of the cutaneous or immunological tests

performed reach a sensitivity or specificity of

100 %. The situation is particularly difficult

with drugs in the neuromuscular blocking drug

family because anaphylactic shocks to neuromus-

cular blocking drugs have been reported in

patients that have never received them before,

and cross-reactions to various neuromuscular

blocking drugs exist (Mertes et al. 2008). To

comfort a diagnosis of neuromuscular blocking

drug-induced anaphylaxis, the following set of

immunological tests have to be positive: skin

test, presence of specific IgE, and ex vivo baso-

phil activation in the presence of neuromuscular

blocking drugs. Specific neuromuscular blocking

drug-reactive IgE can be quantified using a chem-

ical structure, a quaternary ammonium, which

represents a common antigenic determinant of

the family of neuromuscular blocking agents

(e.g., suxamethonium, rocuronium). Yet in

around 10 % of cases of anaphylaxis to neuro-

muscular blocking drugs, the clinical reaction

does not correlate with the levels of mediators

in the serum (histamine and tryptase) and the

immunological tests performed, suggesting

another mechanism leading to anaphylactic

shocks (Laroche et al. 2011). In agreement with

this, animal models suggest that antibodies other

than IgE and, probably, cell populations other

than mast cells and basophils can mediate

anaphylaxis.

Data published by different groups on differ-

ent animal models of anaphylaxis (refer to Struc-

ture and Function) compile a rather complicated

picture on the different cell types, antibody recep-

tors, and mediators involved in systemic anaphy-

laxis. That neither mast cells nor IgE, but rather

neutrophils and/or macrophages and IgG, con-

tribute to some of these models is unexpected

and opens novel areas of research in human ana-

phylaxis. That PAF is a major responsible medi-

ator for active systemic anaphylaxis in murine

models should prompt a reevaluation of the con-

tribution of PAF to human anaphylaxis. In two

human studies, serum PAF concentrations were

shown to correlate with the severity of anaphy-

lactic shocks (Vadas et al. 2008; 2013). Certainly,

clinical application of the findings of animal

models requires close consideration of the appro-

priateness of the model used; in particular, human

anaphylactic reactions are essentially always

“active.” In order to be better able to extrapolate

to the human conditions, efforts have been made

to develop humanized models of anaphylaxis, by

using mice expressing human IgE or IgG

receptors.
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“Humanized” Models of Anaphylaxis

The role of the human high-affinity receptor for

IgE, hFceRI, was first investigated in IgE-PSA in

the mouse. Mice deficient for mFceRI and trans-

genic for hFceRI developed IgE-PSA, but not

mice that did not carry the human transgene

(Dombrowicz et al. 1996). This pioneering work

demonstrated that anaphylaxis could be

reconstituted in an “FcR-humanized” mouse.

Notably, however, this reaction was dependent

on the injection of antigen-specific mouse IgE

that bound to hFceRI in vivo.

Recently, the transfer of human neutrophils

has been reported to restore anaphylaxis in

anaphylaxis-resistant mice, that is, mice deficient

for activating FcRs (Jönsson et al. 2011). Human

neutrophils from normal donors constitutively

express the low-affinity activating IgG receptor

hFcgRIIA: hFcgRIIA is the most widely

expressed FcR in humans (Tan Sardjono

et al. 2005), possesses its own activating motif

in its intracytoplasmic domain, and is not associ-

ated to the FcRg subunit that enables the other

activating IgG (and IgE) receptors to signal

(Fig. 1). hFcgRIIA binds all four human IgG sub-

classes (Bruhns et al. 2009), as well as mouse

IgG1, IgG2a, and IgG2b subclasses (Jönsson

et al. 2012). Mice transgenic for the Fcgr2a gene

have been generated that recapitulate the expres-

sion of hFcgRIIA in humans (McKenzie

et al. 1999). hFcgRIIA was found to be sufficient

to induce fatal ASA when expressed on a trans-

genic mouse background deficient in endogenous

murine FcR. hFcgRIIA-dependent IgG-induced

PSA relied on neutrophils and monocyte/macro-

phages, but not on mast cells and basophils.

Human mast cells, monocytes, and neutrophils

can produce anaphylactogenic mediators follow-

ing hFcgRIIA engagement. hFcgRIIA may there-

fore contribute to allergic reactions and

anaphylaxis in humans (Jönsson et al. 2012).

Human neutrophils from atopic and allergic

patients also express hFceRI (Gounni

et al. 2001). Neutrophils may therefore contribute

with mast cells and basophils to IgE-dependent

allergic reactions in these individuals. In addi-

tion, neutrophils can express the activating high-

affinity IgG receptor hFcgRI under several

pathological (e.g., multiple myeloma, rheuma-

toid arthritis, bacterial infection, sepsis, and

inflammatory bowel disease) and therapeutic con-

ditions (e.g., treatment with recombinantG-CSF or

chemotherapy). Mice transgenic for the Fcgr1a

gene have been generated that recapitulate the

expression of hFcgRI in humans (Heijnen

et al. 1996). hFcgRI was found to be sufficient to

induce IgG-induced PSA and fatal ASA when

expressed on a transgenic mouse background defi-

cient in several endogenous murine FcRs. hFcgRI-
dependent ASA relied on neutrophils, but not on

monocyte/macrophages. Human neutrophils can

produce anaphylactogenic mediators following

hFcgRI engagement, and hFcgRI-dependent ASA
was strongly inhibited following treatment with

PAF receptor antagonists. hFcgRI may therefore

contribute to allergic reactions and anaphylaxis in

humans that express this high-affinity IgG receptor

on their neutrophils (Mancardi et al. 2013).

Thus, like mouse IgE receptor mFceRI and

mouse IgG receptors mFcgRIII and mFcgRIV,
human IgE receptor hFceRI and human IgG

receptors hFcgRIIA and hFcgRI are sufficient to
trigger IgE- and IgG-induced systemic anaphy-

laxis, respectively, when expressed in mice. Yet

these results have been obtained in mice

expressing only one human hFcR, in the absence

of inhibitory hFcgRIIB, and in the absence of

other hFcgRs, that may regulate or contribute to

anaphylaxis, respectively. If other hFcgRs play a

role in anaphylaxis in humans, other cell types

than those identified so far may contribute to, or

even be responsible for, the induction of anaphy-

laxis. The use of mouse models expressing mul-

tiple or, preferably, all hFcgRs (Smith et al. 2012)

may be necessary to fully understand their rela-

tive contribution to anaphylaxis and the role of

the cells expressing them.

In addition, cross-species binding of mouse

IgE or mouse IgG to hFceRI and hFcgRI and

hFcgRIIA enabled the use of mouse monoclonal

antibodies to induce anaphylaxis in mice

transgenic for these receptors (Dombrowicz

et al. 1996; Jönsson et al. 2012; Mancardi

et al. 2013). Several hFcgRs, however, do not

bind (or very poorly) mouse IgG (Table 1). In

particular, only hFcgRIIA cross-binds the
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predominant mouse IgG subclass, mIgG1,

whereas all human FcgRs bind the predominant

human IgG subclass, hIgG1 (Bruhns 2012). Of

note, hFcgRIIIB that is very highly expressed on

human neutrophils does not detectably cross-bind

mouse IgG. hFcgRIIIB has nevertheless been

reported to play specialized roles in these cells

using murine models transgenic for this human

receptor, demonstrating expression on neutro-

phils, as well as on monocytes (Chen

et al. 2012; Tsuboi et al. 2008). Investigating

the role of most human hFcgRs in anaphylaxis

in mouse models using mouse IgG may therefore

lead to conclusions irrelevant to human physio-

pathology of hFcgRs and of human IgG. Models

integrating mice expressing hFcgR and produc-

ing human/chimeric IgG would be more physio-

logically relevant, but no report of this kind has

been made so far.

Interactions with Other Processes
and Drugs

Atopic individuals, such as those with asthma or

other allergies, are identified to be at high risk of

anaphylactic episodes. Overall, anaphylaxis is

more common in females than in males, yet for

unknown reasons 95 % of deaths from insect sting

anaphylaxis occur in males. Patterns of exposure

influence relative anaphylaxis risk: seasonal

changes in insect populations relate to risk of

insect sting anaphylaxis, multiple surgery proce-

dures increase risk factors for allergic periopera-

tive reactions, and professional exposure to latex

increases predisposition to latex allergies. Other

medications can predispose to anaphylaxis or

interfere with treatment, for example, b-blockers
can interfere with the action of adrenaline and

increase severity of symptoms or duration of the

reaction. Delayed access to adrenaline is a consis-

tent risk factor for fatalities following anaphylaxis.

Deficiencies in PAF acetylhydrolase, the enzyme

that degrades PAF, were found to inversely corre-

late with anaphylaxis severity (Vadas et al. 2008),

which emphasises a contribution of this mediator

to human anaphylactic reactions.
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AAbstract 

Neutrophils are agents of protective and pathological inflammation. My thesis work aimed to 

determine the role of neutrophils during severe, potentially fatal models of systemic inflammation 

induced by lipopolysaccharide (LPS, endotoxemia) or by IgG immune complexes (anaphylaxis). 

Anaphylaxis is a severe allergic reaction that may proceed via IgE- or IgG-dependant pathways. 

Endotoxemia is a model relevant to inflammation during critical illness. To study neutrophils in vivo, 

we employed a new mouse model of inducible neutropenia. We found, surprisingly, that neutrophils 

and neutrophil-derived MPO protected against the severity of endotoxic shock, independently of the 

microbiological environment, suggesting that neutrophils contribute to host immunity by limiting 

inflammation during endotoxemia. Conversely, neutrophils can contribute to IgG-induced 

anaphylaxis in mice. As mice and human IgG receptors (FcγR) are very different, our laboratory 

developed a novel mouse strain in which targeted insertion of human FcγR into the murine loci 

recapitulated hFcγR expression patterns. In these mice I show that anaphylaxis induced by hIgG 

proceeds within a native context of activating and inhibitory hFcγRs, and that neutrophil activation 

via FcγRIIA is a dominant pathological pathway, involving the mediators PAF and histamine. Finally, 

I describe ongoing work to develop a mouse model of anaphylaxis in response to Rocuronium, a 

curare-based neuromuscular blocking agent (NMBA). In collaboration with a clinical consortium, I 

contributed to the analysis of blood samples from patients suspected of NMBA-induced anaphylaxis, 

identifying evidence also for the activation of a neutrophil- and IgG-dependent axis during human 

anaphylaxis. 

 

 




