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Abstract

Natural Killer (NK) and Innate Lymphoid Cell responses to autologous and

allogeneic tumors

In the last years innate lymphoid cells (ILCs), especially natural killer (NK) cells have
moved into the focus for novel immunotherapeutic approaches in different diseases
and particularly for the treatment of cancer. To understand the impact of ILCs and NK
cells in anti-tumor responses, advanced experimental setups, including in vivo models,
are essential. Mice reconstituted with a Humanized Immune System (HIS) have been
shown to harbor human NK cells and ILCs, allowing to investigate the function of these

subsets in vivo.

The aim of my thesis project is to define the roles for human NK cells and human ILC

subsets in the anti-tumor immune response in vivo using HIS mice.

Monoclonal antibodies have made a tremendous impact as therapeutic agents for the
treatment of a variety of cancers. Antibodies exert their effects via Fc Receptors
(FcRs) expressed on several immune cells including neutrophils, macrophages and
NK cells. Still, the precise effector cells and mechanisms underlying effective anti-
tumor responses in humans remain unclear. Studying human antibody-mediated anti-
tumor responses in HIS mice is complicated by the presence of residual mouse FcR+
cells that can elicit immune effects. To better define cellular mechanisms involved in
antibody-mediated tumor clearance, | characterized a novel FcR-deficient HIS mouse
model that was developed in the laboratory. We demonstrated deletion in the Fcer1g
gene at DNA and RNA levels by PCR and sequencing. We further validated the
absence of functional activating mouse FcRs by flow cytometry and with a passive
systemic anaphylaxis assay in mice. | tested how target cell depletion by different
antibodies, and antibody variants, are affected in this new FcR-deficient HIS model,
and observed that mouse FcR bearing cells, mouse complement, and human FcR
bearing cells could all contribute to antibody-mediated cell depletion. Furthermore, by
using a complement inactive antibody variant in the FcR-deficient HIS mice | was able



to show the importance of human FcR+ NK cells in antibody-mediated cell depletion

in vivo.

In order to generate an autologous HIS-tumor mouse model, we created syngeneic
lymphoblastoid cell lines (LCLs) by transforming human B cells that had differentiated
in HIS mice, using Epstein Barr virus (EBV). We then tested the tumor potential of
these EBV B cell lines (B-LCLs) in vivo. Intraperitoneally injected B-LCLs showed
efficient grafting and expansion in non-humanized, immunodeficient hosts. At early
time points the B-LCLs were mostly confined to the peritoneal cavity but with time
tumor cells disseminated in the blood and formed tumors in the spleen, liver and
peritoneal cavity. Interestingly, when injected into reconstituted partially HLA-matched
HIS mice, anti-tumor immune responses were observed and the data suggest an
expansion of human CD8+ cytotoxic T cells and NK cells with a reduction in the

number of tumor cells.

Taken together, we have generated a novel FcR deficient HIS mouse model which will
allow to study antibody-mediated responses by the human immune system against
autologous tumors.

Keywords:

Natural Killer cells, Innate Lymphoid cells, Human immune system mice, autologous

tumor models, Fc Receptors, complement, B-LCL, therapeutic antibodies, innate

immunity
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Résumeé

Réponses des cellules Natural Killer (NK) et des cellules lymphoides innées aux

tumeurs autologues et allogéniques

Ces derniéres années, les cellules lymphoides innées (ILC), en particulier les cellules
Natural Killer (NK), sont au centre des recherches pour des nouvelles approches
immunothérapeutiques, notamment pour le traitement du cancer. Pour mieux
comprendre l'impact des cellules ILC et NK dans les réponses antitumorales, il est
essentiel de disposer de modéles expérimentaux avancés, notamment in vivo. Des
souris humanisées pour le systéme immunitaire (HIS) constituent un tel modéle chez

lesquels la présence de cellules NK et ILC humaines a été démontrée.

Le but de mon projet de thése est de définir les rbles des cellules NK humaines et des
sous-ensembles d’'ILC humains dans la réponse immunitaire anti-tumorale in vivo

dans le modéle souris HIS.

Les anticorps monoclonaux ont un impact considérable en tant
qgu'immunothérapeutiques pour le traitement de nombreux cancers. Les anticorps
exercent leurs effets via les récepteurs Fc (FCR) exprimés sur plusieurs cellules
immunitaires, notamment les neutrophiles, les macrophages et les cellules NK.
Cependant, les cellules effectrices et les mécanismes qui régulent ces réponses
antitumorales efficaces chez 'homme ne sont toujours pas clairement définis. L'étude
des réponses anti-tumorales, médiées par les anticorps humains chez les souris HIS
est compliquée par la présence des cellules FcR+ résiduelles de souris qui peuvent
participer a 'immunité. Afin de mieux définir les mécanismes cellulaires impliqués
dans I'élimination des tumeurs médiée par les anticorps, j'ai caractérisé un nouveau
modeéle de souris HIS inactivé pour le FcR qui a été développé dans le laboratoire.
Nous avons démontrée la délétion du gene Fcer1g au niveau ADN et ARN par PCR et
séquencage. L'absence de FcRs fonctionnels activateurs a été validé par cytométrie
de flux et par un test d'anaphylaxie systémique passive chez la souris. J'ai caractérisé
la déplétion des cellules cibles par différents anticorps, et variantes d'anticorps, dans

ce nouveau modéle HIS inactivé pour FcR, et déterminé que les cellules exprimant le
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FcR de souris, le complément murin, et les cellules porteuses de FcR humains
peuvent tous contribuer a la déplétion cellulaire médiée par les anticorps. De plus, en
utilisant une variante d'anticorps déficiente pour le complément chez les souris HIS
inactivé pour FcR, j'ai pu démontrer I'importance des cellules NK humaines FcR+ dans

la déplétion cellulaire médiée par les anticorps in vivo.

Afin de générer un modele autologue de souris HIS portant des tumeurs, nous avons
crée des lignées cellulaires lymphoblastoides syngéniques (LCLs), en transformant
des cellules B humaines, provenant des souris HIS, avec le virus d'Epstein Barr (EBV).
J'ai ensuite testé le potentiel tumoral de ces lignées cellulaires B EBV transformées
(B-LCLs) in vivo. Les B-LCL injectées par voie intrapéritonéale ont greffé et ont
proliféré chez des hétes non humanisés et immunodéficients. Initialement, les B-LCL
étaient principalement confinés a la cavité péritonéale, mais progressivement, les
cellules tumorales se sont disséminées dans le sang et ont formé des tumeurs dans
la rate, le foie, et la cavité péritonéale. De maniére intéressante, lorsque les B-LCL ont
été injectées a des souris HIS reconstituées et partiellement appariées HLA, une
réponse immunitaire antitumorale comprenant une expansion et une activation des
cellules T cytotoxiques CD8+ et des cellules NK humaines a été observé, ainsi qu'une

réduction du nombre de tumeurs.

En résumé, nous avons généré un nouveau modéle de souris HIS déficient en FCR
qui permettra d'étudier les réponses meédiées par les anticorps du systéme
immunitaire humain contre les tumeurs autologues.

Mots-clés :

Cellules tueuses naturelles, cellules lymphoides innées, systéme immunitaire humain,

souris, modéles de tumeurs autologues, récepteurs Fc, complément, B-LCL, anticorps

thérapeutiques, immunité innée
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Chapter |

General Introduction

1.1 The Human Immune System

Roles of the immune system

The human body has several lines of defense consisting of physical and chemical
barriers like the skin, mucous membranes and stomach acids as well as the innate
and the adaptive parts of the immune system. Classically the immune system is
thought of as a defense mechanism, protecting from pathogenic viruses, bacteria,
fungi and parasites’. Yet, the immune system has a multiplicity of functions beyond
pathogen defense. It is further involved in elimination of malignant cells, tissue repair,
wound healing, vascularization, processes of development and reproduction. Hence,
the role of the immune system is currently thought of as the maintenance of tissue

homeostasis and system integrity?.

Immune system development

The human immune system is composed of cellular and humoral factors. In the
mammalian embryo three waves of hematopoietic progenitor generation have been
identified, of which all are derived from the mesoderm3. Primitive erythrocytes,
megakaryocytes, macrophages and early erythroid-myeloid progenitors (EMP) of the
first wave and late EMP and lymphoid-myeloid progenitors of the second wave are
emerging from the blood islands and the vascular plexus of the extraembryonic yolk
sac respectively, whereas hematopoietic stem cells (HSCs) are of intra-embryonic
origin-8. In the last years multiple publications have shown that immune cells, like for
example specific tissue resident macrophage subsets are derived from yolk sac
precursors® . Yet, the majority of immune cells present in adult individuals
differentiate from HSCs'?'3. HSCs are defined as self-renewing and multipotent,

meaning that they have the capability to either retain multipotency or differentiate and
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give rise to all blood lineages through a process termed hematopoiesis'#. HSCs arise
during embryonic development in big vessels, in the aorta-gonad-mesonephros
region, from where they migrate to the fetal liver, in which they amplify and mature
during the periods of mid and late gestation'. Before birth the HSCs migrate to the
bone marrow where they can persist throughout life'®. In the bone marrow HSCs
reside in distinct microenvironments, termed niches, in which the surrounding cells
such as stromal and endothelial cells exert a regulatory influence on the HSCs. For
example, HSCs remain in a quiescent state in the arteriolar niche while the
perivascular niche has been identified to promote HSC maintenance'”-'®. Based on
surface marker phenotyping and in vivo transplantation experiments of human immune
cell populations into immunodeficient mouse recipients, the Lin- CD34* CD38 CD90*
CD45RA" cell population has been identified to contain HSCs'®2°. Classically,
hematopoiesis is thought of as a hierarchical tree in which HSCs give rise to
multipotent progenitors which in turn give rise to lineage committed common lymphoid
progenitors and common myeloid progenitors (Figure 1). These differentiate into
mature immune cells through further lineage restrictive steps. The common myeloid
progenitor has the potential to give rise to platelets and erythrocytes as well as all
granulocytes, e.g., neutrophils, eosinophils, basophils and also to monocytes,
macrophages and myeloid derived dendritic cells (DCs)?'. The common lymphoid
progenitor can give rise to B cells, T cells, innate lymphoid cells (ILC), including
cytotoxic ILC1 called Natural killer (NK) cells, non-cytotoxic ILC1, ILC2, ILC3 and
lymphoid derived DCs. It should be noted that this classical model of lineage
commitment has been challenged with the availability of new techniques, such as
single cell RNA sequencing but the most recent results from fate mapping studies by
barcoding largely support the classical model. Still, further investigations are required
to precisely understand all the precursor-product relationships??23. In hematopoiesis,
decisions regarding lineage commitment and stem cell self-renewal are mostly
dictated by transcription factors networks and regulatory chemokines and cytokines?*.
The following section will cover the major populations of innate as well as adaptive

immune cells and detail their characteristics and functions.
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Figure 1. The Hematopoietic lineage tree — from HSCs to mature immune cells

Innate Immunity

The Immune system can conceptually be divided into innate and adaptive immune
responses. The innate immune response is the first one to be induced and is
characterized by its instant and invariant response. In contrast to adaptive immune
responses, no prior encounter with the stimulus is required to evoke an innate immune
response. One mechanism by which innate immune cells can sense abnormalities is
the missing-self recognition®>?%. Moreover, innate immune responses involve the
recognition of pathogen associated molecular patterns (PAMPs) by sentinel cells, like
DCs, macrophages and mast cells which are strategically located in tissues and at
barriers to detect the invasion of pathogens. The sensing of PAMPs, which are
common structural or functional components of microorganisms such as
lipopolysaccharides, mannoses or teichoic acids, is realized by genetically encoded
pattern recognition receptors (PRRs)?”:?8, Further, damage associated molecular
patterns (DAMPs) which are released by necrotic cells or cells that undergo high stress
are recognized by PRRs?°. A prominent example of PRRs is the toll-like receptor (TLR)
family, where cell surface TLRs recognize microbial molecular structures while TLRs
located in the endosome membrane are able to detect double stranded viral RNA, viral
and bacterial DNA3®. These receptor interactions activate sentinel cells, which then
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based on the sensed pathogen or abnormality, release inflammatory cytokines and
chemokines, thus initiating the recruitment of other cell types such as monocytes,
neutrophils and effector lymphocytes from the circulation?®3'. Depending on the cell
type, different effector mechanisms like phagocytosis and degranulation of cytotoxic
enzymes are executed for clearing of pathogens or abnormal cells. Innate immune
cells are also crucial in the initiation of adaptive immune responses, particularly
through antigen presentation by DCs and non-cellular based mechanisms like the

complement system32,

Dendritic cells

At steady state, DCs patrol tissues to detect foreign molecules, for example by binding
of ligands to their TLRs. Subsequently, they produce various polarizing cytokines such
as type | interferon (IFN), interleukin (IL)-12, IL-23 or tumor necrosis factor (TNF)q,
and thereby determine the type of immune response that is induced. Furthermore,
DCs are specialized in taking up and processing antigens which they present either to
surrounding T-cells or to naive T cells in the lymph nodes33. There are two major types
of DCs, conventional DC (cDC) that are derived from the myeloid lineage, and
plasmacytoid DC (pDC) that are derived from the lymphoid lineages, both are
dependent on the cytokine receptor FIt3%**. The cDCs have a role in priming and
polarizing naive T cells®3. Human pDCs are identified by their expression of CD123
and cDCs are CD11c* and can be distinguished by CD141 (cDC1) and CD1c (cDC2)
expression®,

Within the cDCs, cDC1 are mainly associated with viral and intracellular bacterial
infections. They mainly secrete the Th1 polarizing cytokine IL-12 and have the
capability of cross-presenting antigens on major histocompatibility complex (MHC) |
molecules to CD8" cytotoxic T cells. Further, in mice cDC1 were identified as the
predominant source of CXCL9 and CXCL10 in the tumor microenvironment (TME) and
were required for CD8* effector T cell recruitment®®. Since CD8* T cells are often the
main effectors in anti-tumor responses, the initiation of the immune response by cDC1
may be crucial for tumor control. Indeed, the lack of the CD8a* DC subset in a mouse
tumor model showed reduced CD8" T cell infiltration, failure to produce tumor specific
cytotoxic T cells and as a result the tumor was not rejected®”-38,
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cDC2 get activated in response to helminth or fungal infections, causing them to
induce Th2 responses by secretion of pro-inflammatory cytokines IL-4, IL-5 and IL-13
or Th17 responses by IL-23 secretion, respectively. Correspondingly, cDC2 present
antigens to CD4* T cells via MHCII to induce either Th2 or Th17 responses®3.

In pDCs TLR7 and TLR9 that are localized on the endosomal membrane, allow a
rapid response to viruses, bacteria and self-nucleic acids and cause the release of
type | interferon3%40,

Neutrophils

Neutrophils are polymorphonuclear granulocytes and the most abundant leukocytes
in the peripheral blood. Typical marker for human neutrophils are CD66b, CD15 and
CD16*'. In the beginning of the acute phase of inflammation they are among the first
cells that migrate to tissues by following chemokine gradients and other chemotactic
agents like complement components*2. They are activated through ligand binding of
PRRs on their membrane surface and exert multiple effector functions. Through
phagocytosis they take up microorganisms into intracellular vesicles which then fuse
with granules, resulting in the killing of the ingested microorganisms by antimicrobial
proteins and reactive oxygen species (ROS) in a structure called the phagosome*3.
Alternatively, the content of the granules can be released by degranulation to Kkill
microorganisms extracellularly**. Neutrophils also secrete immunomodulatory
molecules which may lead to the recruitment of further immune cells at the site of
inflammation*S. NETosis is another mechanism of Neutrophils in which they release
partially decondensed chromatin forming neutrophil extracellular traps (NETs). The
NET chromatin is decorated with histones and granule proteins, enabling to trap and
limit the spread of infections by killing bacteria®®. Even though neutrophils usually
contribute to the resolution of inflammation, emerging evidence suggests that
dysregulation of neutrophils can cause chronic inflammatory diseases and
autoimmune disorders*”48. With respect to cancer, a high neutrophil-to-lymphocyte
concentration in the circulation, and high levels of intra-tumoral neutrophils, are
associated with unfavorable outcomes*®®°. However, there is evidence that
neutrophils contribute to antibody-mediated tumor cell destruction in vivo, and recently
it has been shown in vitro that human neutrophils can kill antibody opsonized tumor
cells by trogoptosis®'-52. It is important to note that in humans neutrophils express
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overlapping surface markers with granulocytic myeloid-derived suppressor cells
(MDSCs) which complicates their distinction and it is also not clear how closely these
cell populations are related®s.

Eosinophils, Basophils and Mast cells

Eosinophils, Basophils and Mast cells are part of the myeloid lineage and together
with neutrophils they represent the granulocytes and all contain cytoplasmic
granules®.

Eosinophils circulate within the bloodstream where they make up 1-3% of the overall
cells and migrate to inflamed tissues upon activation. They are implicated in the host
defense against parasites like helminths, fight viral and bacterial infections, are
involved in allergic reactions and asthma. These effects are elicited by the cationic
granular proteins within secondary granules®. Mast cells are tissue resident cells
residing near blood vessels, within the airways, the gastrointestinal and the
genitourinary tract where they mature in situ. The activation of mast cells is highly
associated with the binding of IgE through its high affinity receptor FceRI, yet many
other stimuli have been shown to activate mast cells, like complement components,
TLR agonists, reptile and insect venoms®¢. Basophils are the rarest granulocyte
population making up less than 1% of peripheral blood leukocytes. As they possess
phenotypic similarities with mast cells, like the expression of FceRl, they have
erroneously been considered circulating mast cells®. Basophils circulate under
homeostatic conditions and migrate to inflamed tissues where they get activated by
IgE-dependent or IgE-independent pathways causing the release of mediators leading
to immune reactions. For example, release of IL-4 has an immunomodulatory impact
by recruiting eosinophils, polarizing macrophages, and influencing T cell
differentiation. Moreover, basophils are involved in allergic disorders like food

allergies, asthma and anaphylaxis®’.

Macrophages

The eponymous feature of Macrophages that fostered their discovery by llya
Metchnikov in 1884 is their ability to carry out phagocytosis, which is defined as the
cellular uptake of particles within a plasma-membrane envelope®8. Macrophages are
found throughout many tissues and organs, like the liver, spleen, gut, lung and brain.
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Depending on their location they have morphological and phenotypical specificities
and have been given different names, e.g. Kupffer cells in the liver and microglia in
the brain®®. For a long time, tissue-resident macrophages have been thought to
differentiate exclusively from HSC derived monocytes in the circulation that migrate to
tissues and become macrophages®, but in recent years, several distinct tissue-
resident macrophage populations have been shown to have an embryonic origin%-6".
Macrophages are involved in many processes including tissue homeostasis, tissue
remodeling, immunosurveillance, host defense, antigen presentation and
pathologies®?. The ability to phagocytose allows the removal of apoptotic cells, dead
cells and cellular debris to maintain tissue homeostasis, as well as the uptake and
killing of bacteria and fungi which clears infections®3¢4. In mouse models and in vitro
it has been shown that macrophages can eliminate tumor cells by antibody dependent
cellular phagocytosis (ADCP)8%86, Macrophages are highly plastic with phenotypical
and functional alterations due to environmental stimuli and signals. Hence, they have
been classified into two discrete polarization states (M1/M2)%”. Macrophages can be
identified by their expression of CD11b and CD68 (intracellular) and whereas CD64,
CD80 and CD86 are markers associated with M1, CD206 is highly expressed on M2,
M1 are described to encourage inflammation upon interferon gamma (IFN-y) mediated
activation, while M2 in turn decrease inflammation, encourage tissue repair and wound
healing due to activation through IL-4 and IL-13. However, with increasing evidence
of different activation modes, it is recognized that macrophage states go beyond the
M1/M2 dichotomy, as many other macrophage polarization states have been
described, the appropriateness of this classification has been questioned®°°.
Furthermore, tumor associated macrophages (TAMs) are abundant in solid tumors
and involved in the immunosuppression of the TME, for example by producing
immunosuppressive cytokines IL-10 and transforming growth factor 3 (TGF-$) and by
releasing CCL20 which recruits Treg cells’®72. Consequently, high frequency of TAMs
in the TME correlates with poor prognosis in most human tumors’3. A mechanism for
tumor cells to evade phagocytic elimination is the upregulation of CD47, a “do not eat
me” signal which inhibits phagocytosis by binding to Signal regulatory protein alpha
(SIRPa) expressed on macrophages’. In a recent clinical phase 1b study in cancer
patients, a CD47-blocking antibody in combination with Rituximab (anti-CD20) showed
promising results, whereas anti-CD47 antibody monotherapy was mostly

ineffective’®76,
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Innate Lymphoid cells

The family of innate lymphoid cells (ILCs) with its three distinct groups 1, 2 and 3 had
been proposed only 10 years ago’’. The characteristics that unify different cell
populations as innate lymphoid cells are (1) the lack of specific antigen receptors, (2)
morphological characteristics of lymphoid cells and (3) a lack of myeloid and dendritic
cell phenotypical markers’”78. All ILCs share an ontogenetic origin and are derived
from the common lymphoid progenitor. The discovery of progressively more restricted
progenitor stages of ILCs has been facilitated by techniques such as single cell sorting,
clonal expansion, single cell RNA sequencing, adoptive transfer, knock out and
reporter mouse models. Early innate lymphoid progenitors (EILP) can give rise to the
full range of ILCs, while the common helper ILC progenitor (CHILP), which expresses
high levels of the transcription factor |d2, can differentiate to all ILCs except for
cytotoxic natural killer (NK) cells’®8. The ILC precursor (ILCp) expresses the
transcription factor Plzf and only gives rise to ILC1, ILC2, ILC3 excluding NK and
lymphoid tissue inducer cells (LTi)®'. In humans a CD34* common innate lymphoid
progenitor (CILP) in secondary lymphoid organs, restricted to ILC potential, including
NK cells, has been discovered®83. Further, a human CD34  population of ILC
progenitors (ILCPs) with the potential to generate all ILCs has been identified in
tonsils, blood, lung, cord blood and fetal liver®*. Whereas cytotoxic NK cells require IL-
15 for their development, all other ILC subsets are characterized by expression of IL-
7Ra (CD127) and IL-7Ra signaling is indispensable for their efficient development®5-86.
ILC groups 1, 2 and 3 have been classified based on the TFs they express and their
cytokine production profiles (Figure 2). This classification was strongly inspired by the
already existing classification of T cells, as ILCs were found to have remarkable
functional parallels with T cells®”. Moreover, ILCs have been found to be plastic, a
feature that describes the ability of differentiated cells to change their functions and
phenotype based on changes in their microenvironment, which has already been
revealed for T cells®®8°. For example, it has been shown in the intestine of mice and
human immune system mice, that ILC3s can convert into ILC1s which is driven by IL-
2390,91_
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Figure 2. An overview of innate lymphoid cells

NK cells

Natural killer (NK) cells belong to the group 1 ILC as they are able to produce large
quantities of interferon-y (IFN-y) and express the TF T-bet. Furthermore, NK cells also
express TF Eomesodermin (EOMES) and are cytotoxic, both distinguishing them from
non-cytotoxic ILC1s7792,

When NK cells were discovered, they were found to naturally lyse certain tumor cells
and antibody opsonized cells without delay or previous sensitization®3. Hence, NK
cells are best known for their function of killing infected or transformed cells, as well
as their role in immune regulation by cytokine secretion®*. Several studies revealed
that reduced NK cell activities in humans are associated with increased rates of
malignancies, attributing them a crucial role in tumor immunosurveillance®-%".

NK cells can kill target cells either by directed release of Iytic granules or induction of
apoptosis via expression of Fas ligand or TNF-related apoptosis-inducing ligand
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(TRAIL) that bind death receptors on target cells®®. The target cell lysis by lytic
granules containing perforin and granzyme starts with the integrin-mediated adhesion
of NK cells to target cells, leading to the formation of an immunological synapse. This
results in the fusion of granules with the plasma membrane and release of lytic
molecules like perforin monomers which form aggregates and subsequently pores in
the membrane of the target cell. Granzymes can enter the target cell through these
pores and cause cell death by inducing apoptotic pathways®-%°.

Further, NK cells are able to produce high amounts of pro-inflammatory cytokines IFN-
y and TNF-a following either, interaction of NK cell activating receptors with their
ligands or activation by IL-12, IL-15 or IL-18, which are cytokines produced by other
immune cells, like DCs and monocytes in inflammatory environments'00-194 By
secreting cytokines NK cells can have immunoregulatory roles, most prominently IFN-
y which can regulate CD8* T cell effector function'?°,

In contrast, TGF-3 has immunosuppressive implications on NK cells, as it modulates
the expression of effector molecules, activating and chemokine receptors leading to
reduced cytotoxicity and impaired anti-tumor responses'®. TGF-B was found to be
upregulated in some cancer patients, notably in the plasma of lung and colorectal
cancer patients compared to healthy donors'%”:1% TGF-B downregulates expression
of the activating receptor NKG2D on human NK cells, thus limiting their response’®.
It has also been shown that TGF-§ interferes with the mTOR pathway, blocking IL-15
induced activation of mTOR'10,

Regulation of NK cell effector functions is dictated by the integration of inhibitory and
activating signals received through a multitude of germ-line-encoded receptors
expressed on NK cells (Figure 4), which can be grouped according to their ligand

type!".
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Figure 4. Cell surface receptors expressed by human and mouse ILCs (from

Chiossone et al.?)

Killer-cell immunoglobulin-like receptors (KIRs) are stochastically expressed receptors

that bind to self-MHC class | molecules which are ubiquitously expressed on all cells.

Since most KIRs are inhibitory, binding to self-MHC class | facilitates self-tolerance

(Figure 5). In virally infected or transformed cells MHC class | molecules are often

downregulated leading to reduced inhibitory signals which changes the NK cell

balance to a more activated state, and induces lysis of target cells. This mechanism

of recognition based on MHC class | downregulation is termed the “missing self’

concept'3,

Natural killer group 2 (NKG2) proteins belonging to the c-type lectin family are

complexed with CD94 and form heterodimeric receptors which bind non-classical
MHC-molecules. NKG2A binding to HLA-E leads to a more inhibited state of NK cells
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as it contains a cytoplasmic ITIM motif''4. In contrast, NKG2C, -E, -H are activating
receptors and associate with the immunoreceptor tyrosine-based activation motif
(ITAM) containing adaptor protein DAP-12"15, NKG2D is also an activating receptor
that binds to MICA, MICB and ULBP family in humans, which are upregulated on tumor
cells, and induces activation signals through association with DAP-10, independently
of CD94™115-117,

Further, a large variety of receptors are expressed on the surface of NK cells, e.g.
natural cytotoxicity receptors (NCRs), CD16, DNAM-1, KLRG1 and PD-1 which bind
MHC-independent ligands.

NCRs include NKp30, NKp44, NKp46 which are potent activators of and mediators of
NK cell cytotoxicity. NCRs have been shown to bind heparan sulfates on cancer cells
and for NKp30 binding to B7-H6 on the surface of tumor cells has been
described''®11° Accumulating evidence suggests that further cellular and pathogen-
associated ligands are recognized by NCRs but many have not yet been
identified!20.121,

CD16, the Fcy receptor IIIA (FcyRIIIA) is predominantly expressed on CD569™ NK
cells and allows them to bind to the Fc region of IgG antibodies bound to their specific
antigen. Through its association with subunits containing an ITAM, CD16 triggers NK
cell activation and induces killing of the antibody-coated target cell, a process known
as antibody dependent cellular cytotoxicity (ADCC)'?2.

The combination of signals received through all these receptors fine-tune the
functional state of NK cells. Different signals on tumor cells can alter the balance and
induce killing, for example when NK cells recognize the missing of self-MHC class |,
the upregulation of stress associated ligands, or antibodies bound to tumor antigens
(Figure 5).

30



a Healthy cells No lysis b Missing self

Lysis
/" Inhibitory MHC /_\
-y receptor class | B— N -
B Healthy X // \\
‘ y MHC class I-
o cell ”

f [ deficient \

| oy \ tumourcello )

| “ < > _ _d
St

Activating |mulatory
receptor ligand

¢ Induced self-ligands

Stressed or h
1 damaged cel[ \\j

( Wumour ce\
; .... [ ] ’
)

7 CD16' Antibody

Tumour
antigens

Nature Reviews | Cancer
Figure 5. Schematic representation of physiological NK cell functions (from Morvan &

Lanier'23)

In order for NK cells to become functionally competent they have to go through a
process referred to as “NK cell education”. Therefore, inhibitory receptors, such as
KIRs on human NK cells (Ly49 in mice) and NKG2A need to interact with MHC class
| molecules during their development and NK cells that do not interact with MHC |
molecules through their inhibitory receptors are found to be hyporesponsive. Different
modalities have been proposed, comprising the arming/disarming, cis/trans interaction
and rheostat/on-off models to explain how NK cells reach an educated state, allowing
them to be balanced in terms of sensitivity to activation and inhibition, and able to
eliminate cells expressing reduced levels of MHC class | while maintaining self-
tolerance'24-128,

In humans, NK cells can be identified by their surface expression of CD56 and
NKp46'2°. In the peripheral blood (PB) of humans, NK cells make up about 10% of
total lymphocytes and two subpopulations are distinguished based on functional and
phenotypic differences (Figure 3). CD56""9"CD16*- (CD56"9") are efficient cytokine
producers whereas CD569MCD16* (CD56™) show stronger cytolytic capacities, they
respectively make up 10% and 90% of total NK cells in PB'3°. However, for tissue
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resident NK cells which express CDG69 this ratio is altered; for example, in the lymph
nodes, colorectum, stomach and liver CD56°"9"t are more abundant than CD569™ NK
cells. Further, in lung and breast tumor tissues significantly higher abundance of
CD56P19Mt NK cells was shown than in the respective healthy organs'3'. A particular
subset of NK cells are present in the decidua, which have a
CD56"9"CD16-KIR*CD9*CD49a* phenotype and are involved in angiogenesis, tissue
remodeling and placentation during pregnancy’32. In mice four populations of NK cells
with distinct effector potency are subdivided based on their expression of CD11b and

CD27 which mark different developmental stages'.

Elément sous droit, diffusion non autorisée

Figure 3. NK cell CD5619"t and CD56™ subsets (A) Flow cytometric analysis (B)
schematic representation of phenotype and effector functions (adapted from Cooper
et al.'??). NK receptors (NKRs), Lymphokine-activated killer activity (LAK).

At the moment, the developmental relationship of NK cells and NK cell precursors in
humans is not fully understood. A NK lineage-restricted
CD34*CD38"CD123"CD45RA*CD7*CD10*CD127~ precursor has been identified in
human bone marrow, tonsil, umbilical cord blood and fetal tissues which can give rise

to fully mature and functional NK cells in vitro and in vivo'4. And more recently,
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CD45*CD34"CD7*CD127*CD117*CD45RA" ILCPs were described by our lab, which
among helper ILC subsets also give rise to NK cells® but it is not clear how these are
developmentally related to the CD34" NKP. Further, a long-standing question is
whether CD56°9" NK cells give rise to CD569™ NK cells'3®. Convincing evidence, like
the higher frequency of CD56°9" NK cells in the first month after HSC transplantation,
longer telomere repeats in CD56""9" NK cells and experiments in which sorted
CD56"19"t develop a CD56™ phenotype in vitro and in immunodeficient mice, support
this precursor-product relationship between CD56°9" and CD569™ NK cells'36:137,
Nevertheless, barcoding experiments in rhesus macaques shows clonally distinct
patterns between CD56°9" and CD56™ NK cells'38.139,

In mice and humans, populations of memory NK cells, which respectively express
Ly49H and NKG2C, expand following species-specific cytomegalovirus (CMV)
infection, with a clonal-like expansion resulting in a long-lived pool of memory NK cells.
These memory NK cells are more potent and show a more efficient response against
CMV during re-infection'4%-142_ In addition to CMV, other stimuli, e.g. influenza virus,
HIV, haptens and cytokines have been associated with the induction of memory and
memory-like NK cells'*. The discovery of memory NK cells with several adaptive
immunity characteristic features has blurred the line between innate and adaptive

immunity 43,

ILC 1

Helper-type ILC1s express the TF T-bet and secrete “type I” cytokines like IFN-y and
TNF-a.

In mice the existence of ILC1s which are distinct from NK cells is commonly accepted
and murine ILC1s are identified by their Lin"NKp46*NK1.1*CD49a*CD49" surface
marker expression. The EOMES” mouse model in which no NK cells are found in the
intestine, but ILC1 levels are not significantly altered provides a proof of concept that
two separate lineages of NK cells and ILC1 exist and ILC1s can develop independently
of the TF EOMES®0.

In contrast, the discrimination between ILC1 and NK cells in humans is not as
straightforward since TF and surface marker expressions largely overlap between
these two populations and currently no ILC1 definitive marker exists. Hence, ILCs are
mostly distinguished as Lin- CD127* (IL-7Ra*) CRTH2" CD117" “non-ILC2-non-ILC3”
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ILCs which bears the risk of contamination with other cell types such as T cells, NK
cells and ILC3'4. A single cell transcriptome study of tonsil ILCs demonstrated that
most ILC1s sorted based on this combination of markers clustered apart from NK cells,
ILC2 and ILC3 in an unsupervised t-SNE analysis. But indeed, the NK, ILC2 and ILC3
clusters were each contaminated with some cells from the ILC1 sorting gate'#.
Further, in humans EOMES expression is not entirely discriminatory between ILC1
and NK cells, as some ILC1 like intraepithelial ILC1 (ielLC1), which are different from
NK cells in phenotype and function, have been shown to express EOMES'#6. Recently,
the distribution of ILCs in tissues of healthy donors has been systematically studied
and ILC1s (Lin- CD127* CRTH2 CD117- NKp44*~) were found in every tissue
analyzed, including fat, colon, small intestine, lymph nodes, lung and spleen'’. In
some human tumors, such as non-squamous cell lung carcinoma and breast cancers,
ILC1s have been detected and in gastrointestinal tumor tissue they were found to be
more abundant than in para-lesional tissue, but to date their role remains largely
unknown'8.149_|n mice, a study showed that TGF-B can drive conversion of NK cells
to ILC1-like, which may be a mechanism of tumor evasion as the ILC1-like cells were

unable to control tumor growth and metastasis™°.

ILC 2

Group 2 ILCs have been demonstrated to depend on IL-25 and IL-33. They can
secrete large amounts of type 2 cytokines IL-5 and IL-13, thereby contributing to
protective immunity against parasites like helminths'®!. Elimination of helminths relies
on the recruitment of eosinophils through type 2 cytokines released by ILC2s in the
gastrointestinal tract'2. Different ILC populations express the TF GATA-binding
protein-3 (GATA-3), however ILC2s specifically are characterized by high expression
of GATA-3. GATA-3 expression is essential for ILC2s and induces CRTh2 expression
as well as IL-4, IL-5 and IL-13 production3. Moreover, the development of ILC2s is
also dependent on the TF retinoic acid receptor (RAR)-related orphan receptor alpha
(RORa)™*, ILC2s reside in peripheral tissues, such as the gut, lung, skin and fat
associated lymphoid clusters'®5-1%8, |[LC2s are involved in different allergic responses
including atopic dermatitis and asthma and can also regulate metabolic homeostasis
and tissue repair for e.g., in the lung after influenza virus infection'%-162, The

restoration of airway epithelial integrity after influenza infection has been shown to be
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mediated through Amphiregulin, a member of the epidermal growth factor family, that
can be produced by ILC2s'%2. The presence of ILC2s has been reported in several
different tumor types, such as breast, gastrointestinal and prostate cancer'®163, |n
non-muscle bladder cancer patients, the ILC2s frequency was associated with high
levels of IL-13 and correlated with monocytic MDSC, which in turn were associated
with shorter recurrence free survival'®*. This suggests ILC2s are involved in promoting
immunosuppression. However, another study in pancreatic ductal adenocarcinoma
patients showed that intra-tumoral ILC2 levels and ILC2-activating cytokine IL-33 were
associated with longer survival'®®. ILC2s are also involved in the recruitment of
eosinophils and studies in mice have shown that specific ILC2 mediated eosinophil
infiltration was associated with better tumor control'®.1%7. Consequently, ILC2s may
have both tumor suppressive and tumor promoting activities, which is in line with data
generated in mouse tumor models, suggesting strong modulations of ILC2 activity by
the TME'68.

ILC 3

Group 3 ILCs include two members, lymphoid tissue inducer cells (LTi) and postnatally
developing ILC3s, both of which are defined by the production of IL-17 and [L-22
cytokines and whose development and function depends on expression of TF RAR-
related orphan receptor yt (RORyt)””. LTi arise in the fetus and are indispensable for
lymph node and Peyer’s patch formation'®®. During the initial process of lymph node
organogenesis, LTi migrate to the lymph node anlagen where they interact with
stromal lymphoid tissue organizer cells. These upregulate adhesion molecules, IL-7,
and chemokines leading to the survival, proliferation and differentiation of LTi and
recruitment of further LTi as well as B cells, T cells and DCs to populate the nascent
lymph node'"°.

ILC3s reside in the tonsils, intestinal lamina propria, spleen, decidua, skin, lung and
liver of humans'”'-'76_ They are involved in the development of cryptopatches and
isolated lymphoid follicles, in the maintenance of epithelial barrier functions and
protection against bacterial infections'”?. A major player in ILC3 function is IL-22, a
cytokine which mainly impacts non-hematopoietic epithelial cells'”. The secretion of
IL-22 in ILC3 is triggered by IL-23"7". IL-22 can induce elevated levels of antimicrobial
proteins and mucus associated molecules in epithelial cells subsequently providing
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protection against extracellular pathogens, like Citrobacter rodentium, a mouse
pathogen used as a model for Escherichia coli infection of humans'”®17°_ Furthermore,
ILC3s are also implicated in plaque formation in psoriasis and inflammatory bowels
disease'8%.18" Human ILC3s show several antitumor properties, for example they have
recently been shown to release IFNy and mediate cytotoxicity upon tumor cell
encounter'82, Furthermore, ILC3s at the border of colorectal cancer tissue co-localized
with T cells and displayed elevated levels of HLA-DR suggesting their potential in
antigen presentation83, Along this line, the presence of ILC3s in non-small cell lung
cancer has been associated with intra-tumoral tertiary lymphoid structure (TLS)
density, a predictor of favorable clinical outcome'#®. However, in a study on lymph
node metastasis of breast cancers, presence of ILC3 in the tumor correlated with
increased metastasis'®*. Hence, the impact of ILC3s in tumors may be context
dependent.

Unconventional T cells

Unlike MHC-restricted T cells with highly diverse T cell receptors (TCRs) that
recognize classical peptide antigens, unconventional T cells recognize lipids, small-
molecule metabolites and specially modified peptides, which are not donor restricted
and have a more limited receptor diversity'8%. Unconventional T cells include natural
killer T (NKT) cells, mucosal associated invariant T cells (MAITs), yo T cells, CD1-/H2-
M3-/Qa-1-/HLA-E-/restricted T cells and TCRap CD8aa intraepithelial T lymphocytes
(IELs)"8,

NKT cells, defined as CD1d-restricted and TCR-a3 positive T cells in humans are
present in blood, spleen, BM, thymus and liver. Invariant NKT (iNKT) cells have a
specific TCR-a rearrangement (Va24-Ja18) while non-classical NKT cells have more
diverse TCR-a chains. They can recognize lipids and glycolipids presented on CD1d,
a MHC-like molecule expressed on professional antigen presenting cells (APCs) which
activates them and induces the production of type | and type Il cytokines, that in turn
activate other immune cells'®. One prominent ligand of iNKT is the glycolipid a-
galactosylceramide which has been shown to mount potent anti-tumor reactivity 8189,
MAIT cells are restricted to the MHC-1-related molecule and like NKT cells, express a
semi-invariant TCR with Va7.2-Ja33 for the TCR-a chain and a limited set of V(3
segments’®’. It has been demonstrated that MAIT cells can get activated by vitamin B
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metabolites, compounds which are produced by most bacteria and yeast, and thus
help to fight off microbial infections9%.191,

yo T cells possess elements of innate and adaptive immunity. They have similarities
to NK cells as most yd T cells express NKG2D and some subsets CD16. It has been
shown that the latter can induce antibody-mediated IFN-y production'®2193, While their
yd TCRs are highly variable, the recognition of target antigens is independent of MHC
haplotype. As ligand recognition by yd TCRs often requires costimulatory signals, this
provides a mechanism to prevent harmful self-reactivity’®3. yd T cells make up 1-5%
of the total T cells in circulation, and show much higher percentages in the epithelial
tissues of the skin or the gastrointestinal tract'®. They are involved in the
immunosurveillance against many types of tumors and rapidly expand and react in
response to invading pathogens by secreting proinflammatory cytokines IFN-y and
TNF-a following activation9%:1%,

Adaptive Immunity

While the germline encoded PRRs enable rapid sensing and subsequent elimination
of pathogens, the range of pathogenic molecular patterns that can be recognized by
the innate immune system is limited and hence, not sufficient to safeguard against
newly encountered pathogens or mutated PAMPs. Therefore, adaptive immunity
offers a very flexible way to achieve a more diverse repertoire of recognition receptors
which are highly specific. Characterizing features of adaptive immunity are the
capability to produce combinatorically rearranged, antigen specific receptors as well
as the establishment of immunologic memory, meaning that a faster and more
effective immune response can be mounted upon re-encounter of the same antigen'®”.
These diverse, antigen specific receptors are the TCRs in T cells and immunoglobulins
in B cells and they are generated through a somatic rearrangement mechanism called
V(D)J recombination. This process is initiated by the recombination activating gene
(RAG) recombinase, a protein complex encoded by RAG1 and RAG2, which
introduces DNA-double strand breaks at the flanks of V, D and J gene segments.
Thereafter, enzymes of the non-homologous end joining pathway lead to DNA end
processing, repair and ligation of the V, (D; only present in some receptor chains) and
J gene sets'®8. The resulting DNA sequence determines the amino acid sequence of

the rearranged receptor and consequently the binding specificity'®®. The combinatorial
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diversity caused by the different gene sets together with the junctional diversity
introduced during the DNA repair and ligation process gives rise to a plethora of
antigen receptors with different specificities??°. Since this is a randomized mechanism
to some degree, also a multitude of self-reactive receptors arises, therefore, the
adaptive immune system bears a high risk of autoimmunity. In order to ensure self-
tolerance and reduce the risk of autoimmune disorders, the cells go through selection
processes before they are fully mature and reactive?°. In addition, B cells go through
affinity maturation, a step that tailors and increases the B cell receptor (BCR) antigen
specificity. During an adaptive immune response, there is a strong clonal amplification
of antigen-reactive cells which participate in the immune response. After the immune
response, this pool of cells contracts and only subsets of antigen-specific cells remain
that get maintained as memory cells. Overall, the adaptive immune response is slower
than the innate immune system during the primary response but due to the antigen
specificity and memory generation it is highly efficient upon re-encounter of the same
antigen. Primary and secondary lymphoid organs including the thymus, spleen and
lymph nodes are required for adequate development and functioning of the adaptive
immune system, and are the structures where both processes are controlled by innate

immune cells, particularly DCs?8:202.203,

T cells

The effectors of the adaptive immune system are T cells, also called thymocytes,
which owe their name to the development in the thymus, where the progenitors that
originate from the bone marrow give rise to naive T cells. CD4- CD8 double negative
progenitors undergo TCR rearrangement and become co-receptor CD4* CD8" double
positive cells. Through negative selection on thymic DCs, strongly self-reactive clones
are removed while positive selection on thymic epithelial cells expressing self-MHC
class Il and class | generates single positive CD4" or CD8" naive T cells,
respectively?94295 Naive T cells are released into the periphery and when they
encounter their cognate antigen i.e. a peptide presented on the respective MHC
molecule, they proliferate and differentiate into effector T cells?. CD8* T cells are
cytotoxic and CD4" are so called helper T cells (Th). As ILCs are considered the innate
counterpart of T cells, likewise T cells are distinguished by the cytokines they produce.
Briefly, Th-1 produce the signature cytokines IFN-y and TNF-a, Th-2 secrete IL-4, IL-
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5 and IL-13, while Th-17 and Th-22 express IL-17 and [L-222072%8 T cells have
numerous roles such as elimination of virally infected or abnormal cells (CD8" T cells),
and boosting in the immune response against virally infected or abnormal cells (Th-1),
parasitic infections (Th-2) and extracellular pathogens like bacteria (Th-17 and Th-22).
Once the infection is cleared, the pool of antigen specific T cells contracts and only a
fraction of cells remain as memory T cells. These can be maintained over long periods
of time, expand very fast and provide more efficient protection upon reinfection2°.
Especially CD8" T cells are extremely powerful effectors in anticancer immune
responses and high abundance of CD8" T cells is associated with favorable outcomes
in many cancers?'%-22, Similar to NK cells, CD8* T cells can exert killing of tumor cells
either by degranulation or initiation of apoptosis by binding to death receptors?'s.
However, as a consequence of the immunosuppressive TME most T cells become
exhausted, express high levels of inhibitory receptors and are unable to eliminate
cancer cells?'*. Blocking immune checkpoint inhibitors with antibodies allows T cells
to overcome this exhausted state and enhances anti-tumor reactivity?'°.

Regulatory T cells (Tregs), which are a subset of CD4* T cells make up a separate
population. In the thymus these cells undergo a different selection process as they
have higher self-reactivity than other T-cell subsets?'6. Tregs are essential to maintain
immune homeostasis and prevent autoimmunity by regulating immune cell responses
against self-antigens, allergens and commensal microbiota through their suppressor
activity?'’. Conversely, in the context of cancers, Treg infiltrated tumors are strongly
associated with poor survival rates and further implicated in the resistance to
immunotherapies?'821°,

Another distinct subset of CD4* T cells are the T follicular helper (Tfh) cells, which
differentiate from naive T cells upon interaction with APCs. The Tfh cells stay in the
lymph nodes or spleen, where they provide help to B-cells in the process of antibody

affinity maturation?2°.

B cells

The main functions of B cells are antibody production as well as T cell activation via
antigen presentation and secretion of cytokines. B cells undergo VDJ recombination
in a multi-step process giving rise to IgM* immature B cells independent of antigens
that exit the bone marrow. While T-cell independent maturation of B cells is possible,
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the majority of B cells mature in follicles of secondary lymphoid organs in an antigen-
dependent process during which they receive help from Tfh cells'97:22. B cells get
activated by engagement of the BCR with a cognate antigen and subsequently migrate
to the T-B follicle border. If they find a cognate CD4* T cell they receive proliferation
signals and divide rapidly??2. The germinal center is divided into two separate areas,
one is the dark zone in which the B cells proliferate and go through somatic hyper
mutation (SHM) that diversifies the BCR by specifically increasing the mutation rate in
the targeted regions of Ig genes??3. In the light zone of the germinal center Tfh and
follicular DCs aid in the selection of B cells based on the affinity of the BCR. The
cycling between these two germinal center zones results in B cell affinity
maturation?22.224,

Another diversification process of the BCR is the class switch recombination (CSR) in
which the constant region of the BCR gets exchanged with another isotype while the
specificity of the variable region is kept. Recently, it has been confirmed that in fact
CSR mainly occurs already prior to germinal center entry and SHM?25,

In the end, B cells with two different fates emerge from the germinal centers, plasma
cells and memory B cells. Plasma cells are long lived antibody (secreted BCR)
producing cells that differentiate from high-affinity germinal center B cells allowing a
highly efficient antibody response whereas memory B cells preferentially arise from
low affinity compartments and provide a pool of cells with broad antigen specificity for
recall responses??6.

In many human cancers high intra-tumoral density of B cells is associated with good
prognosis. Specifically in TLSs of tumors many B cells were found and these were
shown to differentiate into plasma cells and produce antibodies against tumor-
associated antigens??’,

The interplay among immune cells and between Innate and Adaptive

Immunity

Numerous links exist between the innate and adaptive immune system and this direct
or indirect interaction of immune cells with each other is indispensable for certain

processes in development, maturation, mounting and regulation of immune
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responses. In the following section, some of these bridging elements of the immune
system are detailed.

Cytokines and Chemokines

Cytokines are important signaling molecules for the communication between cells with
a wide range of actions. Due to the diversity in cytokines, they are broadly described
as polypeptide factors typically of the immune system and are thought to act locally.
But potentially they can also act at a distance and some are produced by or act on
non-immune cells. Cytokines can act in a paracrine (on other cells) or autocrine (on
same cell) fashion. Multiple families of cytokines exist that have been grouped on the
basis of the structure of cytokines and cytokine receptor and the signaling
mechanism?28,

Here, | will take IL-15, which is crucial in the development of NK cells as an example
and describe this cytokine in more detail®. IL-15 belongs to the “four a-helix bundle”
cytokine family and is involved in the development, survival, proliferation and activation
of multiple lymphocyte lineages. Secreted IL-15 binds with high affinity to either soluble
or membrane bound IL-15Ra and this complex binds to the heterodimer receptor
composed of the IL-2RB and IL-2R common y chain??®. In fact, signaling of many
interleukins (IL-2, IL-4, IL-7, IL-9, IL-15, IL-21) depends on the IL2R common gamma
chain?%. The binding of IL15-IL15Ra to the IL-2RBy complex induces the Janus-
associated kinases (JAK) and signal transducer and activator of transcription (STAT)
signaling pathways which leads to cellular activation®?°.

Due to their strong immunomodulatory capacity, cytokines have high potential as
therapeutic agents while their dysregulation can lead to severe diseases such as
cytokine release syndrome?3'232,

The family of chemokines, also referred to as chemotactic cytokines, is characterized
by signaling through cell surface G protein-coupled heptahelical chemokine receptors.
Their central biological role is the mediation and regulation of cell movement, most
notably the migration of immune cells, which is essential for functioning of the immune
system?33, In addition, chemokines are also involved in other functions, like cell
survival, proliferation, differentiation, activation, polarization and degranulation?34.
Chemokines are essential for the recruitment immune cells to the TME, for example
cytotoxic T cells and NK cells both express chemokine receptors CXCR3 and CXCR4
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which bind to CXCL9/10/11 and CXCL12, respectively?®. In colorectal cancer patients
increased CXCL9 and CXCL10 was associated with higher CD8" T cell infiltration of

tumors and longer disease-free survival®®.

Antibodies

Antibodies or Immunoglobulins (Ig) are glycoproteins produced by plasma cells that
possess antigen specific binding domains??’. As humoral components of adaptive
immunity, they get secreted into blood or tissue fluids where they elicit various effector
functions of the innate immune system'®’. Epitopes are the precise binding sites on
antigens that are recognized by the complementarity determining region (CDR) of the
immunoglobulin with high specificity and high affinity%.

Human antibodies are composed of two identical light chains and two identical heavy
chains, connected by disulfide bonds which form y-shaped proteins. Both the light and
heavy chains contain a constant region and a variable region. The light chain can
belong to either the k or A class and the possible heavy chain isotypes are IgA, IgD,
IgE, IgG and IgM. Most antibodies exist as monomers, IgA and IgM antibodies can
from dimers and pentamers, respectively. While the variable region (fragment variable,
Fv) of the antibody that contains the CDR allows the specific binding of a target
antigen, the fragment crystallizable (Fc) gets bound by Fc receptors or other immune
system components that determine effector functions?%°.

Antibodies can contribute to the killing and depletion of microbes or cells that they
target in many ways. The opsonization of cells, e.g. tumor cells or pathogens, with
antibodies can trigger the classical complement pathway and lead to complement
dependent cellular cytotoxicity??. Alternatively, the binding of activating Fcy receptors
(FcyR) (CD16A, CD32A, CD64), which are expressed on various innate immune cells,
like neutrophils, macrophages and NK cells, to immune complexes (antibodies bound
to their antigen) can induce ADCC or ADCP against the target cell. Another
mechanism by which antibodies can have an impact without additional effectors is
neutralization, for example when antibodies bind to viruses and block cell entry?41,
Since antibodies can modulate immune responses very efficiently they are excellent
therapeutic agents and many are clinically available?*?, such as IgG isotype
monoclonal antibodies. As the affinity to Fc receptors and complement varies between
IgG subclasses (IgG1, 1gG2, 1gG3, IgG4) these are chosen according to the desired
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effects of the antibody?3243, Antibodies made for target cell depletion are often IgG1
antibodies whereas those for immune checkpoint inhibitors are mostly of the IgG4
subclass and are made to block the interaction between an inhibitory receptor on
immune cells and its ligand®*4. Furthermore, many different aspects of therapeutic
antibodies have been optimized for clinical applications by antibody engineering. To
reduce the immunogenicity of antibodies which are largely produced in other animals,
humanized antibodies in which only the regions crucial for the binding of the antigen
are kept while the rest of the antibody is substituted by domains of a human antibody
are now the standard for therapeutic use. Other engineering improvements affect for
example, the stability, affinity, solubility and post translational modifications of
antibodies?3°. Currently, the potential of next generation immunotherapies are being
explored, like bi- and tri-specific antibodies designed to bring target and effector cells
together?4s.

Fc Receptors

Fc Receptors (FcRs) have no antigen specificity; however, they can adopt antigen
specificity by binding to the Fc portion of antigen specific antibodies. The binding of
immune complexes (antigens bound to antibodies) by FcRs can trigger different
effector functions, notably ADCC and ADCP, depending on the type of FcR and the
cell on which the FcR is expressed?*6-24’. These effects are exploited in antibody
therapies that aim at eliminating for example cancer cells, like with anti-CD20 and anti-
HER2 monoclonal antibodies?*824%, FcRs are grouped according to the antibody
isotype they bind and in humans FcuR (IgM), FcaR (IgA), FceR (IgE) and FcyR (1gG)
exist. Based on whether they are associated with an intracellular immunoreceptor
ITAM or intracellular immunoreceptor tyrosine-based inhibitory motif (ITIM) some FcR
can be subdivided into activating or inhibitory FcRs, respectively. However, exceptions
to this categorization exist as some ITAMs have generated inhibitory signals when
binding to monomeric |g. Additionally, some FcR, like FcRn, TRIM21, FcRLs do not
fall into the categories of ITAM or ITIM expression and are instead involved in
recycling, intracellular trafficking for degradation or antigen presentation and cell
differentiation, or induce activation/inhibition through other mechanisms?%°. The
effector response which is induced by FcRs is dependent on the cells types on which
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the FcRs are expressed on and the antibody isotypes/subclasses, as these have
different binding affinities (Figure 6)4.

Elément sous droit, diffusion non autorisée

Figure 6. Schematic representation of human FcyRs (adapted from Bruhns and

J6nsson25°) Alleles are identified by the amino acid variant in the protein (e.g. H131), or by the name of the

allelic variant (NA1, NA2 or SH). Upper part. Binding affinities are indicated as Ka (M™"); high-affinity interactions
with monomeric Ig are indicated in bold; —, no binding; ND, not determined. Lower part. Expression patterns of
FcRs are summarized as follows: +, expression; +/—, expression on a subpopulation; [+], inducible expression; *,
detectable and functional expression in non-conventional Fcgr2c-Stop individuals and on a rare subpopulation of
CD56%M/FcyRIIPright NK cells

The binding affinity of FCRs to antibodies and subsequently the efficiency of the
response is further complicated by multiple factors, like polymorphisms in both, FcRs
and the Fc of the immunoglobulin?®'2%2_ For example, for NK cells, which express the
activating receptor FcyRllla (CD16a) it has been demonstrated in vitro that different
lgG1 and 1gG3 allotypes efficiently trigger ADCC to various extents but not IgG2 and
IgG4 allotypes?®'. Of note, human and mouse FcRs cross-react with immunoglobulins

of other species?®. It is further important to take into account that there are striking
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differences in the expression pattern of FcRs between mice and humans and the
functional ortholog of hFcyRIIA is mFcyRIIl and that of hFcyRIIIA is mFcyRI250,

Complement system

The complement system is part of the innate immune system but has links to the
adaptive immune system. It is named after its enhancing/ “complementing” effects in
clearing microbes by antibodies or phagocytes, promoting inflammation and lysis of
pathogens. Furthermore, complement contributes to tissue homeostasis and organ
development by mediating clearance of cellular debris, apoptotic cells and immune
complexes?®*. Over 50 different proteins are part of the complement system and while
the main source of circulating complement proteins are hepatocytes, some
complement components can also be locally secreted by various cells types or
expressed in an intracellular or membrane bound form. These proteins mostly exist in
precursor states which can rapidly be activated by different molecular patterns,
inducing three distinct proteolytic, cascade-like pathways?®. The classic complement
pathway, the alternative complement pathway and the lectin pathway all converge at
the cleavage of the complement component C32%42%, In complement dependent
cytotoxicity (CDC), binding of C1q to immune complexes of IgM or hexameric 1gG
bound to an antigen induces the classic complement pathway. Which eventually leads
to the generation of the membrane attack complex (C5b-9) which induces cytolysis by
permeabilizing the cell membrane, causing the influx of water, ions and also Ca®*
which poisons the cell?®¢257. As complement can efficiently fix human IgG1 and IgG3
and many therapeutic antibodies are IgG1 based complement may contribute to the
anti-tumor responses of antibody therapies. This is supported by a study that
associated different complement gene polymorphisms in rituximab treated lymphoma

patients with event free survival®%8.
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1.2 Human Immune System mouse models

Tremendous knowledge in immunology has been and is still gained through studying
the mouse immune system. However, 65 to 75 million years of evolution separate
humans and mice from their last common ancestor and a multitude of differences exist
between the human and the mouse immune systems. For example, for NK cells there
are different subsets, mice have no KIR receptors, and FcRs have different binding
properties?®9260_ Also, the frequency of different immune cell populations is strongly
altered between humans and mice (see Figure 7).

Human Mouse

Granulocytes
Monocytes
T cells
B cells
NK cells
B Dendritic cells

Figure 7. Differences in the immune cell composition in the blood of humans and mice.

(from Rongvaux et al.?81)

So, to better understand the human immune system and improve therapeutic
approaches there is a need for ways to study human immune cells in an in vivo or in

vivo-like setting. Human immune system (HIS) mice offer a solution for this.

Basic principles of Human immune system mice

Human immune system (HIS) mice are generated in immunodeficient mice which
allow the grafting with human cells or tissues that comprise either hematopoietic stem
cells, precursors or mature immune cells. These HIS mouse models serve as valuable
preclinical models to test novel therapeutic agents, combinations of drugs and study
the elicited immune responses in vivo. Moreover, they are useful in studying viral
infections with human immune cell tropism (EBV, HIV) and human immune cell
development since they offer a way to perform in vivo experiments with human cells.

Over the last decades, many different variations of HIS mice have been created which
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mainly differ with respect to the mouse strain from which they originate, the mutations
introduced to cause immunodeficiency and improve grafting and finally in the source
and type of human cells that are grafted. All these features entail certain benefits and
drawbacks?%2,

Mouse immunodeficiency is achieved by the severe combined immunodeficiency
(SCID) mutation on the protein kinase DNA-activated catalytic polypeptide (Prkdc)
gene or the knockout of recombination activating gene (RAG) 1 or RAG2. This results
in the lack of V(D)J-recombination and disables the generation of mature B and T
cells?63.264 |n addition, the knockout of the cytokine receptor common gamma chain
(IL-2Ry), inhibits the development of innate lymphoid cells, including NK cells265:266,
The immunodeficient mouse strains which are currently widely used to generate HIS
mice are: NOD.Cg-Prkdcsel2rg!™"™ (NSG), NOD.Cg-PrkdcsclI2rg!™'S49 (NOG), and
BALB/c Rag2™'fV|I2rgtm'Fv (BRG) mice?®’. In NOD mice better hematopoietic
engraftment has been associated with a polymorphism within the SIRPa gene, which
is inherent to the NOD strain. This is due to the enhanced binding of SIRPa on
macrophages of NOD mice to human CD47, which is a “self-marker” that inhibits
phagocytosis by macrophages?®®. Therefore, SIRPaN°P was introduced into the BRG
mice (called BRGS) and led to similar grafting efficiency as in NSG mice, since the
SIRPaNOP-hCD47 binding inhibits the phagocytosis of the engrafted human cells
(Figure 8)%%°.

non-NOD HIS mouse SIRPaN® transgenic HIS mouse

mouse
mouse
macrophage macrophage
& hcp47

=== Phagocytosis === "Don't eat me" signal

SIRPgNOP

Figure 8. Mechanism of SIRPa-CDA47 interaction

Three major approaches exist for the engraftment of mice with a human immune

system. (1) They can be injected with peripheral blood mononuclear cells (PBMCs)
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which expand in vivo, leading to a graft of predominantly mature T cells. However,
these T cells are xeno-reactive and induce lethal graft-versus-host disease (GvHD).
(2) Human CD34* HSC can be used to establish a human immune system?’°. These
can be obtained from different sources, including umbilical cord blood, fetal liver, bone
marrow, and mobilized blood of which the first two result in the highest engraftment
efficiency?’!. (3) Bone marrow, liver, thymus (BLT) HIS mice are generated by
transplantation of fragments from the human fetal liver and thymus and injection of
fetal liver derived CD34+ HSCs. These HSCs engraft the mouse bone marrow and
give rise to human cells of the lymphoid and myeloid lineage whereas the human
thymus implant allows for active T cell education?’2. If HSCs are grafted the recipient
mice usually need to be preconditioned by sublethal irradiation or radiomimetic drugs
to free the HSC-niche for the human HSCs262:271,

Even though many different HIS mouse models have been generated, many
constraints and limitations exist. These are the restricted availability of fetal tissues,
the lack of human specific growth factors and cytokines, low levels of innate immune
cells, the suboptimal T cell education in models without a human thymus graft, the
poor development of lymphoid architecture, and, the impaired class switching and
affinity maturation of B cells?®2. Nevertheless, these humanized models are constantly
being refined to overcome these limitations. For example, in MISTRG mice several
human cytokines are expressed leading to enhanced differentiation of innate immune
cells (detailed below)?”3. In FIk3 knockout BRGS mice (BRGSF) increased numbers
of DCs, macrophages and innate lymphoid cells including NK cells were found?™. In
TSLP expressing BRGS mice (BRGST) an improved development of thymus and
lymph nodes could be achieved?’®. Finally, BRGS mice with transgenic HLAs
(BRGSA2DR2) engrafted with HLA-matched HSCs were demonstrated to have a
more efficient T cell development?7®.

Additionally, more complex models have been generated in which the human immune
system in the mice is complemented with other human derived grafts, like human
hepatocytes or even the human microbiome?’’:278, Multiple disease models have been

set up in HIS mice, including viral infections with HIV, EBV or HBV and tumor grafts?’®-
282
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Studying innate immunity in HIS mouse models

As mentioned above, innate immune cells develop very poorly in most HIS mouse
models, they are found only at low frequencies (see Figure 9) and subsets of innate
lymphoid cells are not fully functional®®’.

Strain Bone marrow Blood
Human EI CD34+*
NOD/SCID ] Myeloid
— D T cells
|:| B cells
NOG/NSG/SRG
D Mouse
BLT

Figure 9. Immune cell compositions in different HIS mouse models compared to
human in bone marrow and blood (adapted from Rongvaux et al.?6")

The reason for this is thought to be the limited ability of mouse cytokines to sufficiently
cross-react with the grafted human cells?®3. This is supported by the fact that
administration or expression of various human cytokines in HIS mice lead to improved
development and functions of certain cell populations. For example, higher numbers
of more differentiated NK cells were found in HIS mice injected with IL-15-IL-15Ra
recombinant protein complex?4. In mice that have been hydrodynamically injected
with DNA plasmids encoding for macrophage colony stimulation factor (M-CSF)
numbers of monocytes/macrophages were increased?®>. A more targeted way of
expression is to knock-in the gene of a human cytokine into the genomic position of
the respective mouse gene. This approach has several advantages as it leads to long-
term cytokine expression at physiological levels in locations where they are usually
expressed. In addition, this gene swap indirectly impairs the mouse cell differentiation
and leads to a competitive advantage for the human cells?2¢, Based on these findings,
several HIS mouse models have been created in which innate immune cell
populations, including NK cells, develop more robustly.

Importantly, when studying innate immune effector functions that depend on Fc
interactions in HIS mice, as when testing antibodies, it has to be considered that in

most HIS mouse models functional mouse innate immune system components are
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present which can bind to Fc regions. Mainly, Fc receptor bearing myeloid cells
including macrophages and neutrophils as well as the complement system are
retained in many models. However, FcyR deficient HIS mice on NOG and NSG stains

have been created?87.288,

hlL-15 transgenic HIS mice

Up to date, several human IL-15 transgenic HIS mouse models have been generated
including NOG-IL15, SRG-15 and NSG-Tg(Hu-IL15) mice?8%-291,

The NOG-IL-15 model is based on the NOG strain whereby the human IL-15
transgene has been introduced into the genome under the control of a CMV promoter,
resulting in abundant hlL-15 levels in plasma. In these mice, NK cells purified from
peripheral blood can expand in the first month, transiently reaching cell numbers in the
order of magnitude of 108 NK cells/ml of blood. The grafted NK cells maintain cytotoxic
capacities, although at lower levels compared to blood NK cells they can delay tumor
growth in vivo?®®. The NOG-hIL-15 Tg model has also been combined with a model
deficient in Fcer1g and Fcgr2b genes which eliminates activating (FcyRlI, Ill, and V)
and inhibitory (FcyRIIB) mouse FcyRs. In the NOG-FcyR™"-hIL-15 Tg mice engrafted
with human NK cells ADCC mediated by human NK cells can be segregated from
mouse cell mediated ADCC in an in vivo assay of tumor transplantation combined with
tumor cell depleting antibody treatment?®®. Caveats of this model are the restricted
timeframe, as NK cells start to decrease after 5 weeks and are rare after 8 weeks. In
addition, only pure, peripheral blood derived NK cells have been shown to graft, so
this setting does not allow study NK cell responses in the context of other human
immune cells.

SRG-15 are BALB/c x 129 Rag2™ l12rg”~ mice with a human SIRPa and a human
IL15 knock-in in were grafted with human CD34" cells and developed human myeloid,
T, B and NK cells. Compared to NSG mice, NK cell numbers in blood and spleen were
significantly increased as well as the numbers of ILC1s and ILC2s in spleen and liver.
Phenotypically, CD569™CD16* NK cells from SRG-15 mice have very similar NK cells
marker expression to human CD569™CD16* NK cells. Furthermore, in SRG-15 mice
more K562 cells were eliminated compared to NSG mice and tumor volumes were

lower in an ADCC in vivo assay with Raiji cells and Rituximab?®°,
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Most recently, the NSG-Tg(Hu-IL15) model was created by introducing a BAC with the
entire human IL15 gene. This model has lower serum IL-15 levels than the SRG-15
model, which is closer to the serum levels in humans. In the NSG-Tg(Hu-IL15) mice
CD34* cells graft efficiently with significantly higher NK cell numbers, especially the
CD16" NK subsets. The NK cells of NSG-Tg(Hu-IL15) mice were shown to have
similar ex vivo killing ability as human peripheral blood NK cells. Upon engraftment
with a patient derived xenograft (PDX) melanoma, the tumor volume increased
significantly slower in the NSG-Tg(Hu-IL15) mice compared to NSG mice and
depletion with an anti-NKp46 antibody demonstrated that NK cells contributed to the
observed delay in the PDX melanoma growth kinetics?®'.

In summary, the latter models both allow efficient grafting of HSCs and show better
NK cells numbers and function than NSG mice so they provide interesting preclinical
models to study NK cell responses in the presence of additional immune cells.
Nevertheless, in the NOG-FcyR”-hlL-15 Tg mice antibody mediated NK cell
responses can be studied while precluding the contribution of mouse FcyRs.

MISTRG mice

In MISTRG mice human M-CSF, IL-3, granulocyte-macrophage colony stimulating
factor (GM-CSF) and thrombopoietin genes are knocked-in to the respective locus in
the mouse genome in Rag2™'~ ll2rg”~ 129xBalb/c (N2) mice and bear human SIRPa
as a transgene on a bacterial artificial chromosome?”3. In HIS mice human M-CSF
expression has been demonstrated to increase numbers of monocytes/macrophages
in various tissues and augment their function?*4. The knock-in of IL-3 in combination
with GM-CSF supports the development of alveolar macrophages?®’. Furthermore,
thrombopoietin enhances maintenance of functional human HSCs?86.292.293 Fetal liver
derived CD34" HSCs have been shown to graft in humanized MISTRG mice as
efficiently as in NSG mice but resulted in much higher human CD33" myeloid cell
numbers compared to NSG. In MISTRG mice, three subsets of monocytes
(CD14*CD167, CD14*CD16* and CD149mCD16") likewise to humans are present. The
CD14+CD16- and CD14+CD16+ subsets are able to produce TNFa and IL-6 in vitro
and in vivo. Further, they can phagocytose E. coli in vitro and it has been shown that
hIFN-B expression in the lung was increased upon influenza infection. In addition, NK
cell numbers are also increased in MISTRG mice compared to NSG mice and are
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functional, as they are able to degranulate, specifically lyse HLA class | negative cells
and produce IFNy following Listeria infection. The enhancement of NK cells is most
likely due to the trans-presentation of IL-15 on IL-15Ra as mRNA for both is expressed
in CD33* human myeloid cells, especially in the CD14*CD16* subset?’3,

Up to date several in vivo differentiation studies and disease models have been set up
in MISTRG mice, for example an HIV model and patient derived xenograft (PDX)
models of myelodysplastic syndromes, which do not graft well in other available mouse
models?®4—2%_ A drawback in these mice is the progressive destruction of mouse RBCs
which leads to anemia within a few weeks post grafting, precluding long term studies.
However, this obstacle can be delayed by not irradiating the mice prior to engraftment
or reducing the cell numbers of engrafted fetal liver CD34* HSCs or using adult human
CD34* HSCs?"3.

BRGSF mice

BRGSF mice have been generated by backcrossing BRGS mice with BRGF mice
which are BRG-based mice with a fms-like tyrosine kinase 3 (FIt3) knock out?’4. BRGF
mice mainly exhibit reduced numbers of mouse cDC and pDC in spleen and bone
marrow. In humanized BRGF mice that are boosted by injections of human FIt3L, cell
numbers and percentages of cDC and pDC are significantly increased and they
produce high levels of IFNa, RANTES, IL-12 and TNFa after stimulation with CpG,
PolylC and R848, respectively. Furthermore, the NK cells and T cells are increased
as well in FIt3L boosted BRGF mice?®’. In the combined BRGSF model, in addition to
the DCs also monocytes are significantly increased the bone marrow and spleen of
FIt3 boosted HIS mice. Further, NK cells are not only increased in numbers but also
show higher degranulation and higher IFNy production following poly (I:C) stimulation.
In addition, the development of ILCs is enhanced in FIt3L boosted BRGSF mice with
higher numbers and/or percentages found in spleen, lung, liver and gut. In the liver an
ILC1 population distinct from NK cells was found, in the lung an ILC2 population and
an ILC3 population in the gut which are more abundant in FIt3L boosted mice and
capable of producing IFNy, IL-13 and IL-17, respectively?’4. One disadvantage of this
model is that the FIt3L has to be administered to the mice by multiple injections.
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1.3 Anti-Tumor Immune Responses

General and EBV-associated prevalence of cancer

Based on the GLOBOCAN 2020 estimates by the International Agency for Research
and Cancer an incidence of 19.3 million new cases of cancer worldwide occurred in
2020 and almost 10 million people died from cancer. In females, 24.5% of the new
cases are breast cancers and in males the two most common cancers are lung cancer
with 14.3% and prostate cancer with 14.1% of the cases, respectively. Across sexes
female breast cancers (11.7%), lung cancers (11.4%) and colorectal cancers (10%)
have the highest incidences with lung cancers causing the highest mortality (18%).
There are major differences in the cumulative risk between the age of 0 to 74 years of
cancer incidence between different areas of the world. In men as well as in women
there is a higher risk in areas with a high or very high human development index (HDI)
compared to areas with a low or medium HDI?%8. In the WHO report on cancer of 2020
distinct regional differences can be seen in the proportions of cancer attributable to
infectious agents?®®. The Epstein Barr virus (EBV) is such an infectious agent which is
associated with multiple malignancies. A study that compiled data of malignancies
which are relatively highly associated with EBV (nasopharyngeal carcinoma, gastric
carcinoma, Hodgkin lymphoma, Burkitt lymphoma, diffuse large B-cell lymphoma,
nasal type of extranodal NK/T-cell lymphoma) estimated that among these
malignancies 239,700 to 357,900 of the new cases and 137,900 to 208,700 of the
deaths worldwide were EBV-related in 2020. So the EBV-related cases considered in
the referred study make up 1.3-1.9% of the total worldwide incidences3®.

Carcinogenesis, hallmarks and risk factors of cancer

Cancer is a disease in which cells proliferate in an uncontrolled manner and have the
ability to invade other tissues®'. During carcinogenesis normal cells undergo genetic
alterations in a multistep process and progressively evolve to a malignant state302:303,
A set of functional capabilities, the hallmarks of cancer, which are acquired during this
process have been proposed to be crucial for the formation of malignant tumors and
are common for the cellular phenotype of all types of cancers3%2-3%4, Currently the
hallmarks comprise: sustaining proliferative signaling, evading growth suppressors,
resisting cell death, enabling replicative immortality, deregulating cellular metabolism,
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inducing of accessing vasculature, avoiding immune destruction, and activating
invasion and metastasis. In addition, some cancer “enabling” traits have been
identified, such as genome instability and mutation, tumor-promoting inflammation and
non-mutational epigenetic reprogramming34,

Tumors are classified according to the cell type they arise from. For example
lymphomas are derived from cells of the immune system and can be further
distinguished by the specific immune cell type they originate from3°.

The probability to develop cancer is influenced by different aspects, including an
individual's genetic predisposition, lifestyle, e.g., diet, physical activity, alcohol
consumption, smoking, exposure to carcinogens and other exogenous factors like
infections by pathogens301.306.307  Genetic predisposition is mainly determined by
inherited mutations that alter DNA repair, cell-cycle regulation and cell-death
pathways3%6. Persistent infections with pathogens can induce cancer and three major
mechanisms have been proposed on how infectious agents cause cancer. One is by
chronic inflammation, which leads to increased cell proliferation, DNA, protein and
membrane damage and consequently to changes in gene expression. Secondly, virus
induced transformation through expression of active oncogenes in combination with
inhibition of tumor suppressors which stimulates mitosis, for example in EBV
associated malignancies. The third mechanism is the causation of
immunosuppression like in the case of HIV infection which leads to a compromised

immune control of aberrant cells3%8,

Anti-tumor immune responses

In humans, many mechanisms are in place to avoid the emergence of cancer, among
them tumor suppressor genes which have functions such as inhibition of cell
proliferation and induction of apoptosis. Furthermore, cancer immunosurveillance by
innate and adaptive immunity eliminates cells which show abnormalities®®. Yet, a dual
role of the immune system in cancer development has been described with
involvements not only in host protection but also in the facilitation of tumor escape.
Therefore, the concept of immunoediting was introduced which comprises the 3
sequential phases of elimination, equilibrium and escape3'°3'1,

During the elimination phase the immunosurveillance may start with the recognition of

transformed cells by innate immune cells including NKT, NK and yd T cells that Kill
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tumor cells, release IFN-y and recruit further immune cells®'®. These events are
proposed to lead to the induction of the so-called cancer-immunity cycle which
describes the uptake and processing of tumor cell debris by DCs which traffic to the
lymph nodes where they present the tumor antigens to T cells®'2. Tumor antigens are
classified into tumor-specific antigens (TSA) which are exclusive to tumors, such as
proteins derived from mutated sequences or viral oncogenes, and into tumor
associated antigens (TAA) which exist on other cells and are overexpressed on
tumors3'3. Tumor antigen specific T cells get activated through DC-T cell interactions,
T effector cells traffic back and contribute to the immunosurveillance by eliminating
transformed cells3'2. According to the immunoediting concept, this leads to an
equilibrium whereby the transformed cells are kept under control. Nevertheless, during
the equilibrium phase selective pressure may favor immunotolerant tumor variants
which evade the immunosurveillance leading to the progressive outgrowth of
malignant cells in the escape phase3'".

Inferred from the characteristics of tumors and their microenvironment it has been
recognized that tumor cells have different escape mechanisms. For example, some
tumors downregulate MHC class | molecules to decrease antigenicity and become
undetectable for the immune system3'4. Some tumors become resistant to the signals
of the immune system, e.g. tumors unresponsive to IFN-y3'S, Further, tumors can
upregulate ligands of immune checkpoint inhibitors like PD-L1 that binds to PD-1 on
immune cells that effectively silence the cancer fighting immune cells3'6317,

These mechanisms can lead to “cold” (immune excluded) or “hot” (inflamed) tumors
which differ in the composition of their TME. The TME encompasses immune cells,
fibroblasts, blood vessels, extracellular matrix and signaling molecules®'®. An array of
different immune cells are found in the TME and while tumor infiltrating lymphocytes
(TILs), are associated with positive clinical outcome, Treg cells, TAMs which are the
most abundant immune population in the TME and MDSC are poor prognostic factors
and associated with an immunosuppressive state319-323,

Plenty of evidence exists that NK cell are involved in the anti-tumor response and their
roles during this process of cancer initiation and progression are detailed in the cancer-
natural killer cell immunity cycle324 (Figure 10).
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Figure 10. The cancer-natural killer cell immunity cycle (from Huntington et al.324)

As NK cells have mechanisms to recognize and eliminate transformed cells and
predominantly kill sensitive cells, they are thought to be among the first cells involved
in immunosurveillance and tumor immunoediting. Upon activation NK cells can release
chemokines (e.g. XCL1 and XCL2) and cytokines which may result in “hot” tumors due
to immune infiltration and activation3?%326_ In this way they contribute further to
elimination and tumor regression by coordinating antigen presenting DCs and effector
cells like cytotoxic T cells. Further, NK cells have the capability to recognize cells with
lower abundance of MHC class | molecules and can counteract the immune escape
form T cells'"'. In a preclinical model, the lack of NK cells is associated with higher

burden of metastasis, consequently NK cells are likely also involved in the elimination
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of metastatic cells which potentially evade at any point of the cancer- immunity
CyC|e324,327,328_

Modeling human anti-tumor immune responses in vivo

To model human tumors in mice, the transplantation of either human tumor cell lines
or tumor biopsies of patients into immunodeficient mouse models are currently the
main options. While human tumor cell lines graft robustly, they also show a more
homogeneous, undifferentiated histology which is less representative of human
cancers than PDX in which morphological and molecular markers are better retained.
In addition, tumor cell lines lack human stromal and immune cells, which make up the
tumor microenvironment. However, a disadvantage of PDX models is the variability in
grafting efficiency3?°330. Besides the type of xenograft, the anatomical location has to
be considered when generating tumor models in vivo, since the tumor cells can be
introduced in an orthotopic or an ectopic way. For a mouse colon cancer model it has
been demonstrated that the injection of the same tumor cells either into the colon wall
or subcutaneously led to significant differences in the frequency of several infiltrating
immune cell populations33'.

When directly grafting primary PDX, they may include some stroma and the immune
cells of the pre-existing infiltrate can be studied. However, solely using a primary PDX
model does not allow to study the recruitment and impact of leukocytes outside of the
tumor330:332, So, to study the human immune response, these tumor models have to
be combined with HIS mouse models. The simplest method is to engraft
immunodeficient mice with tumor cells and PBMCs from the same patient, which
provides an autologous model. However, due to the PBMCs, such a model will develop
GvHD within a few weeks3*2. Yet, it has been shown in HLA transgenic “HUMAMICE”
that in mice humanized with HLA-matched human PBMCs no signs of GvHD were
evident for 3 months333. Therefore, longer studies of anti-tumor responses could be
possible in such HLA-matched models. Another approach is the humanization of
immunodeficient mice with CD34" HSCs and later engraftment with PDX tumors.
However, these are mostly allogeneic models in which the human immune system
may cause not only anti-tumor effects but also xenograft-allograft rejection334.335,
Recently, a novel HIS mouse model has been described which spontaneously
develops B-cell acute lymphoblastic leukemia (B-ALL) due to retroviral transduction of
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the CD34" cells with a leukemia-associated fusion gene. This provides new
opportunities to study autologous anti-tumor responses in vivo and the B-ALL cells
from this model can further be transplanted into HIS mice with an autologous immune
system33,

Human tumor models in mice allow in vivo testing of therapeutic agents and especially
in combination with a human immune system they provide important pre-clinical model
to test immunotherapies33. Notably, PDX models can also be used as a tool in
personalized medicine since the efficacy of different therapies for a patient-specific

tumor can be tested3?.

Epstein Barr Virus — an oncogenic pathogen

The Epstein Barr Virus (EBV), also known as human herpes virus 4, is a double
stranded DNA virus belonging to the human y-herpesvirus subfamily3. Primary
infection with EBV is usually asymptomatic but can occasionally cause infectious
mononucleosis, which is characterized by pharyngitis, cervical lymph node
enlargement, fatigue and fever. Most frequently such symptoms are reported in
adolescents and young adults33°340. The prevalence of EBV is very high in adult
populations with more than 90% of individuals found to be seropositive for EBV
specific antibodies?4'342. EBV is thought to be transmitted mainly by saliva and it has
been proposed that it is shed there by lytically infected epithelial cells**3. EBV can
infect B cells as well as epithelial cells, T cells and NK cells344-346, Cell entry is
facilitated by viral envelope glycoproteins (gp) and relies on target cell specific
mechanisms34’. Attachment to B cells is mediated by gp350 which binds the B-cell
specific complement receptor (CR2 or CD21) with high affinity®#®. It can also bind CR1
(or CD35) expressed on B cells3#°. Subsequently, fusion is triggered by the interaction
of gp42 with HLA class Il. Together with highly conserved glycoproteins within the
herpesvirus family, namely gH/gL, a core fusion machinery is formed and the
interaction with the gB leads to direct fusion with the plasma membrane3%0:351,
Generally, EBV establishes a lifelong persistent infection which is mostly
asymptomatic in healthy individuals3®?. In contrast to some new-world monkeys like
cotton-top tamarins, common marmoset and owl monkeys and even rabbits which can

experimentally be infected, humans are the only natural hosts of EBV 353-3%7,
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Already the first description of EBV, which dates back to in vitro cultures of Burkitt
lymphoma cell lines established in 1964 by Epstein, Achong and Barr3%®, points
towards a link between EBV and tumorigenesis. Indeed, EBV was the first virus shown
to cause cancer in humans. It is associated with various human cancers such as
Burkitt, Hodgkin’s and diffuse large B cell lymphoma originating from B cells,
nasopharyngeal carcinoma originating from epithelial cells and T/NK cell
lymphoproliferative disorders. Some lymphoproliferative disorders arise primarily in
immunosuppressed individuals, mainly in post-transplant or HIV-infected patients3%°.
These malignancies express distinct patterns of EBV latency genes encoded by the
viral genome, termed Latency Programs [, Il and Ill. Latency | is characteristic for
Burkitt’s lymphoma, while Latency Il is found in Hodgkin’s lymphoma, and Latency Il
genes are expressed in nasopharyngeal carcinoma and T/NK cell lymphoma and
immunodeficiency related lymphomas3¢°.

Further, EBV can infect mature, resting B cells in vitro and efficiently transform them
into activated, proliferating B-lymphoblastoid cell lines (B-LCL)*'. B-LCL show high
expression of B cell activation markers, like CD23, CD30, CD39 and CD703%*° and
display Latency Ill by expressing Epstein Barr nuclear antigen (EBNA) -1, -2, -3A, -
3B, -3C, -leader protein (LP), Latent membrane protein (LMP) -1, -2A, -2B, Epstein-
Barr virus encoded RNA (EBER) -1, -2, and BART RNA?®2, This in vitro infection
system together with the ability to genetically engineer the viral genome has allowed
to decipher the roles of the different latency genes in the EBV-induced B-cell
transformation process. Five of these latency genes, EBNA-2, -3A, -3B, -LP and LMP1
have shown to be essential for efficient B-cell transformation but also other latency
antigens and non-coding RNAs are involved®%3. Manifold mechanisms of EBV latent
transcripts, associated with growth transformation, causing aberrant cell proliferation
have been identified and the major processes are depicted in Figure 11.

Taken together, in vitro infection of B cells with EBV provides a simple and efficient
method to generate immortalized B-LCLs from various donors as desired. These B-
LCL may be used as tumor models and most closely resemble B lymphoproliferative
states in immunosuppressed patients, as their outgrowth is also initiated in the
absence of T cell immunosurveillance and they share the latency Ill program364.
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Classic cancer treatments and novel immunotherapies

Conventional methods to treat cancer include the surgical removal of tumors as well
as radio- and chemotherapy, the latter induce strong DNA damage that leads to cell
death3%®. These methods exhibit significant efficacy in eliminating primary tumors but
tumor recurrence remains as a frequent problem which requires alternative
strategies3.

In the last decades immunotherapies have revolutionized cancer treatment through
approaches that enhance anti-tumor immune functions, for example by implementing
cytokines, therapeutic antibodies, immune checkpoint inhibitors, cancer vaccines and
cell based therapies3®”.

In the tumor microenvironment the presence of certain cytokines may be beneficial but
others can have disadvantageous effects, e.g. by augmenting cytotoxic activity of
immune cells or promoting tumor cell survival. Hence, cytokine and anti-cytokine

approaches may provide effective cancer therapies®®®. Recombinant IL-15 (rIL-15) has
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been tested in clinical trials to enhance NK and T cell responses and indeed, NK and
T cell populations were expanded in patients®%°. In some patients a disease
stabilization but no objective clinical response was observed3’°. Further, several IL-
15/IL-15Ra complexes which have greater bioavailability and stability than soluble rIL-
15 are currently in clinical trials®”'. N-803, a IL-15/IL-15Ra complex fused with a
hlgG1-Fc domain, showed promising results in clinical trials and mainly increased NK
cell numbers. When N-803 was added to the therapeutic regimen in combination with
either Bacillus Calmette-Guerin in non-muscle invasive bladder cancer (NMIBC) or
with anti-PD-1 antibody in non-small cell lung cancer (NSCLC), some patients that had
previously been unresponsive showed disease control 371373,

Monoclonal antibodies (mAB) have become a main component of cancer therapy due
to the diversity of their clinically relevant mechanisms of action. Clinical applications
include direct tumor targeting, tumor microenvironment targeting, immune checkpoint
inhibitor blocking, and antibody-drug conjugates. Tumor targeting antibodies are either
directed against antigens which are unique or overexpressed on tumor cells. They can
cause cell death by blockade of growth factor receptor signaling (e.g. anti-EGFR, anti-
HER2) or indirectly by inducing ADCC, ADCP and CDC (e.g. anti-CD20)?*3. Various
studies in vitro, in mice, as well as in patients, indicate that all three mechanisms
(ADCC, ADCP and CDC) may be involved in the depletion of CD20* tumor cells by
the Rituximab374-376, Rituximab is a chimeric mAB against the CD20 antigen which
has been approved for therapeutic use more than 25 years ago. In numerous clinical
trials it has been shown to improve prognosis of B cell lymphomas®’’. Recently, the
blocking of checkpoint inhibitors through antibodies binding either to the inhibitory
receptor or to its ligand has gained attention with the main focus on cytotoxic T-
lymphocyte antigen-4 (CTLA-4) and programmed cell death protein 1 (PD-1). CTLA-4
and PD-1 act as negative regulators of effector cell functions when they are bound by
their specific ligands3’8. Multiple antibodies against either PD-1, which is expressed
on activated T cells, NK cells and other cell types, or against the programmed death
ligand 1 (PD-L1) which is overexpressed in certain tumors, have been shown to disrupt
the PD-1 pathway and enhance effector cell functions. They have made it to the clinic
and are approved for the treatment of many different cancer types37°-3¢0,

Moreover, antibody engineering has led to the generation of more complex formats,
for example tri-specific killer engagers which are designed to mediate and improve
specific anti-tumor NK cell responses. They bind to the activating CD16 receptor on
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NK cells as well as to a tumor specific antigen and in addition induce NK cell expansion
through a IL-15 moiety38".

Another approach to fight cancer is by vaccination, which may be applied preventively
or curatively. Cancer vaccination has the aim to stimulate the adaptive immune system
against specific antigens, which can be mutant sequences, cancer or viral antigens to
inhibit the emergence of tumors or to induce tumor regression382383, Especially
personalized vaccines against patient-specific neoantigens are becoming feasible
owing to new technologies and are currently being explored with some first trials in
patients384,

A further research area with a large potential in cancer treatment is adoptive transfer
of immune cells, mainly of endogenous or engineered T and NK cells. An important
difference is that T cells have to be produced from autologous cells as they cause
GvHD when binding to foreign antigens3®®. To generate tumor antigen specific
chimeric antigen receptor (CAR) T cells, T cells are collected from the patient, purified
and transduced with the CAR via a viral delivery vector3®. In contrast, allogeneic NK
cell infusions are not associated with severe reactions like GvHD. In fact, better
responses are achieved in allogeneic stem cell transplantation when KIR genes were
mismatched?®®. This makes NK cells better candidates for “off-the-shelf’ products and
current approaches are to retrieve them from umbilical cord blood, peripheral blood,
established NK cell lines or differentiate them from induced pluripotent stem cells
(iPSCs)387-3%_ As for T cells, tumor specificity can also be achieved by introducing
CARs into NK cells39".
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1.4 State of the Art

Cancer is a leading cause of death and worldwide one in five people are estimated to
develop cancer during their life time. Immunotherapeutic agents have proven clinical
efficacy and represent an important treatment for cancer patients. In recent years, NK
cell-based cancer immunotherapies have gained considerable attention. However,
cancer immunotherapy is associated with variable clinical responses and only a
minority of patients experience a lifelong cure from it.

The development of pre-clinical tumor models that resemble human immunity and
reliably predict treatment effects is currently a major challenge for progress in cancer
immunotherapy. HIS mouse models co-engrafted with human tumors enable to
recapitulate anti-tumor immune responses and test therapeutic agents in vivo. At
present, a range of different HIS mouse and tumor models is available. Nevertheless,
several limitations, such as (1) restricted development of mature myeloid and NK cells,
(2) confounding effects of mouse immune components like Fc receptors and (3)
allogeneity between immune and tumor graft are inherent to many of these human
immuno-oncology models. In some models these constraints have been resolved.
Myeloid and NK cell development could clearly be enhanced by administration or
transgenic expression of human cytokines in HIS mice. The deficiency of mouse
FcyRs abrogates the antibody mediated effects of FcyR-bearing mouse cells. Thereby
the detection of therapeutic antibody mediated ADCC by human NK cells against
engrafted tumor cell lines in mice was improved. To date, few autologous tumor
models have been generated from human cells in HIS mice that do not depend on the
availability of HSCs autologous to PDXs. These models have emerged over the last
years. However, we propose a novel model that combines a FcyR deficient HIS mouse
model, in which NK cells are boosted, with an autologous tumor model, to study
therapeutic antibody mediated anti-tumor responses by NK cells.
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1.5 Specific aims of the thesis

1) Characterization of a novel mFcyR deficient HIS mouse model to
investigate antibody-mediated responses by human natural killer cells in

Vivo

2a) Establishment of a lymphoma model autologous to the human
immune system in HIS mice and analysis of the immune responses

against the tumor cells

2b) Testing immunotherapeutic reagents against cancer in next-

generation HIS mouse models with a focus on the NK cell response
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2.1 Abstract

Human immune system (HIS) mice provide a model to study human immune
responses in vivo. Many currently available HIS mouse models harbor mouse
hematopoietic Fc Receptor (FCcR)-expressing cells that exert potent effector functions
following administration of human lg. Previous studies showed that ablation of the
murine FcR gamma chain (FcRy) results in loss of antibody-dependent cellular
cytotoxicity (ADCC) and antibody-dependent cellular phagocytosis (ADCP) in vivo. We
created BRGSA2DR2-based FcRy-deficient HIS mice to delineate effector
mechanisms that underlie antibody-mediated immune responses in this model. FcRy-
deficient HIS mice lack expression and function of activating FcRs and can be stably
and robustly reconstituted with human immune cells after transfer of human
hematopoietic stem cell (HSC) precursors. Using antibody-mediated cell depletion, we
could assign specific effects to either endogenous mouse FcR+ cells or engrafted
human FcR+ cells (including NK cells) depending on antibody subclass. We further
reveal an unexpected role for mouse complement for antibody depletion in the
absence of mouse FcR binding and activation. Our novel FcRy-deficient HIS mice
provide an additional relevant mouse model that can dissect the roles for human FcR+
cells in effects mediated by exogenous administered human antibodies in vivo.
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2.2 Introduction

Robust and relevant pre-clinical animal models remain essential tools to evaluate in
vivo biological activities, pharmacodynamics as well as safety and efficacy of novel
therapeutics for human disease. In this respect, human immune system (HIS) mice
based on immunodeficient hosts (for example, NOD/LtSz-scid 1I2rg™" (NSG),
NOD/Shi-scid 112rg™" (NOG) and Balb/c Rag2"'ll2rg™" SirpaN°® (BRGS) mice) have
demonstrated their value for the study of candidate vaccines, treatments for viral
infections like EBV or HIV and for novel cancer therapies'-3. HIS mice harbor human
innate and adaptive immune cells after engraftment and differentiation of human
hematopoietic stem cells (HSCs) that generate functional cellular and humoral
immune responses*-® and can thus be used for pre-clinical testing of novel therapeutic
strategies, while closely mirroring the situation in humans.

Monoclonal antibodies (mAbs) represent one category of therapeutic agents
that have revolutionized disease treatment, in particular those involving viral infections
and cancer; this is an extremely active area of research with >100 mAbs already
approved for clinical use’. Antibodies function by modulating immune responses
through several distinct modes of action that include blocking of receptor-ligand
interactions, mimicking the binding of natural ligands, direct induction of apoptosis and
mediating interactions with immune system components®-'". In the latter, engagement
of antibodies with the complement system leads to complement dependent cytotoxicity
(CDC)'? or complement dependent phagocytosis (CDP)'® while engagement with Fc
Receptor-expressing (FcR+) immune cells such as natural killer (NK) cells, neutrophils
and macrophages provokes antibody dependent cellular cytotoxicity (ADCC) or
antibody dependent cellular phagocytosis (ADCP) through activation pathways
involving the FcRy chain (encoded by Fcer1g)'.

Therapeutic mAbs (Tx mAbs) are developed with human IgG isotypes (mostly
lgG1, 1gG4) which have differential binding to human (FcyR+) hematopoietic cells and
abilities to activate complement’'6. The analysis of these human mAbs in pre-clinical
HIS models is further complicated as recipients harbor functional mouse macrophages
and neutrophils’ and may retain a functional complement system'® which can

confound the interpretation of exogenously administered Tx mAbs'®2°. Previous
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studies have shown that human IgG-based mAbs bind to mouse FcRy+ cells in vivo
21,22_

To define the roles for human FcRy+ hematopoietic cells during Tx mAb
administration in vivo more clearly, HIS mouse models have been developed where
the contribution of activating mouse FcRs can be excluded. One approach made use
of mAbs with Fc regions that have reduced or abolished binding to mouse FcRs'#21,
Still, these variant mAbs also show reduced or abolished human FcR binding so their
ability to discriminate mouse versus human FcR activation was limited. HIS mouse
models with ablation of Fcer1g (lacking expression of IgG activating receptors FcyRl,
FcyRIll, FcyRIV and IgE receptor FceRIl) and Fcgr2b (lacking inhibitory receptor
FcyRIIB) genes have been reported 2324 These models provide ‘cleaner’ systems to
assess Tx mAbs activities that interact with human FcR+ cells. Interestingly, hCD20*
tumor cell depletion was observed in one Fcer1g-deficient model 24 after Rituximab
administration even in the absence of human immune cells suggesting additional host
effector mechanisms.

In this study, we generated a novel Fcerig-deficient BRGSA2DR2-based
mouse strain using a CRIPSR/Cas9 approach that functionally ablates mouse
activating FcRs (FcyRI, FcyRIll, FcyRIV) that bind human Ig 142526 We further
characterized HIS mice produced in BRGSA2DR2 Fcer1g-/- recipients to identify the
human FcRy+ cells and other effector mechanisms contributing to exogenous Tx

mADbs responses in vivo.
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2.3 Results

Generation and validation of BRGSA2DR2 Fcer1g-/- mice

BALB/c Rag2""ll2rg™" SirpaN°P HLA-A2™9 HLA-DR2™ (BRGSA2DR2) mice 2
were rendered Fcer1g-deficient using CRISPR/Cas9-mediated gene targeting (see
Materials and Methods). Genomic DNA sequencing revealed a 66-base pair (bp) Exon
2 deletion (Supplementary Fig. 1A, C) resulting in Exon 2 skipping upon transcription
(Supplementary Fig. 1B, C). In silico mRNA sequence analysis predicted a frameshift
truncated protein of 27 amino acids (Supplementary Fig. 1D, E).

Fcer1g gene ablation impairs expression of murine CD16/CD32 (FcyRIIl/FcyRIl),
CD64 (FcyRI) and the IgE receptor (FceRI) 2°. We observed no significant difference
in CD16/CD32 expression in Gr-1* neutrophils between Fcer1g wt or heterozygous
BRGSA2DR2 mice, while CD16/CD32 expression in Fcer1g-/- mice was significantly
reduced (Fig. 1A). Moreover, CD64 and FceRI staining was abrogated in CD11b* and
CD11b cells, respectively (Fig. 1B, C; Supplemental Fig. 2A) consistent with previous
reports?>. Absence of mouse FcRy chain protein in spleen cells was confirmed by
intracellular staining (Supplemental Fig. 2B). We performed an IgG dependent passive
systemic anaphylaxis (PSA) assay (Fig. 1D) to assess FcyRIIl function 2. A significant
drop in body temperature consistent with acute anaphylaxis was seen in Fcer1g wt
and heterozygous mice, whereas Fcer1g-deficient mice maintained stable body
temperature over time (Fig. 1E). Together, these results demonstrate successful
inactivation of the FcRy chain in BRGSA2DR2 mice at DNA, mRNA, protein and

functional levels.
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Figure 1 - Validation of Fcer1g-deficient BRGSA2DR2 hosts
(A) - (C) Representative FACS staining in blood (left) and quantification of frequency

of positive cells (right) in Fcer1g wt (grey; n=9), Fcer1g +/- (black; n=14), Fcer1g -/-
(red; n=14) BRGSA2DR2 mice for (A) CD16/32, (B) CD64, and (C) FceR1a in
monocytes, (CD11b*, SSC-A"°, Gr1" neg), macrophages (CD11b*, SSC-A"°, Gr1mid-)

and CD11b, Gr1- cells, respectively; each dot represents one mouse and data

includes results from 3 independent experiments. (D) Schematic diagram of passive

systemic anaphylaxis (PSA) assay. (E) Body temperature difference AT = (Txmin- Tomin)
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in °C over time in PSA assay after TNP33-BSA mlgG2a injection in Fcer1g wt (grey;
n=4), Fcer1g +/- (black; n=7), Fcer1g -/- (red; n=6) BRGSA2DR2 mice. Data are
represented as mean £ SEM and representative of 2 independent experiments.

Efficient human immune cell engraftment in BRGSA2DR2 Fcer1g-/- mice

We assessed human cell reconstitution? after CD34* HSC engraftment in this
new BRGSA2DR2 strain. Human immune cell subset composition in the blood at 12
weeks post graft (wpg) and in the organs at 16 wpg was similar when comparing
BRGSA2DR2 Fcerig WT or heterozygous HIS mice (referred to as ‘HIS’) with
BRGSA2DR2 Fcer1g-deficient HIS mice (referred to as ‘HIS Fcer1g-/-). There were
no significant differences in the degree of humanization in the blood or in different
organs in the absence of Fcer1g (Supplemental Fig. 3A, C). No significant differences
in percentages or absolute numbers of total hCD45 (Fig. 2A, D), CD19* B cells (Fig.
2B, E), CD3" T cells (Fig. 2C, F), NKp46"CD94" NK cells (Fig. 2G), CD4" or CD8" T
cells (Fig. 2H, 1), or ratio of CD4/CD8 T cells (Supplementary Fig. 3B) were observed
in the blood, spleen, bone marrow and liver between HIS and HIS Fcer1g-/- mice,
indicating normal human immune cell differentiation in this novel Fcer1g-deficient HIS

mouse model.
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Figure 2 - Human immune cell reconstitution in BRGSA2DR2 Fcer1g-/- mice

Quantification of human immune cell populations in human immune system (HIS)

Fcer1g wt or +/- mice (black) versus HIS Fcer1g-/- mice (red). (A)-(C) In blood at 12

weeks post grafting (wpg), (A) percentage of hCD45 calculated as %hCDA45 cells =
100*hCD45/(hCD45+mCD45), (B) frequency of CD19* B cells in hCD45 cells and
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(C) frequency of CD3* T cells in hCDA45 cells. (D)-(1) For the spleen, bone marrow (BM)
and liver at 16 wpg. (D) Absolute numbers of hCD45 per organ (for bone marrow for
1 femur and 1 tibia). Frequency of (E) CD19* B cells, (F) CD3" T cells, (G) NKp46*
and CD94* NK cells in hCD45 and (H) CD4" and (I) CD8" in total CD3" T cells. Each
dot represents one mouse, data from the blood are representative > 6 independent
experiments and from the organs for 2 independent experiments.

OKT8-mediated depletion of hCD8a" cells in HIS mice requires Fcerlg

We next assessed exogenous antibody-mediated depletion in HIS Fcer1g-/-
mice. The anti-nCD8a antibody (OKT8) has been demonstrated to efficiently deplete
human CD8a* T cells in several HIS mouse models 282°. This mlgG2a antibody binds
murine FcyRs and can activate complement via C1q binding 222, OKT8 injection into
HIS mice efficiently depleted hCD8a* T cells in the blood, whereas only partial
depletion was seen in HIS Fcer1g-/- mice (Supplemental Fig. 4A, B), demonstrating
the involvement of mouse Fcer1g-dependent as well as Fcer1g-independent
mechanisms. We could exclude OKT8-mediated inhibition (masking) as an
explanation for the observed hCD8a* T cell loss as hCD8b (which forms heterodimers
with the hCD8 alpha chain®' and is co-expressed on most hCD8a* T cells in our HIS
mice) was similarly depleted (Supplemental Fig. 4A, C). Frequencies of hCD19" B
cells (Supplemental Fig. 4D) were unaffected, confirming specificity of the OKT8-
mediated depletion.

Deciphering mechanisms that contribute to lg-mediated cell depletion in HIS mice

We next dissected the human FcR-dependent mechanisms underlying exogenous
antibody-mediated depletion in HIS mice. For this, we studied depletion of human B
cells following administration of the Tx anti-hCD20 mAb Rituximab (Fig. 3A). One
advantage of this model is the availability of human IgG variants with different isotypes
and capacities to bind and activate complement 15162332 |n g fashion similar to that
initially described by Lux et al. 2%, we analyzed hCD19* cells before and after Rituximab
injection as hCD19 is co-expressed on the majority of hCD20* B cells in the HIS mice
(Supplementary Fig. 5A).
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We first compared depletion mediated by hlgG1 and hlgG4 variants, the latter
displaying limited affinity for human FcRs (except for CD64), while retaining strong
binding to mouse FcRs and weakly activating complement '6:22.33-38 \We found that the
higG1 Rituximab variant could similarly reduce human B cells in both HIS and HIS
Fcer1g-/- mice (Fig. 3B, C) suggesting the involvement of human FcR+ effector cells
and/or mouse complement in the depletion. In contrast, the hlgG4 Rituximab variant,
while able to deplete human B cells in HIS mice, was significantly less efficient in HIS
Fcer1g-/- mice (Fig 3B, C) confirming earlier studies 23. These results demonstrate
that hlgG4 mAbs can deplete target cells in HIS mouse models and this largely occurs
through activating FcR+ mouse cells. Interestingly, partial hlgG4 antibody-mediated
depletion still occurred in HIS Fcer1g-/- mice (compared to control PBS injected mice;
Fig. 3C) revealing a non-FcRy-dependent mechanism that could include mouse
complement.

In order to delineate effects mediated by Rituximab in HIS Fcer1g-/- mice via
human FcR+ cells from those involving complement, we analyzed the depletion
capacity of a Rituximab variant (IgG1_Ks22A) which fails to bind complement or induce
complement dependent cytotoxicity and has reduced binding to human FcyRIIA and
FcyRIIIA with a roughly 2-fold reduction in ADCC compared to IgG1 3°. Human B cell
depletion by the Rituximab IgG1_KA variant was clearly reduced in HIS Fcer1g-/- mice
compared to Rituximab IgG1 control mAb (Fig. 3B, C). These results indicate that
complement-dependent mAb depletion operates in HIS mice in the absence of
activating mouse FcRs.

In most Rituximab 1gG1_KA-injected HIS Fcer1g-/- mice, little or no human B cell
depletion was detected. Nevertheless, 1IgG1_KA-injected HIS Fcer1g-/- mice had
significantly higher depletion compared with PBS-injected HIS Fcer1g-/- control mice
(Fig. 3C) suggesting the involvement of human FcR+ cells. We verified the specificity
of Rituximab treatment and found no significant differences in CD8a* T cell numbers
in HIS and HIS Fcer1g-/- mice injected with Rituximab 1gG1 or IgG1_KA versus
controls (Supplemental Fig. 5C). We noticed that the degree of depletion in Rituximab
IgG1_KA-injected HIS Fcer1g-/- mice strongly correlated with the percentage of
human NK cells present in individual HIS mice (Fig. 3D). We failed to find a similar
correlation with other human immune cell subsets, for example CD8a* T cells
(Supplementary Fig. 5D).
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To further test the potential role for human NK cells, we expanded these FcyR+
effector cells in HIS Fcer1g-/- mice using exogenous IL-15. Previous work from our
laboratory 4° showed that human IL-15 supplementation in HIS mice increases NK cell
effector functions and human CD16 expression. We observed significantly higher
levels of hCD19 B cell depletion in IL-15 boosted compared with control Rituximab
lgG1_KA-treated HIS Fcer1g-/- mice (Fig. 3C). Furthermore, human B cell depletion
correlated strongly with enhanced CD16 expression on human NK cells in IL-15
boosted HIS mice (Fig. 3E), whereas FcR+ human macrophages were not affected by
the IL-15 boost (Supplementary Fig. 5E). These results suggest that an inducible
ADCC activity by human NK cells underlies the human B cell depletion in Rituximab
IgG1_KA-treated HIS Fcer1g-/- mice.
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Figure 3. Human B cell depletion in HIS mice by Rituximab variants

(A) Scheme of hCD20 depletion by Rituximab injection. (B) Representative FACS plots
of blood from HIS (top) and HIS Fcer1g-/- (bottom) mice 24h after injection of each
antibody variant. (C) B cell depletion (% B cells) = %CD19 (d1)/ %CD19*100 (pre-
bleed) in HIS (black), HIS Fcer1g-/- (red), and IL-15 boosted HIS Fcer1g-/- (red; blue
outline) mice injected with either NaCl (control) or variants of Rituximab with human
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lgG1, IgG4 or IgG1_KA Fc fragment. (D) Spearman correlation analysis of %B cell
depletion to %CD94* NK cells in hCD45 at pre-bleed for Rituximab IgG1_KA injected
HIS (left) and HIS Fcer1g-/- (right) mice. (E) Spearman correlation analysis of %B cell
depletion to %CD16" NK cells (CD19, CD3", CD94") at pre-bleed for Rituximab
lgG1_KA injected HIS Fcer1g-/- mice with or without IL-15 boost. Each dot represents
one mouse and data includes results from 22 independent experiments for all

conditions.
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2.4 Discussion

Antibodies elicit diverse effects during immune responses as soluble Ig, complexed
with antigens (immune complexes) or bound to relevant targets on the cell surface.
Subsequent steps may involve activation of effector cells (via FcRs) or complement,
leading to ADCC, ADCP, CDP or CDC '?1441.42 As many current HIS mouse models
may possess endogenous mouse FcR-bearing hematopoietic cells and may retain a
functional complement system'843, interpretation of effects elicited by Tx mAbs in
reconstituted HIS mice is challenging '9%°. Recently, several FcRy-deficient HIS
mouse models based on NOG, NSG or Rag2”/ll2rg”- backgrounds were reported
23,24.44.45 Here we describe a FcRy-deficient BRGSA2DR?2 strain that can be robustly
reconstituted to generate HLA-educated human immune systems. Together, these
new models have provided important insights into specific roles for mouse and human
FcRy+ cells as well as complement in HIS mice receiving exogenous Tx mADbs.

One consistent finding observed in these different FcRy-deficient HIS models
is the important role played by residual mouse FcR+ cells in effects mediated by Tx
mADbs. This was first shown in immunocompetent and immunodeficient mouse models
43-46 and subsequently in HIS mice 23244748 in the context of tumor rejection. The
differential effects mediated by higG1 and higG4 isotypes in HIS mice were initially
revealed in FcRy-deficient HIS mice using human B cell or mouse platelet-depleting
antibodies 2347; results we confirm here using B cell-depleting Rituximab. Katano and
colleagues showed the important role for mouse FcR receptors (most likely involving
activating forms) in human tumor rejection using a NOG-based model 24, confirming
earlier work 434546 _Still the murine effector cells responsible for the biological effects
varied in these reports, including circulating neutrophils and/or tissue macrophages.

Here we extend the list of potential host mechanisms responsible for Tx mAb
effects in HIS mice to include mouse complement. We used an Fc mutant of Rituximab
lgG1, which harbors the Ks22A point mutation that abolishes C1q binding 2°. B cell
depletion was less efficient using the KA variant Rituximab in HIS Fcer1g-/- mice,
suggesting an important contribution of complement to cell depletion in our HIS mouse
model. Still, a two-fold reduction in ADCC and binding of 1IgG1_KA via FcyRIIA and
FcyRIIIA to human immune cells has been reported 3° suggesting that lower
ADCC/ADCP mediated by human FcyR+ cells may also be involved.
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FcRy-deficient HIS mice may be useful in defining the contribution of human
FcyR+ cells to effects mediated by exogenously delivered Tx mAbs or other
immunomodulators that can bind FcRs (for example, Fc-fusion proteins 4°). Katano et
al. 48 used an adoptive cell transfer model in IL-15Tg FcRy-deficient NOG mice to
suggest that human NK cells could be involved in the elimination of human tumor
xenografts, although the precise mechanism remained unclear. Here, we could show
in fully reconstituted FcRy-deficient BRGSA2DR2 HIS mice that NK cells were
important effectors of Rituximab-mediated effects and that boosting human CD16" NK
cells (via exogenous IL-15) could amplify B cell depletion elicited by the 1gG1_KA
Rituximab variant. To our knowledge, this result represents the first direct
demonstration of in vivo ADCC mediated by human NK cells.

Neutrophils, DCs and macrophages are the other main human FcR+
hematopoietic cells that develop in HIS mice and may also be involved in antibody-
dependent effects. As such, use of BRGSA2DR2 Fcer1g-/- HIS mice carrying a
FIk2FIt3 mutation that develop human dendritic cells and innate lymphoid cells after
hFIt3L administration’”*® may help clarify the role for human FcR+ DC in effects
mediated by Tx mAbs in HIS mice. Identification of the precise human FcyR+ cell
subsets involved in antibody-mediated cell effects in vivo will allow better
characterization of the properties of Tx mAbs to tailor them to be most efficient in
diverse disease settings.

2.5 Material and Methods

Ethics statement

Animals were housed in ventilated cages under specific-pathogen-free conditions with
human care. Experiments were approved by an ethical committee (Ref. # 2007—006)
at Institut Pasteur and validated by the French Ministry of Education and Research
(Ref. MENESR # 02162.02).

Mice and generation of BRGSFA2DR?2 Fcer1g-deficient strain

BRGSF (BALB/c Rag2™'Fwa [)2rgtm1Can SjrpaNob Fit3tm1M) and BRGSA2DR2 (BALB/c
Rag2’ II2rg’- SirpaN°P Tg(HLA-A/H2-D/B2M)'Bre, Tg(HLA-DRB1*1501)#-9) have
been previously described 2°° . BRGSFA2DR2 mice were generated and used as
hosts for CRISPR-mediated modification of the Fcer1g locus (Mouse Genetics
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Engineering Center of Institut Pasteur). The following guide sequences were chosen
by using the CRISPOR Web tool (https://crispor.tefor.net/) 3!, guide 1: TGA GTC GAC
AGT AGA GTA GG and guide2: TCC AGG ATA TAG CAG AGC TG targeting exon 2

of the FceR1g gene were each cloned into a PX330 expression vector (a gift from F.

Zhang, the Broad Institute of Massachusetts Institute of Technology and Harvard
University, Cambridge, MA; plasmid 42230; Addgene %2). To generate a deletion in the
FceR1g gene, zygotes were microinjected with pX330 as previously described 53.

PCR and Sequencing

Extraction of genomic DNA was done from biopsies by digestion with Proteinase K
(Eurobio) at 56°C and subsequent precipitation and washing of the DNA with ethanol.
Extraction of mRNA was done from blood with the QlAamp RNA Blood Mini Kit
(Qiagen). Retro transcription of mMRNA into cDNA was done using SuperScript™ Il
Reverse Transcriptase (Invitrogen) with Random Hexamers (Invitrogen). DNA or
cDNA spanning the Fcer1g Exon 2 was amplified by PCR; primers for genomic DNA,
forward (Fwd): 5'-TTT TCC CTT CAG ACC ATG GGG-3', reverse (Rev): 5'-CCC ATG
GGC ACC CTG TAT C-3'; for cDNA, Fwd: 5-CAG CTG CGC AGT TCT GTC A- 3',
Rev: 5'-ATC TGC TTT CTC ACG GCT GG-3'. For sequencing the PCR product was
run on an agarose gel, the respective bands were cut out, the DNA was purified with
the NucleoSpin Gel and PCR clean-up kit (Macherey-Nagel) and sent for sequencing
(Eurofins Genomics, Cologne). Analysis, primer design and protein prediction were

done on https://www.ncbi.nlm.nih.gov/.

Passive systemic anaphylaxis assay (PSA)

Mice between 9-15 weeks old were sensitized by intravenous (i.v.) injection of 200ug
mlgGZ2a-anti-trinitrophenyl (TNP) (clone Hy-1.2) per mouse. 24h later they were i.v.
injected with 100ug BSA substituted with 33 molecules of TNP (TNP33-BSA)/mouse
and the body temperature was measured via a rectal thermometer before injection (t0)
and at 10, 20, 30 and 40 min after injection 2’

Tissue/organ processing and cell isolation
To obtain single cell suspensions, spleens were dissociated using 40um cell strainers
(Falcon). To extract bone marrow cells, one femur and one tibia were crushed with a

mortar and pestle and cells were filtered with a 100um cell strainer (Falcon). Red blood
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cells were lysed using ACK buffer (NH4CI, KHCO3, EDTA in H20; pH 7.3). The liver
was cut into small pieces, digested at 37°C with 25ug/ml Liberase TL (Roche) and
100upg/ml DNase | (Roche), passed through a 100pm cell strainer and mononuclear
cells isolated by Percoll (GE Healthcare) density gradient centrifugation. All cell
suspensions were filtered through cell-strainer caps (Falcon) before counting with
trypan blue (Life Technologies) and staining for flow cytometry. For all organ
processing steps RPMI Medium 1640 (Life Technologies) with 5% fetal calf serum

(Eurobio) was used.

Flow cytometry

Flow cytometric analysis was performed in accordance with published guidelines 54
Whole blood collected in EDTA coated Microvettes (Sarstedt) was directly stained with
fluorochrome-conjugated antibodies (Supporting Information Table 1) at 4°C for
30min, erythrocytes were lysed and samples fixed with FACS™ Lysing solution (BD).
For the organ-derived cells a maximum of 2x10%6 cells were used for analysis, prior
to staining they were incubated for 10min at RT with IgG from human serum (Sigma-
Aldrich) and FcR blocking reagent Mouse (Miltenyi). For surface marker staining,
respective fluorochrome-conjugated antibodies (Supporting Information Table 1), for
dead cell exclusion Viability dye eFluor™ 506 (Invitrogen) and cell number
determination CountBright™ absolute counting beads (invitrogen) were diluted in
brilliant stain buffer (BD). Staining was done at 4°C for 30min, after washing cells were
fixed in 4% PFA (EMS) and resuspended for acquisition. Washing steps were done
in FACS buffer (1x DPBS (Gibco) with 2% fetal calf serum (eurobio), 2mM EDTA
(invitrogen)). For intra cellular (IC) staining cells were fixed by Cytofix/Cytoperm (BD)
and subsequently incubated with IC antibody diluted in Perm/Wash (BD) for 30min at
4°C.

Generation of human immune system (HIS) mice

Human immune system (HIS) mice were generated in BRGSA2DR2 FceR1g+/- and
FceR1g-/- mice as previously described 217055 Briefly, human fetal liver (Advanced
Bioscience Resources Inc.) CD34" cells were isolated using MicroBead Kits (Miltenyi).
CD34, CD38, and HLA-A2 expression was phenotyped by FACS and the HLA class |l
allele haplotype analysis by PCR (LABType SSO, One Lambda). 7-15 x 10*
CD34*CD38" cells from HLA-A*02® HLA-DRB1*15" donors, or from 1:1 mixtures of

83



HLA-A*02" and HLA-DRB1*15* donors, were intra-hepatically injected into 2-to-10-
day-old mice that had been sub-lethally irradiated (3Gy). The efficiency of
humanization was assessed by flow cytometry on the blood and calculating the
humanization with the following formula: 100*%hCD45/(%hCD45+%mCD45); only

mice with humanization >10% were used for experiments.

Antibody-mediated depletion of human cell subsets in vivo

For CD8a™ cell depletion, HIS mice were pre-bled 3 days before i.p. (intra-peritoneal)
injection with 100pug/mouse of anti-human CD8a antibody OKT8 (BioXcell) in PBS,
control mice were injected with only PBS, and bled at day 4 (d4) post injection. For
CD20" cell depletion HIS mice were pre-bled 6 days before i.p. injection with
25ug/mouse of anti-human CD20 antibody Rituximab in the IgG1, 1gG4s22ep and
IgG1_K322A format or saline solution and bled at day 1 (d1) post-injection. Tx Abs are
generally used in the stabilized 1IgG4s228p format to prevent Fab arm exchange of IgG4

hemi-molecules®8.

Human IL15 boost in vivo

HIS mice were injected 4 times i.p. with 100 pl of hIL-15Ra-Fc (7.5 pg) + hIL-15 (2.5
Mg) (R&D Systems) every 3-4 days; 1 day after the last injection mice were pre-bled,
injected with IgG1_KA and bled at d1 post antibody injection.

Statistical analysis

Data were compared with unpaired non-parametric tests, Mann Whitney Wilcoxon test
for comparison between two groups, Kruskal-Wallis test for comparison of multiple
groups, correlations were tested by Spearman correlation using RStudio
(Version 1.4.1106). P values are indicated as: ns: p > 0.05, *: p <= 0.05, **: p <= 0.01,
*** p <=0.001, ****: p <= 0.0001.
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2.6 Supplementary Figures
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Supplementary Figure 1

(A)-(B) Ethidium bromide-stained agarose gel with 100bp ladder (left on gel) and PCR
products with (A) genomic DNA as a template with Fcer1g wt band of 214 bp and
Fcer1g-/- band of 148 bp and (B) cDNA as template with Fcer1g wt band of 255 bp
and Fcer1g-/- band of 163 bp. (C) Scheme of the mouse Fcer1g gene with focus on
Exon2 and CRISPR guide sequences and deletions on DNA and RNA level indicated.
(D-E) Fcer1g protein coding mRNA sequence and predicted amino acid (AA)
sequence for (D) Fcer1g wt and (E) Fcer1g-/- mice.
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Supplementary Figure 4 - CD8* T cell depletion in Fcer1g-/- HIS mice

(A) Scheme of hCD8a depletion by OKT8 injection with representative FACS plots of
CD8a and CD8b staining at pre-bleed (left) and bleeding at d4 post injection (right) of
a HIS mouse. (B)-(D) Ratio (%(d4)/%(pre-bleed)) of immune cell populations in blood
of PBS injected control mice (beige) and OKT8 antibody injected HIS (black) and HIS
Fcer1g-/- (red) mice for (B) CD8a™ T cells, (C) CD8b* T cells, (D) CD19* B cells. Each

dot represents one mouse and data are representative of 2 independent experiments.
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Supplementary Figure 5
(A) Representative FACS plot for CD19 and CD20 staining in blood of HIS mice. (B)
Scheme of IL-15 boost and hCD20 depletion by Rituximab injection. (C) %CD8a* T
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IgG1_KA Fc regions. (D) Correlation of %CD8a* T cell depletion with %CD94" NK
cells in hCD45 at pre-bleed for Rituximab 1gG1_KA injected HIS Fcer1g-/- mice. (E)
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Total numbers of CD16" CD64* macrophages in liver of HIS Fcer1g-/- control and IL-

15 boosted mice.

antigen
CD3
CD3
CD4
CD4
CD11b
CD16
CD16
CD16/CD32
CD19
CD19
CD20
CD45
CD45
CD45
CD45
CD45
CD45
CD64
CD8a
CD8a
CD8b
CDh94
CD9%4
FCER1A
FCER1G
Gr-1
NKp46

Table 1 - List of antibodies
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fluorochrome
BV510
APC-Vio770
APC
BUV496
AF700
BUV737
BUV805

PE

PE
PE-CF594
BV786
APC-Cy7
PerCP-Cy5.5
FITC
BUV395
BV650
BUV805

PE
PE-CF594
BV786
PE-Cy7

FITC
PerCP-Vio700
PE

FITC

FITC

Bv421

clone
SK7
REA613
RPA-T4
SK3
M1/70
3G8
3G8
24G2
HIB19
HIB19
2H7
30-F11
HI30
30-F11
HI30
30-F11
HI30
X54-5/7 1
RPA-T8
RPA-T8
SIDISBBEE
DX22
REA113
MAR-1

RB6-8C5

reactivity
human
human
human
human
mouse/human
human
human
mouse
human
human
human
mouse
human
mouse
human
mouse
human
mouse
human
human
human
human
human
mouse
human/mouse
mouse

9E2/NKp46 human

supplier
BioLegend
Miltenyi Biotec
BD

BD
eBioscience
BD

BD

BD
BioLegend
BD
BioLegend
BD

BD
BioLegend
BD

BD

BD

BD

BD
BioLegend
eBioscience
BioLegend
Miltenyi Biotec
eBioscience

Merck-Millipore

BD
BD

catalog number

344828
130-113-136
555349
612936
56-0112-82
564434
748850
561727
302208
562294
302356
557659
564105
103108
563792
563410
612891
558455
562282
301046
25-5273-42
305504
130-119-763
12-5898-82
FCABS400F
553127
564065
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Chapter Il

A novel lymphoma model to study human anti-

tumor immune responses in HIS mice

3.1 Introduction

In the fight against cancer, immunotherapies are important further applications to
conventional therapies. One of the major challenges in the development of
immunotherapies is the availability of pre-clinical models that mimic human
immunity3°2. A vast number of mouse tumor models exists but immunotherapies must
target human proteins that may differ from the mouse equivalents. Since mouse
immune responses are significantly different from those in humans, more human-
specific models are needed®32. The combination of human immune system (HIS) and
human tumor models in immunodeficient mice may present a step in the right direction,
but to date many limitations still exist. While autologous models with patient derived
peripheral blood mononuclear cells (PBMCs) and patient derived xenografts (PDXs)
allow only a short experimental window due to the development of graft versus host
disease (GvHD), access of hematopoietic stem cells (HSCs) autologous to PDX is
highly limited and in allogeneic settings the distinction between the anti-tumor and the
alloantigen response is challenging.

Novel models are in sight, recently an autologous HIS-leukemia model was
described?®3. Here we report the generation of B lymphoblastoid cell lines (B-LCLs)
from human B cells of HIS mice transformed by Epstein Barr virus (EBV) which may
be used in an autologous setting in the future (Figure 1). The B-LCL cells efficiently
engrafted and proliferated in immunodeficient and partially HLA-matched HIS mice
and showed tumorigenicity. They had immunogenic potential, as immune cells were
recruited to the site of injection in HIS mice following intraperitoneal injection of
partially HLA-matched B-LCL. Moreover, we combined this tumor model with our novel
BRGSA2DR2 Fcer1g-/- HIS mouse model described in chapter Il and tested the
effects of antibody treatment and injection of 15-IL-15Ra complex on B-LCL depletion.
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Figure 1. Scheme for the generation of an autologous tumor model by in vitro EBV

transformation

3.2 Results

Phenotypic characterization of B lymphoblastoid cell lines
generated by in vitro transformation of HIS mouse derived human B

cells with Epstein Barr Virus

To generate an autologous B-LCL HIS mouse model we envisaged a two-step
protocol: B-LCL lines were produced from a cohort of HIS mice and then injected into
naive HIS hosts. To produce the B-LCL line, HIS mice were generated by engraftment
of fetal liver derived human CD34* HLA-A2* HSCs into newborn immunodeficient
BRGSA2DR2 mice. To enrich for human cells, we extracted spleen and bone marrow
cells of adult HIS mice, and mouse CD45" cells were removed by magnetic bead
depletion. Subsequently the cells were cultured in vitro and transformed by EBV
infection, resulting in immortalized B-LCLs which proliferated robustly in vitro. The B-

LCLs were characterized by flow cytometric analysis, confirming a B cell phenotype,
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as the majority of cells express CD19, CD20 and CD21 and no T cell (CD3) or NK cell
(CD16, CD94) markers (Figure 2). All the generated cell lines expressed B-LCL
characteristic markers, such as CD39, CD70 and CD23%*°, which were found to be
expressed on the majority of cells as well as HLA-A2. The largest differences in terms
of marker expression between the cell lines was observed in the B-LCL stemming from
the #2 bone marrow. The B cell markers CD19, CD20 and especially CD21 were
expressed at lower levels, which may indicate that more immature B cells gave rise to
this B-LCL3%4.
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Assessment of the tumorigenic potential of newly generated B-LCL
in immunodeficient BRGSA2DR2 mice

In order to assess the potential of the B-LCLs to engraft and expand in vivo, we
injected 108 and 107 B-LCL intraperitoneally (i.p.) into immunodeficient BRGSA2DR2
mice and analyzed them one- and two-weeks post injection. For this and all
subsequent experiments B-LCL_#1_BM was used which was generated from the
bone marrow of a HIS mouse that had been humanized with HLA-A2* HLA-DR2*
HSCs from fetal liver #1.

B-LCL were detected in the peritoneal cavity of all mice at week 1 and consistently,
higher cell numbers were found for mice injected with 107 than for mice injected with
108 B-LCL. At week 2, higher cell numbers were observed for both doses, showing
that B-LCL cells are able to expand in vivo. In the blood and in the spleen much lower
numbers of B-LCL were found at week one and two and only in the spleen an increase
in B-LCL numbers is evident from week one to week two (Figure 3). This finding
indicates, that a large proportion of B-LCL cells remains in the peritoneal cavity when
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Figure 3. Grafting of B-LCL in non-HIS BRGSA2DR2 mice

99



(A) Gating strategy (B) Numbers of B-LCL found in the peritoneal cavity, spleen and
blood at 1- and 2-weeks post i.p. injection of B-LCL.

To determine whether B-LCL cells are harmful and lethal for the host, we injected 108
B-LCL or for control just medium i.p. into immunodeficient BRGSA2DR2 mice and
screened them by regularly measuring the bodyweight, checking their physical
appearance and bleeding them. For up to 23 days post injection the bodyweight of the
mice was mostly stable but quickly dropped in most B-LCL injected mice between day
23 and 33 post injection. All B-LCL injected animals died or had to be sacrificed
following the regulations between day 33 and 40 post injection (Figure 4). B-LCL cell
numbers in the blood increased steadily and mice with higher B-LCL cell numbers in
the blood at day 30 died earlier. Control mice showed no weight loss or signs of pain
and survived several weeks longer. At the endpoint, dissection of B-LCL injected mice
revealed solid tumor masses in the peritoneal cavity and high numbers of B-LCL were
found in the liver, spleen and peritoneal cavity (Figure 4). Thus, the newly generated
B-LCL_#1-BM efficiently grafts in immunodeficient mice and is lethal in
immunodeficient hosts, making them an applicable tumor model as they consistently

formed tumors.
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Identifying immune cell responses against novel B-LCL in the
peritoneal cavity of BRGSA2DR2 HIS mice

To characterize the immune cell responses, we injected 106 B-LCL i.p. into
BRGSA2DR2 HIS mice that had been previously humanized with partially HLA-
matched HSCs to the B-LCL cell line (both HLA-A2* and HLA-DRZ2"). The cells were
then analyzed in the peritoneal cavity at one- and two-weeks post injection. For the
distinction between the HIS cells and the transformed B-LCL cells we used CD23 as
a marker which is expressed on most B-LCL cells (Figure 2) and only very few hCD45*
cells in HIS mice express CD23 in HIS mice (Figure 5B).
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In the peritoneal cavity of HIS mice lower numbers of B-LCL cells were found than in
non-HIS control mice. Whereas B-LCL numbers increased in non-HIS mice from week
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one to week two, they decreased in HIS mice (Figure 6A), which indicated the
elimination of B-LCL cells through the HIS. In B-LCL injected HIS mice, the total
numbers of hCD45 cells in the peritoneal cavity increased both at week one and week
two compared to the respective control HIS mice with no B-LCL cells injected (Figure
6B) and a high amount of T cells were found (Figure 6C). Interestingly, at week one
the mice with the lowest B-LCL numbers detected (mouse #21140 and #21298) are
mice with the highest amounts of total hCD45 as well as T cells. This relationship is
inverse in week two where mice with higher B-LCL numbers correspond to the mice
with higher hCDA45 cell numbers. This could mean that at week one the infiltrating cells
are eliminating the B-LCL cells and with more immune cells infiltrating the B-LCL
depletion is stronger. The difference at week two may be due to higher death of cells
that efficiently reduced B-LCL numbers. Alternatively, lower B-LCL cell numbers, may
result in reduced recruitment of hCD45 to the peritoneal cavity.

In several mice an increased frequency of CD8" T cells compared to non-B-LCL
injected HIS mice was evident at week one and week two. Especially in mouse
#21140, the CD8" T cells constitute more than half of all TCRyd- T cells (Figure 6D).
The CD8* T cells found in the peritoneal cavity are mostly central memory (CM) T cells
and these make up a particularly high proportion in mouse #21140 (Figure 6E). We
also detected other lymphocyte populations in the peritoneal cavity, such as NK cells
(Figure 7A) and yd T cells (Figure 7B) which are largely increased in the B-LCL
injected HIS mice. Hence, the i.p. injection of B-LCL cells into HIS mice seems to result
in the infiltration and/or expansion of multiple immune cell subsets in the peritoneal
cavity. Further, we also observed low numbers of ILCs which are only slightly
increased compared to control mice (Figure 7C), suggesting that there is no strong
infiltration of ILCs due to B-LCL injection. The analysis of NK cell subsets reveals that
at both timepoints there is a higher frequency of CD56°CD16* NK cells in the peritoneal
cavity of B-LCL injected mice, mainly at the cost of the CD56"CD 16" NK cell population
(Figure 7D). This indicates a shift in frequency of NK cells subsets in B-LCL injected
mice. The numbers of immune cells in the peritoneal cavity for all the analyzed
populations decreased between week one and week two after B-LCL injection.
However, this is also the case for the cell numbers in the control mice. The control
mouse at week 2 already had lower humanization in the blood at the pre-bleed before
the experiment so this could explain the difference. However, the difference in the
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blood was only by a factor of two (data not shown), whereas the difference observed

in the peritoneal cavity accounts for two orders of magnitude.
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Taken together, this experiment suggests that the newly generated B-LCL cells are
immunogenic because increased immune cell numbers are detected in the peritoneal
cavity of B-LCL injected mice. This finding may result from proliferation and infiltration
of immune cells. Furthermore, B-LCL cells appear to be sensitive to depletion by
human immune cells in vivo, as B-LCL cell numbers are decreased in HIS mice
compared to immunodeficient mice. Various human immune cell populations, such as
cytotoxic T and NK cells which were abundantly found in the peritoneal cavity of B-
LCL injected HIS mice may contribute to the B-LCL elimination. Whether this is due to
alloreactivity or whether the B-LCL are also immunogenic and get depleted in an
autologous setting remains to be determined.

B-LCL depletion in immunocompetent mice and allogeneic HIS mice

Further, we investigated to which extent the B-LCL cells get depleted in
immunocompetent mice and whether there is a difference between HIS mice either
with an immune system partially HLA-matched to the B-LCL, versus those with an
HLA-mismatched immune system. We compared B-LCL numbers in the peritoneal
cavity one week after i.p. injection of 106 B-LCL cells in (1) BALB/c mice, (2) BRGS
mice with an HLA-A2- HLA-DR2- HIS, (3) BRGSA2DR2 mice with an HLA-A2* HLA-
DR2* HIS and (4) immunodeficient BRGSA2DR2 mice with no HIS (Figure 8). This
revealed that HIS mice with an allogeneic HIS (2) can deplete the B-LCL cells to similar
levels as immunocompetent BALB/c mice (1). In HLA-mismatched HIS mice (2), lower
B-LCL cell numbers were detected than in some of the HLA-matched HIS mice (3),
which may indicate an alloreactive response in addition to an anti-tumor response.
However, no statistically significant difference was detected between these groups.
Overall, B-LCL cell numbers were decreased in immunocompetent and HIS mice
compared to immunodeficient mice. Hence, the B-LCL cells were depleted in
immunocompetent and HIS mice, indicating that the B-LCL cells are immunogenic.

107



*

1x10° | , :

1x10°

1x10%

#B-LCL

1x10°

1x102

Balb/C BRGS BRGSA2DR2 BRGSA2DR2
(no HIS) A2-DR2-HIS A2DR2 HIS no HIS

Figure 8. Numbers of B-LCL cells in the peritoneal cavity at week 1 after i.p. injection
of 106 HLA-A2* HLA-DR2* B-LCL cells per mouse into immunocompetent mice
(BALB/c), HLA-mismatched HIS mice (BRGS with A2-DR2- HIS), HLA-matched
(BRGSA2DR2 with A2*DR2* HIS) and immunodeficient mice (BRGSA2DR2 with no
HIS). Statistical analysis by Wilcoxon test, * p<0.05.

Longer survival of humanized BRGSA2DR2 mice after B-LCL injection

Next, we assessed whether mice with a HIS are able to fully reject the injected B-LCL
cells or whether the B-LCL cells eventually expand, form tumors and are lethal similar
to immunodeficient mice. 108 B-LCL cells were injected i.p. into HLA-matched HIS
mice and the bodyweight as well as the physical appearance were regularly monitored.
Compared to non-HIS mice, bodyweight loss in HIS mice occurred a few days later
and at day 27 post injection the B-LCL cell numbers in the blood of most HIS mice
were lower (Figure 9). Furthermore, some HIS mice survived up to 12 days longer
than the non-HIS mice. However, there is no statistically significant difference between
LCL injected groups and all HIS mice died or had to be sacrificed according to the
regulations within 43 days post B-LCL injection whereas PBS-injected control mice
showed no signs of stress or pain, had no weight loss and all survived beyond 43 days.
Similar to the non-HIS BRGSA2DR2 mice, large tumor masses were found in the
peritoneal cavity of BRGSA2DR2 HIS mice. Even though some HIS mice are able to
deplete B-LCL cells (Figure 6) none of the HIS mice in this long-term experiment were
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able to fully reject the B-LCL cells or keep them from outgrowing and consequently the
B-LCL injection was lethal for the HIS mice.
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Figure 9. Progression of tumors in B-LCL injected HIS BRGSA2DR2 mice
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one mouse (B) Survival of mice over time (C) Number of B-LCL cells per ml of blood
measured at different timepoints. Statistical analysis by Mantel-Cox test, ns: p>0.05, *
p<0.05.
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Testing of therapeutic antibodies in IL-15 boosted FcyR deficient HIS mice
Finally, we combined our novel BRGSA2DR2 Fcer1g-/- model with the B-LCL tumor
model to test the anti-CD20 antibody Rituximab mediated depletion of B-LCL cells,
which express the B cell marker CD20 on their surface. Furthermore, we tested
whether the boosting of human NK cells by injection of an IL-15-IL-15Ra complex (IL-
15 boost) would increase the B-LCL depletion efficiency in HIS mice. We boosted
BRGSA2DR2 mice that were humanized with HLA-A2* and HLA-DR2* HSCs by
injecting IL-15-IL-15Ra complex over the course of 2 weeks. Subsequently, we
injected the mice with 8x10° B-LCL cells and IgG1-Rituximab (RTX) and sacrificed
them 48h later (Figure 10A). At this early timepoint, the effects of innate immune cells
rather than the adaptive immune response can be measured in the peritoneal cavity.
The B-LCL cells were stained with violet trace prior to injection for improved distinction
from HIS cells. Moreover, we included controls of mice (1) without a HIS (no HIS)
injected with B-LCL, (2) HIS mice without IL-15 boost, B-LCL and RTX injection, (3)
HIS mice without IL-15 boost and with B-LCL injection, (4) HIS mice without IL-15
boost injected with B-LCL and RTX and (5) IL-15 boosted mice injected with B-LCL
but without RTX injection. In each group, except for the HIS only group, we included
BRGSA2DR2 Fcer1g+/- and BRGSA2DR2 Fcer1g-/- mice.

To determine the efficiency of the IL-15 boost we compared the numbers of NK cells
in the blood between the prebleed at day 1 (d1) and the bleed at day 14 (d14) (gating
strategy in Figure 10B). Whereas in some IL-15 boosted mice the NK cell numbers in
the blood increased, surprisingly it decreased in others, so the NK cells numbers in
the blood between d1 and d14 were not significantly different. In the PBS injected
control mice, the NK cell numbers mostly stayed stable between the two timepoints
(Figure 10C). However, in the IL-15 boosted mice the percentage of CD16" cells
(Figure 10D) within total NK cells increased as well as the percentage of CD57* (Figure
10E) and CD69" (Figure 10F) NK cells with a statistically significant difference for all
these markers. This was not the case in PBS injected mice. In this experiment the IL-
15 boost did not robustly increase NK cells numbers in the blood. Nevertheless, the
NK cells appear to be more activated.
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injected mice, each dot corresponds to one mouse and lines connect the same mice.
(C) Number of NK cells per ml of blood. (D-F) Percentage of CD16* (D), CD57* (E),
CD69* (F) cells within NK cells. Statistical analysis by Wilcoxon test, ns: p>0.05, *
p<0.05, ** p<0.01.

Next, we analyzed the NK cells numbers in the peritoneal cavity at the sacrifice on day
16 (d16). In the majority of IL-15 boosted mice, both in the group with and without RTX
injection, the number of NK cells is clearly higher than in the HIS mice without the
boost, however the differences are not statistically significant (Figure 11B). As there
are only few NK cells in the peritoneal cavity of non-boosted HIS mice a precise
analysis of NK cell subsets in each group is challenging. Nevertheless, the uniform
manifold approximation and projection (UMAP) on the total NK cells in the peritoneal
cavity reveals that the NK cells seem similarly distributed within non-IL-15 boosted HIS
mice whereas differences were observed compared to IL-15 boosted mice (Figure
11C). Between the two IL-15 boosted groups (with or without RTX) the NK cell subsets
in the peritoneal cavity were mostly overlapping except for a small subset which was
CD56'°%, NKG2A"°¥ and had a slightly higher PD-1 signal than the other NK cells. This
subset was mainly present in the IL-15 boosted, B-LCL and RTX injected HIS mice
and not in the IL-15 boosted, B-LCL injected HIS mice without RTX treatment. These
results indicate that IL-15 boost efficiently increases the numbers of NK cells in the
peritoneal cavity either due to expansion of the NK cells and/or recruitment of NK cells.
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Figure 11. Increased NK cell numbers in the peritoneal cavity of IL-15 boosted HIS

mice; (A) Gating strategy for B-LCL and human lymphocytes in the peritoneal cavity
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of HIS mice (B) Number of NK cells in the peritoneal cavity at d16 (C) UMAP of total
NK cells, upper row: NK cells according to different groups, lower row: heatmap
statistic for expression of different markers on NK cells. Wilcoxon test was used for
statistical analysis, indicated p-values are not corrected for multiple comparison, for

Bonferroni corrected p-values no statistical significance was observed.

Furthermore, we quantified the number of B-LCL cells present in the peritoneal cavity
at the sacrifice on d16 of mice that had been injected with B-LCL 48h prior to sacrifice.
Compared to the mice with no HIS B-LCL cell numbers are lower in the majority of HIS
mice (Figure 12B). However, this did not reach statistical significance for any group.
Due to a large variation of B-LCL numbers within the different groups of HIS mice,
more mice per group are needed to determine further differences. Nevertheless, in the
RTX injected groups, more than half of the mice show B-LCL numbers which are lower
than the lowest value in the HIS-only group. This suggests that the RTX treatment
leads to B-LCL depletion in these mice. In the IL-15 boosted group without RTX
treatment a few mice showed lower B-LCL cell numbers than HIS mice injected with
B-LCL cells which may be caused by the IL-15 boost. This indicates that B-LCLs are
sensitive to RTX treatment and IL-15 boost may enhance the elimination of B-LCL in
HIS mice. The lack of explicit differences between Fcer1g+/- and Fcer1g-/- mice in the
RTX injected groups suggests a role of mouse complement in the antibody mediated
B-LCL depletion, as demonstrated in the blood for B-cell depletion (Chapter II)
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We further analyzed other human lymphocyte populations and human as well as
mouse myeloid cells in the peritoneal cavity for the different groups of mice at sacrifice.
Human CD8a T cells were more abundant in the peritoneal cavity of B-LCL injected
mice and further increased in IL-15 boosted mice (Figure 13A). Low numbers of
human ILCs were identified in all HIS mice without evident differences between the
experimental groups (Figure 13B). In most HIS mice boosted with IL-15-IL-15Ra
complex and/or treated with RTX the yd T cells (Figure 13C), as well as CD3* CD56"
Va24-Ja18 type Il NKT cells (Figure 13D), were elevated compared to non-injected
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or only B-LCL injected HIS mice. Whereas CD8a T cells are not expected to impact
the B-LCL depletion two days after B-LCL injection, yd T cells and type Il NKT cells
belong to the innate arm of the immune system and can be activated early on in the

immune response. Hence, they may be involved in the elimination of B-LCL cells.
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Figure 13. Human lymphoid cell subsets in the peritoneal cavity at d16; Numbers of
(A) CD8a™ T cells, (B) ILCs, (C) yo T cells and (D) Type Il NKT cells. Wilcoxon test
was used for statistical analysis, indicated p-values are not corrected for multiple
comparison, for Bonferroni corrected p-values no statistical significance was

observed.

Human myeloid cells were found at low levels in the peritoneal cavity (Figure 14B) and
in all groups some DCs (CD11c¢c* HLA-DRM9") and pDCs (CD123*) are present (Figure
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14C). Whereas in the HIS-only mice barely any human macrophages (CD86* CD64")
were observed, these were present in all B-LCL injected HIS mouse groups and seem
to be most abundant in the B-LCL injected, RTX treated group. Especially on the
macrophages, several activating FcyRs were expressed, FcyRI (CD64), FcyRIIA
(CD32a) and FcyRIIl (CD16), which may contribute to the antibody dependent
depletion. No human CD66abce™* granulocytes were found in the peritoneal cavity of
HIS mice. Consequently, human myeloid cells represent a further group of effector
cells which could be involved in the elimination of B-LCL cells within the peritoneal

cavity.
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Figure 14. Human myeloid cells in the peritoneal cavity at day 16. (A) Gating strategy
for human myeloid cells on hCD45" cells (see Figure 12A), lineage includes hCD3,
hCD7, hCD19, hCD94 and hNKp46. (B) Number of total human myeloid cells. (C)

UMAP of total human myeloid cells, upper row: human myeloid cells according to
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different groups, lower rows: heatmap statistics for expression of different markers on
human myeloid cells. Wilcoxon test was used for statistical analysis, indicated p-
values are not corrected for multiple comparison, for Bonferroni corrected p-values no

statistical significance was observed.

Lastly, we compared mouse myeloid cell numbers between the different groups. High
numbers of mouse myeloid cells were found in the peritoneal cavity for the majority of
mice (Figure 15B). The mouse myeloid cells in all mice comprised granulocytes (Gr17),
macrophages (F4/80*) and DCs with altered proportions between the different groups
(Figure 15C). In mice with no HIS the macrophage populations was most dominant in
the peritoneal cavity. In HIS mice without injection of B-LCL a macrophage population
with low mF4/80 expression is observed which not very present in other groups.
Whereas in HIS mice only injected with B-LCL the different myeloid cell populations
seem quite balanced, HIS mice treated with either RTX-IgG1 and/or IL-15 boost had
a more prominent granulocyte population than other groups. Mouse myeloid cells
could impact the immune response against B-LCL, for example by cytokine secretion.
While in Fcer1g+/- mice the mouse myeloid cells may contribute to the antibody
mediated B-LCL depletion, this is precluded in the Fcer1g-/- mice.
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3.3 Conclusion

By employing in vitro EBV transformation of B cells extracted from the spleen and
bone marrow of HIS mice, we have successfully generated immortalized cell lines
autologous to fetal liver CD34* HCS that can be used to graft HIS mice which will allow
to establish a fully autologous model. These immortalized cells have a B cell
phenotype and express B-LCL characteristic markers. The B-LCL cells efficiently graft
and expand in immunodeficient mice upon i.p. injection and have tumorigenic
potential. In these mice solid tumor masses were found within the peritoneal cavity
and substantial amounts of B-LCL were also detected in the spleen and liver. Further,
the B-LCL cells showed immunogenic potential, since human immune cells were
recruited to the peritoneal cavity of B-LCL injected HIS mice and B-LCL numbers
decreased in partially HLA-matched HIS mice from week 1 to week 2 after B-LCL
injection. Higher elimination of B-LCL was found in HLA-mismatched HIS mice
compared to HIS mice that had been humanized with partially HLA-matched HSCs,
indicating lower alloreactivity in the latter setting.

By combining the B-LCL tumor model with our novel BRGSA2DR2 Fcer1g-/- model
we aimed to evaluate the antibody mediated depletion in the absence of mouse
myeloid cell effector mechanisms, which are mediated through activating FcyRs. In
addition, we administered an IL-15-IL-15Ra complex to boost human NK cells to
determine whether these cells improved antibody mediated depletion of B-LCL. While
NK cell numbers in the blood of HIS mice were not higher after the IL15 boost in the
majority of mice, NK cell numbers in the peritoneal cavity were found to be increased
in most IL-15 boosted mice. In addition, CD8a T cells were particularly increased in
the peritoneal cavity of IL-15 boosted HIS mice but as we chose a very short timeline
of 48h after B-LCL injection to analyze the mice, the detected effects should be mainly
mediated by innate immune cells.

Our B-LCL cells seem to be sensitive to RTX treatment and the IL15 boost also seems
to improve the B-LCL depletion in some mice. However, no additive effects of RTX
treatment in combination with the IL15 boost were evident and no clear differences in
RTX mediated B-LCL depletion between Fcer1g-/- and Fcer1g+/- mice were visible.
The reason for this might be that we used the 1gG1 variant of Rituximab in these
experiments, which can also be bound by complement. Hence, the complement
system may contribute to depletion of B-LCL cells and, as shown in Chapter I, be
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responsible for the depletion of B cells. Therefore, it may be necessary to use a non-
complement binding Rituximab variant like the IgG1_KA to see a clear difference
between the Fcer1g-/- and Fcer1g+/- mice to preclude the contribution of mouse
complement and mouse FcyR bearing cells to the Rituximab mediated depletion of B-
LCL cells. In addition, more mice per treatment are needed to clearly evaluate whether
statistically significant differences exist between the groups due to the large individual
variation within some groups.

In summary, we have established a haplotype matched model to evaluate the anti-

tumoral mechanisms of immunotherapeutic antibodies by the human immune system.
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3.4 Material and Methods

Mice

Refer to Material and Methods in chapter Il.

B-LCL generation and culture

Cells were isolated from the spleen and bone marrow and depleted for mCD45" cells
by labelling with a biotin conjugated anti-mCD45 antibody, subsequent incubation with
anti-biotin microbeads (Miltenyi Biotech) and separation on LS columns (Miltenyi
Biotech) following manufacturer’s instructions. EBV transformation was done in
collaboration with Sylvain Latour (Institut Imagine), cells were given to the Necker DNA
biobank of Institut Imagine. B-LCL were cultured under sterile conditions in tissue
culture flasks (TPP) at 37°C, 5% CO- in RPMI 1640 + Glutamax (gibco) supplemented
with 10% fetal calf serum (FCS) (eurobio), 1% Penicillin and Streptomycin, 1% Non-
essential amino acids, 1% Sodium-Pyruvate (gibco). B-LCL were frozen in FCS with
10% DMSO (Sigma-Aldrich) and thawed 1-3 weeks before injection.

In vivo injection of B-LCL

B-LCL were washed and resuspended in PBS and injected intraperitoneally (i.p.) using
29G insulin syringes. Mice were euthanized one week or two weeks after injection or
at endpoint (>20% of weight loss or according to signs of pain) as indicated in the

experiment.

IL-15 boost, B-LCL, Rituximab experiment in BRGSA2DR2 Fcer1g+/-

and BRGSA2DR2 Fcer1g-/- HIS mice

Mice were pre-bled on d1 and subsequently injected with IL-15 complex (25ug hlL-15
+ 75ug hlL-15R alpha Fc Chimera Protein (biotechne) per mouse in PBS and
incubated at room temperature (RT) for 30min before injection) or PBS for control mice
on d2, d6, d9, d13. On d14 mice were first bled and then injected with 8x10° B-LCL in
100ul of PBS per mouse and 50ug Rituximab (IgG1) per mouse according to the
treatment group. Injected B-LCL had been stained with 0,5uM CellTrace Violet
(Thermo Fisher Scientific) in PBS prior to injection, following manufacturer’s
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instructions. Mice with less than 10% of hCD45+ cells or with more than 80% human
T cells within hCD45+ cells in the blood at prebleed were excluded from analysis.

Cell isolation

To recover the cells from the peritoneal cavity mice were sacrificed by cervical
dislocation, the skin in the abdominal area was opened and 12ml of FACS buffer (PBS
(gibco) with 2%FCS and 2mM EDTA (invitrogen)) were injected with a 20ml syringe
(BD bioscience) and the cell suspension was subsequently aspirated from the

peritoneal cavity with the same syringe and collected in a 15 ml tube.

Flow cytometry analysis

Whole blood or isolated cells were incubated with IgG from human serum (Sigma-
Aldrich) and mouse Fc blocking reagent (Miltenyi Biotech) for 10min at RT 2,5ul or 5pl
of absolute counting beads (invitrogen) were added respectively. Subsequently, biotin-
conjugated antibodies in FACS buffer or fluorochrome-conjugated antibodies in
Brilliant Stain Buffer (BD bioscience) for extracellular staining and live/dead stain were
added and cells incubated at 4°C for 30min. For whole blood FACS™ lysing solution
(BD) was directly added to lyse red blood cells and fix the samples, other cells were
washed twice with FACS buffer. Cells stained with biotin antibodies were afterwards
stained with fluorochrome-conjugated streptavidin and antibodies for 30min at 4°C and
washed. If no intracellular staining was done cells were fixed with 2% PFA (EMS) for
10min at 4°C. For intracellular staining cells were fixed and permeabilized with
Cytofix/Cytoperm™ (BD Bioscience) for 20min at 4°C, washed twice with Perm Buffer
(BD), incubated with antibodies diluted in Perm Buffer for 30min at RT and washed
with Perm Buffer. All samples were resuspended in FACS buffer for flow cytometric
analysis. Samples were either run on a LSRFortessa™ (BD) or Spectral ID7000™

Spectral Analyzer (Sony).
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antigen
CD1c
CD3
CD3
CD3
CD3
CD4
CD7
CD7
CD7
CD11b
CD11c
CD11c
CD14
CD14
CD16
CD16
CD16
CD16
CD19
CD19
CD19
CD19
CD20
CD21
CD23
CD25
CD27
CDh27
CD32a
CD39
CD45
CD45
CD45
CD45
CD45
CD45
CD45
CD45RA
CD56
CD56
CD56
CD57
CD64
CD66abce
CD69
CD70
CD80
CD86
CD8a
CD9%4
CD9%4
CD9%4
CD9%4
CD9%4
CD117
CD123
CD127

fluorochrome/conjugate
BV786

APC

BB790

Biotin

BV510
NovaFluor Blue 660-120S
Biotin

BV510
PerCP-eFluor710
PerCP-Cy5.5
BV480
PE-Cy7
BV570
PE-Cy5
BUV496
BUV737
BV570

BV650

Biotin

BV605

PE

PE-Cy5
BV786
BUV737
AF700

BV711
APC-eFluor780
BUV737
AF647
PE-Cy7
APC-Vio770
BB630
BUV395
BUV805
BV650

BV711
NovaFluor Blue 610-70S
BUV563
BB755
BUV395
PE-CF594
BV605
BUV737

PE

AF700

PE

BV750
BUV563
BV786
APC-Fire750
Biotin

BUV661
BV750
PerCP-Vio700
BB790
PE-Cy5
PE-Cy7

clone
L161
BW264/56
UCHT1
OKT3
SK7

SK3
eBio124-D1
M-T701
4H9
M1/70
B-ly6
N418
M5E2
M5E2
3G8

3G8

3G8

3G8
HIB19
HIB19
HIB19
HIB19
2H7

B-ly4
M-L233
BC96
0323
L128
FUN-2
eBioA1
5B1
30-F11
HI30
HI30
30-F11
30-F11
30-F11
HI100
NCAM16.2
NCAM16.2
B159
QA17A04
101
REA1230
FN50
113-16
L307.4
BU6G3
RPA-T8
DX22
REA113
HP-3D9
HP-3D9
REA113
104D2
6H6
eBioRDR5

reactivity
human
human
human
human
human
human
human
human
human
human/mouse
human
mouse
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
mouse
human
human
mouse
mouse
mouse
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human

supplier
BioLegend
Miltenyi Biotec
BD
eBioscience
BioLegend
eBioscience
eBioscience
BD
eBioscience
BioLegend
BD
BioLegend
BioLegend
BioLegend
BD

BD
BioLegend
BioLegend
eBioscience
BioLegend
BioLegend
BioLegend
BioLegend
BD

BD
BioLegend
eBioscience
BD

SONY
eBioscience
Miltenyi Biotec
BD

BD

BD

BD

BD
eBioscience
BD

BD

BD

BD
BioLegend
BD

Miltenyi Biotec
BD
BioLegend
BD

BD
BioLegend
BioLegend
Miltenyi Biotec
BD

BD

Miltenyi Biotec
BD
BioLegend
eBioscience

catalog number
331544
130-091-373
624296
13-0037-82
344828
H001TO3B08
13-0079-82
563650
46-0078-42
101228
566135
117318
301832
301864
564653
564434
302036
302042
13-0199-82
B206070
302208
302210
302356
564595
563673
302635
47-0279-42
564301
2116060
25-0399-42
130-096-609

563792
612891
563410
563709
M005T02806
565702
624391
563554
562289
393304
612778
130-124-503
560739
355104
747001
748377
301046
305518
130-098-966
750231
747394
130-119-763
624296
306008
25-1278-42
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antigen

CD141

CD159a (NKG2A)
CD161

CD206

CD279 (PD-1)
CD294 (CRTh2)
CD314 (NKG2D)
CD317

F4/80

Gr-1

HLA-A2
HLA-DR

MHCII

NKp46

NKp46

NKp46

SiglecF

TCRgd

TCRgd
Va24Ja18

fluorochrome/conjugate

BV711
APC-Fire750
BUV395
BV605
BUV615
AF647
BV711
BUV661
BUV805
AF700

FITC
APC-Fire750
BUV496
BB515

Biotin

BVv421
PE-CF594
BUV661

PE
PerCP-eFluor710

Table 1 — List of antibodies
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clone

1A4
S$19004C
HP-3G10
19.2
EH12.1
BM16

1D11

BST2
T45-2342
RB6-8C5
BB7.2

L243
M5/114.15.2
9E2/NKp46
9E2/NKp46
9E2/NKp46
E50-2440
11F2

B1

6B11

reactivity
human
human
human
human
human
human
human
mouse
mouse
mouse
human
human
mouse
human
human
human
mouse
human
human
human

supplier
BD
BioLegend
BD

BD

BD

BD

BD

BD

BD

BD

BD
BioLegend
BD

BD
BioLegend
BD

BD

BD

BD
BioLegend

catalog number
563155
375116
748280
740417
612991
558042
563688
750635
749282
557979
551285
980412
750281
564536
331906
564065
562757
750019
555717
46-5806-42



Chapter IV

Discussion

Human immune system (HIS) mice provide valuable preclinical models to study
human immune cells and HIS responses in vivo. HIS mice may further be engrafted
with human tumor models which allows to investigate human specific immune system-—
tumor interactions and to test anti-tumor immunotherapies in an in vivo setting. Over
the last decades various HIS mouse models with different characteristic properties
have been generated. However, in the currently available humanized mouse models
for immuno-oncology research, several limitations exist and it is important to
understand those relevant to the respective research question. The knowledge of
these restrictions allows a more accurate interpretation of the results obtained and
may subsequently foster the generation of more advanced models which overcome
these limitations.

In this thesis, a novel BRGSA2DR2 Fcer1g-/- HIS mouse model has been
characterized which allows to determine the effectors involved in antibody mediated
cell depletion when administering therapeutic antibodies. Further, we aimed at
generating an autologous tumor model in HIS mice to be able to study human anti-
tumor responses in vivo in the absence of alloreactive effects. The final goal was to
combine the BRGSA2DR2 Fcer1g-/- HIS mouse model with the autologous tumor
model in order to investigate the contribution of human natural killer (NK) cells in

antibody mediated anti-tumor responses in vivo.

Key findings

In the BRGSA2DR2 HIS mouse model we identified three types of effectors that
contribute to antibody mediated depletion, which include (1) the mouse FcyR bearing
cells, (2) the complement system and (3) human immune cells. For BRGSA2DR2
Fcer1g-/- mice we demonstrated their deficiency in expression of FcyRs and the
concomitant loss of function in activating FcyRs. Further, BRGSA2DR2 Fcer1g-/- mice

robustly engraft with human hematopoietic stem cells (HSCs) and develop a HIS. By
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using an antibody variant (IgG1_KA) which cannot bind complement in the
BRGSA2DR2 Fcer1g-/- HIS mice we were able to investigate the antibody dependent
depletion effects of the HIS while excluding the contribution of mouse effectors. In this
experimental setting, the number of human NK cells in blood clearly correlated with
the antibody mediated depletion efficiency.

Moreover, we generated an autologous lymphoma model by transforming HIS mouse
derived human B cells via EBV infection. The resulting B lymphoblastoid cell line (B-
LCL) cells were able to engraft upon intraperitoneal (i.p.) injection in immunodeficient
mice as well as partially HLA-matched HIS mice, developing lethal tumors in these
hosts. Further, the B-LCL cells are immunogenic and the HIS in our mice leads to
decreased B-LCL cell numbers compared to immunodeficient mice. In addition, the
boosting of HIS mice with IL-15-IL15Ra complex and/or treatment with Rituximab
seems to improve the depletion of B-LCL cells in most mice compared to non-treated
HIS mice.

In the following sections | firstly highlight evidence for human NK cells as main
effectors in antibody mediated depletion in our HIS mouse model and elaborate on
how HIS mouse models could be improved to study antibody dependent cellular
cytotoxicity (ADCC) of NK cells. Secondly, | indicate options to ameliorate innate
lymphoid cells (ILCs) and myeloid cell compartments in HIS mouse models. Thirdly, |
will discuss the achievements | have made in generating an autologous tumor model
and disclose its potentials as well as limitations. Lastly, | emphasize the perspectives
for both, the BRGSA2DR2 Fcer1g-/- HIS mouse model and the autologous tumor

model as preclinical models for immunotherapeutic approaches.

Are the human NK cells the effectors that mediate antibody

dependent depletion in our HIS mouse model?

Katano et al. (2020) established a NOG-FcyR”-hIL-15 Tg model with adoptively
transferred human NK cells which were expanded in vitro. Their results suggested that
human NK cells were able to contribute to antibody mediated depletion in vivo.
However, they also acknowledged that other effectors such as the complement may
partly cause antibody dependent cytotoxicity in their model?®. In our FcyR deficient
model we found a statistically significant correlation between the percentage of NK
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cells and the decrease of B cells in the blood when using a non-complement binding
antibody variant which strongly indicates the involvement of NK cells in antibody
mediated depletion (Chapter Il). The fact that B cell depletion was absent in HIS mice
lacking NK cells detected in the blood further suggests that human NK cells may be
the major effectors of antibody-mediated depletion in our model. While we are
impairing the contribution of complement and mouse FcyRs in the antibody mediated
depletion, our model is complicated by the presence of other human immune cell
subsets. Many human immune cells, other than NK cells, expressing activating FcyRs
could potentially contribute in the antibody mediated depletion, such as macrophages,
dendritic cells (DCs), neutrophils and other granulocytes?. However, myeloid cells
develop poorly in HIS mice when not adding cytokines that specifically boost them.
This is also the case for BRG and BRGS HIS mice on which our model is based?’42%7,
Thus, the contribution of human myeloid cells is likely to be limited but it cannot be
fully excluded. The role of NK cells in the antibody mediated depletion is further
supported by its increase when boosting with human IL15-IL15Ra complex. NK cell
frequencies are elevated in the blood of boosted mice whereas numbers of
macrophages, as shown for the liver, remain constant. Nevertheless, we have not
determined the cell numbers for all activating FcyR bearing human cells in every organ
and tissue and do not definitively know whether other immune cell frequencies also
correlate with depletion efficiency.

Specific elimination of NK cells might underline the role of NK cells in antibody
dependent depletion in our HIS mouse model in which other immune cells are present.
In other HIS mouse models, NK cells have been depleted by administration of an anti-
human NKp46 antibody but not all NK cells got depleted thereby, as some CD56* CD3"
cells remained3®. In addition, the depletion of NK cells using this mouse IgG1 antibody
most likely depends on Fc binding effectors including mouse activating FcyRs which
are not functional in our mouse model. Therefore, it needs to be carefully analyzed
whether this antibody can efficiently deplete human NK cells in FcyR deficient HIS
mouse models. A recently published anti-human NKp46 antibody that gets internalized
upon NKp46 binding has been conjugated with a toxin and was shown to inhibit cell
growth in vitro®®. This antibody may be an alternative for NK cell depletion that does

not depend on Fc binding effectors.
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All pieces of evidence essentially support the involvement of NK cells in the antibody
dependent depletion in our model. However, to provide a more explicit proof is
challenging due the complexity of the model and to technical limitations.

How well adapted is our model system to study ADCC of human NK

cell responses?

An difficulty in many HIS mouse models is the poor development of human NK cells.
To increase the total number of NK cells and the proportion of CD16 expressing NK
cells in our experiments, we administered a IL15-IL15Ra complex to our mice which
had been shown to augment NK cells in HIS mice?®4. In accordance, we observed an
increase of NK cells and, similarly to humans, NK cells in the blood of IL-15 boosted
HIS mice are mostly in the range of 5% to 15% of total hCD45. Further, antibody
dependent B cell depletion is significantly improved in IL-15 boosted mice (Chapter II).
Consequently, our experimental setup allows us to study human ADCC upon
exogenous antibody injection.

However, | would like to point out that even in the IL-15 boosted NK cells in our HIS
mice, we did not identify the same NK cells subsets in the peripheral blood as reported
in humans. Instead, we identified a CD56*CD16™ but not a CD56"9" NK cell
population. CD16"* cells were present in our HIS mice but rather than a CD56%™
population we observed a CD56"CD16" as well as a CD56°CD16" subpopulation,
respectively. Hence, it might be worthwhile to also consider other methods available
to enhance NK cells in HIS mice. Those alternatives could either boost the
development of myeloid cells which subsequently enhances the NK cell development
(MISTRG, BRGSF mice) or directly improve the NK cell development by expression
of human IL-15 by a transgene or a knock-in (SRG-15, NSG-Tg(Hu-IL15)
mice)?73:290:291,297.397 To optimize the experimental conditions for studying NK cells in
HIS mice, it would be of interest to understand which method or model gives rise to
NK cells which resemble NK cells in the human to a highest degree. Herndler-
Brandstetter et al. (2017) directly compared NK cell numbers in blood as well as spleen
between MISTRG and SRG-15 mice. Especially in the blood, NK cells were more
abundant in SRG-15 mice. Further, circulating NK cells in SRG-15 mice were also
compared to human NK cells by mass cytometry showing that they overlapped
phenotypically to a large extent. However, NK cell subsets stimulated with an MHC-I-
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deficient tumor cell line (K562) or phorbol 12-myristate 13-acetate (PMA) plus
ionomycin revealed partial differences in expression of perforin, CD107a, IFN-y, MIP-
1B and GM-CSF compared with humans?®, Side-by-side comparisons are challenging
as published studies differ in their use of mouse strains, antibodies, gating strategies
and analysis techniques. To determine in which setting NK cells are best developed it
would be instrumental to perform functional profiling on the NK cell subsets in the HIS
mice in comparison to human blood and other tissues if possible.

Besides the cellular component, the antibody which mediates the killing in ADCC
needs to be considered as well. In the setting in which we identified a correlation
between the abundance of NK cells and the depletion efficiency we used an IgG1_KA
variant of Rituximab. This IgG1_KA variant is characterized by a non-synonymous
base substitution in the Fc region of the antibody causing a K322A mutation at the N-
terminal end of the CH2 domain. We specifically selected this variant due to its inability
to bind to complement, to remove this mechanism of action from the antibody
mediated depletion. However, not only the complement binding is affected but also the
binding to FcyRlla and FcyRIllla which causes a reduction of ADCC by about two-
fold3%8. Consequently, by using the IgG1_KA variant of Rituximab, the ADCC potential
of the NK cells is most likely underestimated in our experiment. Inhibitors of the
complement cascade may provide an alternative to disable the contribution of the
complement in antibody mediated depletion and could allow to use the conventional
IgG1 Rituximab. For example, with the ANX-M1.21 C1qg-blocking antibody, the
complement cascade could be directly inhibited at the initiation of the classical
pathway3%. A further possibility to avoid the effects of complement is the knockout of
crucial genes in the complement cascade, as proposed by Katano et al. (2020)?28. The
establishment of a model in which the contribution of complement can be
circumvented without altering the Fc portion of the antibody would largely facilitate the
testing of further antibodies of interest using our model as they could stay in their native

form.

Studying the effects of human ILCs in anti-tumor responses

In the tumor experiments (Chapter Ill) | have also analyzed the cell numbers of helper
innate lymphoid cells (ILCs) in the peritoneal cavity of HIS mice. Only low numbers of
Lin"CD16"CD94-CD7*CD127* ILCs where present (<10° cells). Neither for different
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conditions at 48h, nor at week one or week two post B-LCL injection, were any major
alterations in cell numbers detected. Due to the low amount of ILCs | did not investigate
further details such as identifying ILC subsets and their cytokine production profiles.
However, as the role of human ILCs in cancer is not well understood to date, it would
be extremely interesting to study the effects of ILCs in our HIS mouse tumor model.
There are several options to adapt the model system that may facilitate the study of
ILCs in the context of cancer. In the BRGSF model, increased numbers of human ILCs
were observed in multiple organs of FIt3L boosted HIS mice. In addition, the
production of the respective signature cytokines was demonstrated for ILC1 from the
liver, ILC2 from the lung and for ILC3 from the gut?’4. Whether FIt3L boosting would
increase the ILC abundance in the peritoneal cavity remains to be assessed. In
humans, the distribution of ILC subsets varies largely between different tissues and
organs*%°, And whereas NK cells are abundant in the circulation and can infiltrate into
tissues, ILCs are mainly tissue resident. Moreover, ILCs are highly plastic and change
their phenotype and function based on environmental signals'. Therefore, to study
ILC-tumor interactions it might be essential to establish tumor models in anatomical
locations in which ILCs reside. For example, to study ILC3s which are abundant in the
intestine, B-LCL cells could be injected into intestinal tissue. Another possibility to
achieve higher numbers of ILCs could be the adoptive transfer of in vitro expanded
ILCs. Protocols which allow the expansion of mature ILCs as well as ILC precursors
in vitro have already been established®4°!. Also, human ILCPs from the fetal liver
have been expanded in vitro84. Since we retrieve the human CD34* HSCs that we use
for the humanization of HIS mice from fetal livers we actually have autologous ILCPs
available. | have therefore conducted some experiments in which | expanded ILC3s
from fetal liver ILCPs and injected them i.p. into immunodeficient mice. | was able to
recover ILCs up to two weeks after injection (data not shown). Alternatively, HIS mice
could be directly administered with cytokines, such as human IL-2, IL-7, IL-1j3, IL-23
and IL-25 to enhance the development of ILCs in vivo. Some of these approaches
could also be combined and may provide exciting opportunities to study the effects of
ILCs on tumors.
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Improvement of myeloid cell compartments in HIS mice

Immune responses result from a complex interplay between innate immune cells,
adaptive immune cells and their environment. Hence, to get a comprehensive view of
immune responses in a model system all these components should be reproduced at
its best. During an immune response, myeloid cells are active at many stages, such
as the initiation and coordination of immune responses, antigen presentation and
execution of effector mechanisms. In most HIS models mouse myeloid cells are
abundantly present but human myeloid cells develop poorly and are strongly
underrepresented?’32%7_ This is also true in the peritoneal cavity where mouse myeloid
cells outnumbered the human myeloid cells by far (Chapter Ill). Furthermore, a high
infiltration of mMCD45" cells was observed in the solid tumor mass formed by B-LCL
cells (Chapter Ill). The presence of mouse myeloid cells may on the one hand compete
with the human myeloid cells and preclude them from the immune response, and, on
the other hand may confound immune effects. Certain mouse chemokines and
cytokines can cross-react with the respective human receptors whereas others are not
able to do s0*%2. Consequently, it would be ideal if the mouse myeloid cells in HIS mice
could be completely replaced by a full range of human myeloid cells. Specifically in
the models | have set up, this would firstly facilitate the study of antibody dependent
effector mechanisms by human myeloid cells in vivo, and secondly result in a more
representative TME. Over the last decade, considerable advances have been made
in this respect and in some models, such as the BRGSF and MISTRG HIS mice, the
numbers of mouse myeloid cells are reduced whereas several human myeloid cell
populations are increased?’32742%7 Recently, a HIS mouse model (MISTRGGR) which
supports the development of human neutrophils has been generated. However, in
these MISTRGGR HIS mice the frequency of circulatory neutrophils did not reach
similar levels compared to human blood and a next major deficiencies of this model
include the short lifespan of mice (14 weeks), poor breeding of females and necessity
to maintain the colony on antibiotics*®3. Therefore, further advances are needed to
optimize the human immune cell compartment in HIS mice for being able to study anti-
tumor responses in a TME which is composed of mostly human immune cells including
granulocytes instead of mouse myeloid cells. Nevertheless, the BRGSA2DR2 Fcer1g-
/- mice in which we demonstrated antibody dependent depletion by NK cells were
created in a strain with a FIt3 knockout as reported in BRGSF mice?’42%7, So, it could
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be expected that in the BRGSFA2DR2 Fcer1g-/- mice administration of FIt3L will
equally boost dendritic cells and macrophages. Experiments in these HIS mice
boosted with FIt3L may be instructive with respect to the in vivo contribution of human

macrophages and DCs in antibody mediated depletion and anti-tumor responses.

Relevance, challenges and perspectives of autologous tumor

models

Autologous tumor models are crucial to adequately mimic the situation in patients,
since in an allogeneic setting, the immune system mounts an allogeneic response in
addition to an anti-tumor response against the introduced tumor cells. This leads to
higher tumor cell rejection which has also been demonstrated for a HIS mouse tumor
model®®. Allograft rejection is mainly controlled by T and B cells but innate immune
cells are involved in this process as well*%4. A cause for allograft rejections is the
expression of the highly diverse human leukocyte antigens (HLAs) which allows the
immune system to distinguish between self and non-self cells*®5. HLA class | protein
interactions with killer cell immunoglobulin-like receptors (KIRs) as well as with
CD94/NKG2 receptors strongly impact the development of NK cells and codetermine
their function'?®. Even though we have generated B-LCLs which are autologous to
fetal liver HSCs, | only could perform the tumor experiments in HLA-matched and not
in autologous HIS mice to date. These mice were only partially matched for HLA-A2
and HLA-DRZ2, but human cells in addition also express other HLAs, such as HLA-B,
HLA-C and HLA-DQ. Further, the HLA alleles are highly polymorph. Therefore,
although there may be an improvement in partially HLA matched HIS mice compared
to HLA mis-matched HIS mice in terms of alloreactivity (Chapter lIll), it would be
beneficial to repeat these experiments in a truly autologous setting to achieve more
convincing results. This would avoid that the responsiveness of NK cells is altered by
not recognizing all the HLA class | proteins expressed on the B-LCL cells. For
example, it has been clearly demonstrated that NK cells show less inhibition against
B-LCL cells that do not express the full array of self HLA class | molecules*°®.

A major limitation in the generation of HIS mice is the paucity of HSCs which is even
more restrictive in an autologous tumor model, where only a few cohorts of HIS mice
can be produced from autologous HSCs. Further, the generation of new autologous

cell lines is highly time consuming as mice need to be humanized, have to grow up,
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then the cells need to be transformed and expanded before autologous experiments
can be performed. With our current protocol this process takes at least 4 months.
Therefore, it would be desirable to obtain HSCs from a less limited source to be able
to perform more experiments with the same autologous cell line. In this context, an
area of research with very high potential is the generation and differentiation of
induced pluripotent stem cells (iPSCs). HSCs stemming from iPSCs could not only
provide an “unlimited” source of HSCs but would also open up further possibilities,
such as the generation of HSCs autologous to patient derived tumor samples.
However, the generation of engraftable HSCs derived from iPSCs is currently in an
early stage and the protocols to obtain HSCs need to be further improved to make
these techniques applicable®’.

Suitability of the peritoneal cavity as a B-LCL injection site

It has been shown that the anatomical location at which tumor models are established
impacts various relevant aspects, such as the growth rate and invasiveness of the
tumor as well as the immune infiltration, immune response and sensitivity to
therapies33'4%8_ Therefore, tumor models in an orthotopic location may seem to be
more representative of the respective tumor which is studied. The B-LCL cells that we
generated are derived from B lymphocytes, which means that they resemble a
lymphoma model. Most lymphomas are so called nodal lymphomas which are found
within organs of the lymphatic system, such as lymph nodes, tonsils, spleen and
thymus*%®. However, extranodal lymphomas can be found throughout the body and
make up about 40% of all lymphoma cases*'%4!". Although a few case reports of
lymphomas with peritoneal location exist, the peritoneal cavity is rarely affected by
lymphomas*!'. Consequently, the injection of B-LCL cells into the peritoneal cavity, as
performed in our experiments, presents and ectopic rather than orthotopic location
and may be less representative for lymphomas.

Nevertheless, the primary aim of our study has to be kept in mind. We envisaged to
demonstrate that an autologous human tumor model in HIS mice can be generated by
in vitro transformation of HIS mice derived B cells. Further, this model should allow to
study human NK cell and ILC immune responses and effects of immunotherapies. To
achieve these goals, the peritoneal cavity overall seems well suited. We could assess
the usefulness of this approach, as we demonstrated the grafting and tumorigenicity
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of the B-LCL cells. Further, human NK cells are present in the peritoneal cavity of HIS
mice and even more so in IL-15 boosted HIS mice. In a next step it could be of interest
to choose a more lymphoma-typical injection site as well. However, there are some
major constraints in setting up an orthotopic lymphoma model. Firstly, a typical location
of lymphomas are lymph nodes. But the deficiency of IL-7 signaling resulting from the
common y chain (IL2RG) knockout in most current HIS mouse models leads to severe
defects in lymph node development*'?, which is also the case in our model. This
deficiency has been overcome in some HIS mouse models with restored lymph node
development, such as BRGST HIS mice?’%4'3, BRGST mice are transgenic for mouse
thymic-stromal-cell-derived lymphopoietin (TSLP) which exhibits functional homology
to IL-7 but is IL-2Ry independent?’S. TSLP expression has been demonstrated to
rescue fetal LTi function in //2ry-/- mice*'?. In BRGST HIS mice robust development of
compartmentalized lymph nodes has been observed?’>. As the BRGST model is
based on the same strain as our BRGSA2DR2 Fcer1g-/- model, the TSLP transgene
can be crossed in rather easily to obtain lymph nodes which would solve this obstacle.
Secondly, it is per se possible to perform injections into the lymph nodes or
alternatively into the spleen of mice. This however requires a surgical procedure for
which the mice need to be anaesthetized and at least the skin has to be opened. Thus,
the generation of an orthotopic lymphoma model is technically more challenging, more
stressful for the mice and the surgical procedure bears a risk of inflammation and
immune cell stimulation. Such reactions could in turn impact the study of anti-tumor
immune responses33!. Although an orthotopic lymphoma model may be biologically
more relevant, the described impediments are critical. Other potential tumor injection
sites are much easier to access, neither intraperitoneal, nor subcutaneous, nor

intravenous injections require anesthesia or a surgical procedure.

The BRGSA2DR2 Fcer1g-/- HIS mouse model in combination with
autologous tumor cell lines — a versatile preclinical model for
immunotherapeutic applications

Beyond the testing of target cell depleting antibodies, the knockout of the mFcer1g
gene should presumably facilitate the in vivo testing of any therapeutic agent that can

be bound by activating mouse FcyRs, such as blocking antibodies and Fc-fusion
proteins. For the blocking of immune checkpoint receptors, mainly IgG4 antibodies are
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used, since 1gG4 do not trigger depleting effector mechanisms in humans*'4. In
contrast, human IgG4 antibodies can be bound by mouse FcyRs and our data confirm
that IgG4 antibodies can cause strong mouse FcyR-dependent depletion of the
targeted cells (Chapter Il). Even in Fcer1g-/- HIS mice we observed some residual
depletion with 1IgG4 and it remains to be determined whether this depletion is due to
mouse complement, human immune cells or effector independent. In any case, the
BRGSA2DR2 Fcer1g-/- mice should serve as a superior preclinical model for 1gG4
blocking antibodies than HIS mice with functional mFcyRs. This is supported by a
recent publication in which the effects of an anti-PD-1 blocking antibody were
compared between NOG and NOG-FcyR” mice HIS mice*'S. The authors
demonstrated a higher T-cell infiltration in the tumors of anti-PD-1 treated NOG-FcyR"
HIS mice and a decrease in tumor volume for several of the tested allogeneic tumor
cell lines. Whether this holds in the absence of allo-HLA could be investigated with the
autologous tumor model we generated.

Overall, our BRGSA2DR2 Fcer1g-/- HIS mouse model combines multiple beneficial
properties to study immunotherapeutic effects, such as efficient engraftment with
HSCs, a long lifespan, improved T cell responses due to the HLA-A2 and HLA-DR2
transgenes as well as deficient antibody binding by mouse cells. Most likely, an
enhanced development of human DCs, macrophages, NK cells and ILCs could be
achieved in these mice by administering FIt3L as demonstrated in BRGSF mice?’4.
Thus, together with the autologous tumor model, these mice provide an outstanding
preclinical model to test and explore a large range of anti-tumor immunotherapies,
including, but not limited to, bi-/tri-specific antibodies, blocking antibodies, cytokines,
adoptive cell therapies, cancer vaccines, gene therapies and combinations thereof.
Moreover, this HIS mouse model is also applicable for setting up further disease
models, such as viral infections (e.g. HIV, EBV) and likewise test immunotherapeutic

approaches.
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Concluding remarks

Harnessing NK cells for anti-cancer therapies currently constitutes a major focus of
innovations in immunotherapies and over the last years a plethora of NK cell related
treatments have been developed. A constraint in evaluating the efficacy of new
treatment options is the availability of adequate preclinical models. These are essential
to facilitate the selection of the most promising therapeutic candidates which proceed
into clinical trials.

The BRGSA2DR2 Fcer1g-/- HIS mice characterized in this thesis are adapted for
studying antibody-based treatment options. In combination with the B-LCL autologous
tumor model, they provide advanced tools to test a versatile range of immuno-
oncology treatments, including NK cell specific applications. Since these models
overcome the confounding effects of activating mouse FcyRs as well as alloreactive
effects, they comprise tremendous potential to extend the knowledge on therapeutic
applications in vivo and could assist the development of clinically relevant anti-cancer
treatments to leverage their transition to the clinic.
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Résumeé substantiel en francais

Le cancer est un fléau majeur pour la santé humaine, il a été estimé que pres de 10
millions de personnes sont mortes du cancer dans le monde en 2020. En complément
des options de traitement classiques, de nouvelles approches immunothérapeutiques,
ont permis une amélioration des résultats pour les patients dont les anticorps
thérapeutiques, I'administration de cytokines et le transfert adoptif de lymphocytes T.
Par conséquent, I'utilisation du systéme immunitaire pour combattre le cancer est une
stratégie thérapeutique prometteuse. Les cellules lymphoides innées, y compris les
lymphocytes tueuses naturelles (NK) font partie du systéme immunitaire inné. Bien
que les effets antitumoraux des lymphocytes NK ont été démontrés, le réle des
cellules lymphoides innées auxiliaires dans la réponse immunitaire antitumorale est
moins clair.

Pour explorer le potentiel des lymphocytes NK et des cellules lymphoides innées dans
l'immunothérapie, les modéles précliniques sont essentiels. Les souris avec un
systéme immunitaire humain (HIS) constituent des modeéles in vivo précieux pour
étudier le développement et la fonction des cellules immunitaires humaines. Divers
modéles de tumeurs ont été établis dans des souris HIS pour étudier les réponses
immunitaires anti-tumorales humaines. Cependant, ces modéles présentent des
limites, car les cellules immunitaires innées humaines se développent peu dans la
plupart des modéles de souris HIS, et les modéles de tumeurs qui sont autologues du
systéme immunitaire humain sont rares. De plus, chez les souris HIS, plusieurs
composants du systéme immunitaire de la souris, comme les cellules myéloides et les
protéines du complément, sont présents et fonctionnels, ce qui peut perturber les
effets observés chez les souris HIS.

Dans cette thése, j'ai caractérisé un nouveau modéle de souris HIS déficient en FcR,
développé pour améliorer les tests d'anticorps thérapeutiques. De plus, j'ai établi un
modeéle de tumeur autologue en générant des lignées de cellules lymphoblastoides B
(B-LCL) par transformation avec le virus d'Epstein Barr des cellules B isolées de souris
HIS. Enfin, j'ai combiné ces deux modéles pour étudier l'effet des cellules NK
humaines dans les réponses anti-tumorales médiées par les anticorps in vivo.

Pour générer un modéle de souris HIS déficient pour les FcyRs activateurs, une
délétion de I'Exon 2 du gene Fcer1g a été introduite dans la souche de souris
BRGSFA2DR2 par CRISPR/Cas9. La délétion dans Fcer1g a été vérifiee par PCR et
séquencage de I'ADN et de I'ARN. L'analyse par cytométrie a révélé I'expression
réduite du mFceR1y (chaine FcRYy) et des récepteurs dépendants de la chaine FcRy
(mCD16/CD32, mCD64 et mFceR1a). La déficience fonctionnelle du FcyR activateur
a eté validée par un test d'anaphylaxie systémique passive pour lequel les souris ont
été sensibilisées par injection d'anti-TNP et stimulés avec l'allergéne TNP33 BSA 16-
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18h plus tard. La réaction anaphylactique a été analysée en mesurant la température
corporelle : les souris de type sauvage (Fcer1g +/+) et hétérozygotes (Fcer1g +/-) ont
présenté une chute nette de la température corporelle, tandis que les souris knock-
out (Fcer1g -/-) n'ont montré aucun signe d'anaphylaxie et leur température corporelle
est restée stable. Par conséquent, nous avons confirmé que les souris BRGSA2DR2
Fcer1g-/- sont déficientes de la chaine y du FcR au niveau de I'ADN, des protéines et
de la fonction. Ensuite, nous avons analysé la capacité des souris BRGSA2DR2
Fcer1g-/- a étre greffées par des cellules souches hématopoiétiques (CSH) humaines
pour établir un modéle HIS.

En comparant les souris HIS BRGSA2DR2 Fcer1g-/- et BRGSA2R2 Fcer1g+/- a 12
semaines, aucune différence significative n'a été observé par rapport au nombre ou a
la fréquence des cellules hCD45+, des cellules T, des cellules B ou des cellules NK
dans le sang. Ces mémes résultats s’observent a 16 semaines dans la rate, la moelle
osseuse, ou le foie.

Les souris BRGSA2DR2 Fcer1g-/- peuvent donc étre efficacement greffées avec des
CSH humaines. De plus, nous avons testé comment I'inactivation de Fcer1g affecte
la déplétion des cellules T CD8+ médiée par les anticorps en utilisant un anticorps
anti-hCD8a mlgG2a (OKT8) que nous avons injecté par voie intrapéritonéale aux
souris HIS. Le nombre de cellules T CD8+ dans le sang des souris HIS a été déterminé
4 jours apres l'injection de I'anticorps. Chez les souris HIS BRGSA2DR2 Fcer1g+/-,
les cellules T CD8+ étaient absentes, alors que chez les souris HIS BRGSA2DR2
Fcer1g-/-, les cellules T CD8+ étaient partiellement déplétées, ce qui démontre
I'implication de mécanismes dépendants et indépendants de Fcer1g dans la déplétion.
Nous avons ensuite étudié les mécanismes dépendants du FCR humain impliqués
dans la déplétion cellulaire médiée par les anticorps exogénes chez les souris HIS.
Pour cela, nous avons étudié la déplétion des cellules B humaines aprés
I'administration de l'anticorps monoclonal thérapeutique anti-hCD20, le Rituximab.
Nous avons utilisé différents variants d'lgG humaines qui présentent des affinités de
liaison différentes pour les récepteurs Fc et le complément. Avec la higG1, aucune
différence de déplétion n'était évidente entre les souris Fcer1g+/- et Fcer1g-/- HIS,
alors qu’une déplétion plus faible a été observée chez les souris Fcer1g-/- HIS avec
la hlgG4 qui a une liaison plus faible aux FcyRs humains et au complément. De plus,
nous avons testé une variante d'anticorps IgG1_KA qui ne se lie pas au complément
et conserve sa liaison aux FcyRs, bien que cette liaison et la cytotoxicité cellulaire
dépendante des anticorps (ADCC) soient réduites par rapport a I'lgG1. La déplétion
des cellules B humaines par la variante IgG1_KA du Rituximab était clairement réduite
chez les souris HIS Fcer1g-/- par rapport a I''lgG1 du Rituximab. Ces résultats
indiquent que la déplétion d'anticorps dépendante du complément fonctionne chez les
souris HIS en I'absence de FcRs activateurs. Dans la plupart des souris HIS Fcer1g-
/- injectées par Rituximab IgG1_KA, peu ou pas de déplétion des cellules B humaines
a été deétectée. Néanmoins, les souris HIS Fcer1g-/- injectées par IgG1_KA
présentaient une déplétion significativement plus élevée par rapport aux souris
témoins HIS Fcer1g-/- injectées par PBS, ce qui suggére l'implication des cellules
FcR+ humaines dans la déplétion cellulaire. Nous avons remarqué que le degré de
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déplétion chez les souris HIS Fcer1g-/- injectées par Rituximab 1gG1_KA était
fortement corrélé au pourcentage de cellules NK humaines présentes dans chaque
souris HIS, ce qui indique que les cellules NK sont des effecteurs dans la déplétion
meédiée par les anticorps. Pour approfondir le réle potentiel des cellules NK humaines,
nous avons enrichi ces cellules effectrices FcyR+ chez les souris HIS Fcer1g-/- en
injectant de I'lL-15, qui augmente la fonction effectrice des cellules NK et I'expression
de CD16 (FcyRIll). L’'amplification des cellules NK par I'lL-15 a considérablement
augmenté la déplétion des cellules B chez les souris HIS Fcer1g-/- traitées par
IgG1_KA, ce qui suggére que les cellules NK humaines jouent un réle important dans
la déplétion médiée par les anticorps. En résumé, nos données révéelent de multiples
effecteurs dans la déplétion dépendante des anticorps chez les souris HIS, y compris
le FcyR et le complément murin, ainsi que les cellules NK humaines.

Afin d’étudier les réponses anti-tumorales en excluant les effets allogéniques, nous
avons généreé un modeéle de tumeur autologue chez les souris HIS. Dans ce but, des
cellules CD45+ humaines ont été isolées de la rate et de la moelle osseuse de souris
HIS, puis infectées avec le virus d'Epstein Barr in vitro, transformant les cellules B en
LCL B prolifératives. Dans un premier temps, les cellules B-LCL ont été injectées par
voie intrapéritonéale a des souris immunodeéficientes, les cellules B-LCL ont proliféré
entre la premiére a la deuxieme semaine aprés l'injection, ce qui montre que ces
cellules peuvent se greffer et se développer in vivo. Dans un deuxiéme temps, nous
avons démontré le caractére tumorigéne des cellules B-LCL en suivant pendant
plusieurs semaines des souris immunodéficientes auxquelles on avait injecté des B-
LCL : les souris ont développé des masses tumorales solides et ont du étre sacrifiées
dans les 40 jours suivant l'injection. Les B-LCL étaient également capables de se
greffer a des souris HIS histocompatibles (HLA-A2 et HLA-DR15). Cependant, par
rapport aux souris immunodéficientes, un nombre inférieur de B-LCL s’est développé
chez les souris HIS a la premiére et a la deuxieme semaine apreés l'injection ; de plus
bien que cela ne soit pas significatif, les souris HIS histocompatibles ont survécu
quelques jours de plus que les souris immunodéficientes. Nous avons observé dans
le péritoine une augmentation du nombre de cellules immunitaires humaines, des
cellules T et NK, par rapport aux souris HIS non injectées de B-LCL, ce qui suggére
gu’elles sont immunogenes. |l est intéressant de noter qu'a la premiére semaine, les
souris HIS avec un nombre plus faible de cellules B-LCL avaient la plus grande
quantité de cellules immunitaires humaines, en particulier des cellules T CD8+, alors
que ce rapport était inversé a la deuxiéeme semaine. Cela peut étre di a la mort des
cellules immunitaires induite par I'activation ou a une infiltration plus faible lorsque le
nombre de B-LCL diminue. Ainsi, nous avons mis en place un modele de tumeur
autologue qui a montré un potentiel tumorigéne et immunogéne chez les souris HIS.

Nous avons combiné le modele de tumeur B-LCL avec les souris HIS BRGSA2DR2
Fcer1g-/- afin d’étudier les effets anti-tumoraux des cellules NK médiés par les
anticorps thérapeutiques in vivo. Pour augmenter les cellules NK humaines dans les
souris HIS, certaines ont été injectées avec le complexe IL-15-IL-15Ra puis avec les
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B-LCL et certaines d'entre elles ont été traitées avec du Rituximab (IgG1). Chez les
souris stimulées par I'lL-15, nous avons détecté une augmentation de I'expression des
marqueurs des cellules NK, notamment CD16, CD57 et CD69 dans le sang et un
nombre plus élevé de cellules NK dans la cavité péritonéale par rapport aux souris
témoins comme attendu. Le nombre de cellules B-LCL était plus faible chez les souris
HIS que chez les souris non-HIS et diminuait chez les souris traitées a I'lL-15 et/ou au
Rituximab par rapport aux souris HIS non traitées, bien que ces différences n'étaient
pas statistiquement significatives. Aucune différence claire n'a été observée entre les
souris HIS Fcer1g+/- et Fcer1g-/- dans les groupes de traitement. Alors que le nombre
d'ILC dans la cavité péritonéale reste pratiquement inchangé dans les différents
groupes, plusieurs sous-ensembles de cellules immunitaires, tels que les cellules T
CD8a+, les cellules T yd et les cellules NKT de type Il, augmentent chez les souris
traitées par IL-15 et/ou Rituximab. De plus, des cellules myéloides humaines étaient
présentes dans la cavité péritonéale, y compris des macrophages et des sous-
ensembles de cellules dendritiques, mais aucun granulocyte humain n'a été détecte.
Un nombre élevé de cellules myéloides de souris a été trouvé dans la cavité
péritonéale dans tous les groupes de souris. Les sous-ensembles de cellules
myéloides de souris, tels que les granulocytes, les macrophages et les cellules
présentatrices d'antigénes, présentaient des proportions modifiées entre les différents
groupes. Par exemple, les granulocytes de souris sont plus abondants chez les souris
traitées par I'lL-15 et/ou le Rituximab que chez les souris non traitées.

En conclusion, j'ai établi un modéle pour étudier les réponses des cellules
immunitaires autologues anti-tumorales humaines in vivo, ce qui permet de tester des
anticorps thérapeutiques tout en excluant les effets des FcyRs activateurs de souris.
De plus, nous avons démontré que les cellules NK humaines contribuent a la déplétion
cellulaire médiée par les anticorps in vivo. Ainsi, nous fournissons un modéle
préclinique particulierement adapté pour tester I'effet anti-tumoral des cellules NK lors
de l'utilisation de nouveaux agents immunothérapeutiques, tels que les anticorps. Cela
pourrait favoriser le développement de thérapies anticancéreuses susceptibles
d'améliorer le soin des patients a I'avenir.
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® Check for updates Innate lymphoid cells (ILCs) include cytotoxic natural killer cells and distinct
groups of cytokine-producing innate helper cells which participate in immune
defense and promote tissue homeostasis. Circulating human ILC precursors
(ILCP) able to generate all canonical ILC subsets via multi-potent or uni-potent
intermediates according to our previous work. Here we show potential
cooperative roles for the Notch and IL-23 signaling pathways for human ILC
differentiation from blood ILCP using single cell cloning analyses and validate
these findings in patient samples with rare genetic deficiencies in /[L12RBI and
RORC. Mechanistically, Notch signaling promotes upregulation of the tran-
scription factor RORC, enabling acquisition of Group 1 (IFN-y) and Group 3 (IL-
17A, 1L-22) effector functions in multi-potent and uni-potent ILCP. Interfering
with RORC or signaling through its target IL-23R compromises ILC3 effector
functions but also generally suppresses ILC production from multi-potent
ILCP. Our results identify a Notch->RORC- > IL-23R pathway which operates
during human ILC differentiation. These observations may help guide proto-
cols to expand functional ILC subsets in vitro with an aim towards novel ILC
therapies for human disease.

Innate lymphoid cells (ILC) are a family of lymphoid effector cells with
notable similarities to T cells but lacking rearranged antigen receptors.
ILCs can rapidly produce soluble factors (cytokines, chemokines) in
response to environmental stimuli and actively participate in steady-
state immune homeostasis as well as in the early immune response to
infection, inflammation and tissue stress'”>. Based on expression of
transcription factors and cytokine production, ILCs in both mice and
man have been categorized into five functional groups that mirror
known helper and cytotoxic T cell subsets*’. NK cells, which express
Eomesodermin (EOMES) and T-box transcription factor 21 (TBX21
encoding T-BET), are highly cytotoxic effector cells that also produce

thereby represent innate counterparts of CD8" cytotoxic T-cells®.
Related ILC1 are a non-cytotoxic subset of TNF and IFN-y producing
innate cells that also depend on T-BET (but not EOMES) and may
represent innate homologues of Thicells™®. Group 2 ILCs require
GATA-binding protein 3 (GATA-3) for development and are able to
produce type 2 cytokines (interleukin (IL)-5, IL-9, IL-13) as well as the
EGF-related factor amphiregulin and can be considered as innate
homologues of Th2 cells’*2. Group 3 ILCs are ROR related orphan
receptor gamma t (RORyT)-dependent cells which produce IL-17A and
IL-22 and are functionally analogous to Th17/22 cells**. Lastly, lym-
phoid tissue inducer cells (LTi) are a distinct fetal ILC3 subset that

interferon gamma (IFN-y) and tumour necrosis factor (TNF) and promote secondary lymphoid tissue development in the embryo™'.
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The signals that drive primary cell fate decisions from mouse or
human ILCP remain poorly defined”'®. Earlier studies characterized
CD34" hematopoietic cells from human secondary lymphoid tissues
and defined distinct NK/ILC-lineage precursors that could give rise to
mature ILCs in vitro. We identified a circulating human ILC pre-
cursor (ILCP) with a Lineage CD34 CD7'CD117°CRTh2" phenotype
which could generate all ILC subsets in vitro (using single cell cloning
assays and bulk culture), as well as in vivo in a humanized mouse
model®. At steady state, human ILCP lack expression of ILC group-
defining transcription factors and do not produce cytokines, even
following activation’”. Nevertheless, human ILCP are present in
numerous lymphoid and non-lymphoid tissues, existing in an epigen-
etically “poised” state ready for further expansion and differentiation
to mature functional ILCs*%. Based on these observations, we proposed
an ‘ILC-poiesis’ model whereby circulating ILC precursors might enter
tissues, and undergo a process of activation, proliferation and differ-
entiation dictated by signals present in the tissue environment®>*,
While ILC-poiesis can help explain some characteristics of distinct ILC
‘repertoires’ found under steady-state conditions and after infection®,
the roles for identified signaling pathways (Notch, RORC, cytokines)
that promote Group 1, Group 2 or Group 3 ILC differentiation from
blood ILCP remain to be fully characterized.

The transcription factor RORYT and the cytokine IL-23 are
important drivers of ‘type 3’ T cell differentiation (involving Th17 and
Th22 cells)®?*. Th17 cells are absent in RORC-deficient mice, and
interestingly ILC3 generation is also ablated, highlighting the devel-
opmental similarities of mouse ILC3 and Th17 cells™". Similarly,
patients with genetic deficiencies in RORC, or in IL-23 signaling via
loss of function (LOF) mutations in /LI2RBI or TYK2, have defects in
Th17 cell generation and function, and consequently are susceptible
to infections with fungal pathogens®*. Additionally, IL-23 signaling
in humans promotes type 1 immunity, as /L23R”" patients have
reduced IFN-y expression, clinically manifesting as Mendelian sus-
ceptibility to mycobacterial disease (MSMD)?**°. Concerning human
ILC generation, mutations in RORC have been previously reported to
impair ILC3 development in human and have severe effects on the
development of peripheral lymph nodes**¥, while mutations in the
IL-12/IL-23 signaling axis impair the ability of ILC2 to acquire IFN-y
expression upon IL-12 signaling®.

The precise contributions of these factors to ILC development
have not been clearly defined. Here we identify an essential role for
RORC in the generation of human ILC3, and an important contribution
of downstream IL-23 signaling in the acquisition of type 1 and type 3
effector functions during human ILC differentiation from circulating
ILCP. Our results further refine our understanding of the regulation of
human ILC differentiation and the roles Notch and IL-23 signaling play
in this process.

Results

Notch signaling and IL-23 promote ILC differentiation from
human ILC precursors

We previously showed that peripheral blood human ILCP can give rise
to diverse mature ILC subsets in vitro following bulk culture or single
cell cloning on OP9 stromal cells in the presence of cytokines?. ILCP
were identified in the peripheral blood as Lin"CD7*CD94 NKG2A
“CD16 CD127*CRTH2'CD117* (Supplementary Fig. 1a) and while the
majority were uniformly CD25', CD45RA" and CD200R1" (in line with
previous reports’**>**), human ILCP were heterogeneous for CD56,
CD62L and CDI161 expression (Supplementary Fig. 1b). To better
understand the individual roles for stromal-derived signals (Notch)
and cytokines (IL-23) in promoting ILC differentiation, we analyzed
progeny from short-term bulk cultures of human ILCP. Blood ILCP
were cultured in wells pre-seeded with either OP9 or OP9-DLL4
stroma in media containing IL-2, IL-7 and IL-1§ with or without IL-23.
After 5-7 days, expanded cells were electronically gated to exclude

NK cells and remaining cells were tested for transcription factors
associated with development of ILC1 (T-BET), ILC2 (GATA-3) and ILC3
(RORC) as well as for their ability to produce cytokines upon short-
term pharmacological stimulation with phorbol 12-myristate acetate/
ionomycin (P/I).

Concerning ILC1 differentiation, IL-23 boosted IFN-y production
in cells cultured on OP9 or OP9-DLL4 stroma, with the highest per-
centage of IFN-y-producing cells under IL-23/DLL4 conditions (Fig. 1a,
Supplementary Fig. 2a, Supplementary Table 1). Interestingly, this was
not associated with significant increases in T-BET (Fig. 1b, ¢, Supple-
mentary Fig. 2b, Supplementary Table 1) and is consistent with the
ability of IL-23 to promote IFN-y production in humans®~*. For ILC2
differentiation, IL-13 production varied greatly between healthy
donors but was not significantly modulated by exposure to either
DLL4, while a small but significant decrease was observed with the
addition of IL-23 only in the absence of Notch signaling (Fig. 1d, Sup-
plementary Fig. 2c, Supplementary Table 1). In contrast, GATA-3 levels
were significantly higher in cultures grown on OP9-DLL4 (Fig. 1e, f,
Supplementary Fig. 2d, Supplementary Tables 1-2). Concerning ILC3-
associated cytokines, IL-17A was produced at low levels in most donors
and was only appreciably expressed in OP9-DLL4 cultures in the pre-
sence of IL-23 (Fig. 1g, Supplementary Fig. 2e, Supplementary Table 1).
In contrast, IL-22 production was significantly increased in bulks cul-
tured on OP9-DLL4 and was highest in bulk cultures on OP9-DLL4 in
the presence of IL-23 (Fig. 1h, Supplementary Fig. 2f, Supplementary
Table 1). ILC3-related RORyYT expression was also significantly higher
in ILCP cultured on OP9-DLL4 (Fig. 1i, Fig. Supplementary Fig. 2g,
Supplementary Table 1), with an average 3-fold increase in the per-
centage of RORYT" cells between ILCP from the same donor cultured
on OP9-DLL4 as compared to OP9 cells (Fig. 1j, Supplementary
Table 2). Taken together, these results suggest an effect of Notch
signaling via DLL4 on RORC/RORYT expression in developing ILC and
a synergistic role for IL-23 and Notch signaling for the generation of
Group ILC1 and ILC3 from peripheral blood ILCP.

Human ILCP differentiation in RORC-deficient patients

As DLL4 signaling could increase frequencies of RORYT" cells gener-
ated from ILCP in bulk culture irrespective of cytokine combinations
(Fig. 1i, j), we hypothesized that Notch-induced RORC expression
might facilitate generation of certain ILC subsets (especially ILC3)
from ILCP. We analyzed two MSMD patients with genetic deficiencies
in the transcription factor RORC (encoding RORYT) (Supplementary
Table 3)**¥. We first characterized circulating ILC populations in
RORC” patients and were able to identify ILCP, ILC2 and NK cells
(Fig. 2a, Supplementary Fig. 3a). While the frequency of NK cell sub-
sets and total CD127°ILCs were within the normal range (Fig. 2b,
Supplementary Fig. 3b), both patients had reduced ILCP frequencies
(Fig. 2c, f), with increased proportions of blood ILC2 (Fig. 2d, g),
resulting in an altered ratio of ILCP/ILC2 compared to healthy con-
trols (Fig. 2e).

We examined the cell surface phenotype of ILCP in RORC"
patients using CD56, CD161, CD25, CD200R, CD45RA and CD62L.
While ILCP from RORC” donors did cluster with healthy donor ILCP
following uniform manifold approximation and projection (UMAP)
analyses (Fig. 2h-i)*, they could be differentiated based on several
markers including lower levels of CD117 and higher levels of CD56
(Supplementary Fig. 3c-d). In contrast, CD161, CD45RA, CD25, CD62L
and CD200R1 expression on ILCP from RORC”’ patients paralleled
observations made on control ILCP in previous reports®>*>** (Fig. 2h-i).

As ILC differentiation from RORC”" patients had been previously
assessed solely in bulk cultures, we next sought to clarify the role of
RORC in the determination of primary cell fate. We therefore employed
a previously described in vitro cell cloning system® based on
OP9 stromal cells with exogenous cytokines, including IL-13, IL-2, IL-7
and IL-23, to examine the developmental potential of single ILCs
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Fig. 1| Effects of Notch and IL-23 signaling for human ILCP differentiation. ILC
Group 1, 2 and 3 cytokine expression (n = 18; after P/I stimulation) and transcription
factors (n=13) were assessed in bulk ILCP cultures (Supplementary Fig. 2).
Expression of Group 1 ILC associated factors (a) IFNy (b) T-BET (c) and relative
quantity of T-BET on OP9-DLL4 vs OP9. Expression of Group 2 ILC associated
factors (d) IL-13 (e) GATA-3 (f) and relative quantity of GATA-3 on OP9-DLL4 vs OP9.
Expression of Group 3 ILC associated factors (g) IL-17A (h) IL-22 (i) RORyt (j) and
relative quantity of RORyt on OP9-DLL4 vs OP9. Data compared using

(a-b, d-e, g-i) one-way repeated measures ANOVA using Tukey’s multiple com-
parison’s test, details in Supplementary Table 1 or (c, f, j) one sample T and Wil-
coxon test, details in Supplementary Table 2. ns = not significant, *p < 0.05,

**p < 0.01, **p < 0.001, ***p < 0.001. Data are presented as (a-b, d-e, g-i) indivi-
dual unique donors matched across conditions or (c, f, j) mean with SD of ratios of
individual donors. Results from from 6 (a, d, g-h) or 4 (b-c, e-f, i-j) independent
experiments. Source Data are provided as a Source Data file.

(Supplementary Fig. 4a). ILC clones were then classified based on
cytokine expression. Group 1ILCs, comprising both NK cells (EOMES+)
or ILC1 (EOMES-) produced IFN-y, ILC2 clones as IL-13-producers and
ILC3 as IL-17A- and/or IL-22-producing clones (Supplementary
Fig. 4b-f). As previously reported®’, some ILCP ‘clones’ harbored
independent subsets of cells producing cytokines associated with
different ILC groups; these ‘multi-potent’ clones were further desig-
nated as either IFN-y and IL-13 producing Group 1/ILC2, IFN-y and
either IL-17A or IL-22 producing Group 1/ILC3, IL-13 and either IL-17A or
IL-22 producing ILC2/ILC3, or IFN-y, IL-13 and either IL-17A or IL-22
producing Group 1/ILC2/ILC3 (Supplementary Fig. 4h-k). As pre-
viously reported by us and others**, a variable fraction of ILC clones

did not produce any cytokines after stimulation and were considered
as ‘non-producers’ (Supplementary Fig. 4g).

We analyzed ILCP-derived ILC clones from the above-described
RORC" patients. Although cloning efficiencies from RORC”~ ILCP were
severely reduced compared to healthy donors (Fig. 2j), the few RORC"~
clones that were generated on OP9-DLL4 stroma with IL-23 expressed
exclusively IFN-y or IL-13; none produced IL-17A or IL-22, in contrast to
clones from healthy donors (Fig. 2k), consistent with our previous
report”?. These results confirm a RORC-independent pathway of
human ILCI1, ILC2 and NK cell development and an essential role for
RORC in the differentiation of human ILCs that produce ILC3-signature
cytokines.
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Fig. 2 | Human ILC differentiation in RORC” patients. a Flow cytometric analysis
of ILCs from a healthy donor and two RORC”~ patients (gating strategy in Supple-
mentary Fig. 1). Relative frequencies of b total ILC (c) ILCP (d) and ILC2 in CD45 + live
lymphocytes. e Ratio of ILCP to ILC2. Relative frequencies of f ILCP and g ILC2 in
total ILCs. h-i Uniform manifold projection (UMAP) analyses on healthy donors and
RORC™" patients. h UMAP of experiment with P1 and healthy donor and (i) UMAP of

EOMES+ Group 1

Total =10

experiment with P2 and healthy donors. Representative plots of staining can be
found in Supplementary Fig. 3. j Cloning efficiency of healthy donors and RORC”
patients. k Clone distributions of RORC” patients and healthy donors analyzed
concurrently. b-g, j Data are represented as mean with SD, with each point corre-
sponding to an individual unique donor. Results compiled from healthy donors
(n=18) and RORC™" patients (n=2). Source Data are provided as a Source Data file.
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Pharmacological RORC inhibition alters ILC differentiation in
bulk and clonal ILCP cultures
As access to ILCP from RORC-deficient patients was limited, we used an
orthogonal approach to better understand how RORyT conditions ILC
fate. We used the RORC inhibitor SR2211, which has been shown to
modulate IL-23R and IL-17A expression in differentiating T cells*. We
included this inhibitor in bulk ILCP cultures on OP9-DLL4 with IL-1B, IL-
2, IL-7 and IL-23 and assessed its effects on transcription factor
expression as well as P/l-induced cytokine expression. Addition of
SR2211 did not significantly affect T-BET or GATA-3 expression, (Fig. 3b,
d, Supplementary Fig. 5b, d, Supplementary Table 4) or the production
of IL-13 from bulk cultured ILCP (Fig. 3¢, Supplementary Fig. 5c, Sup-
plementary Table 4). In contrast, the frequencies of mature ILCs pro-
ducing IFN-y or IL-22, or expressing RORyT were significantly reduced
by SR2211 (Fig. 3a, f, g, Supplementary Fig. 5a, f-h, Supplementary
Table 4). These results suggest that RORC inhibition modifies the
generation of Group 1 and Group 3 ILCs in bulk cultured human ILCP.
We next assessed the impact of SR2211 on clonal ILCP differ-
entiation. RORC inhibition increased (average of 15%) the frequency of
uni-potent ILC2 clones, while it decreased (average of 20%) the gen-
eration of multi-potent ILC clones (Fig. 4a, Supplementary Table 5).
Concerning the diversity of multi-potent clones generated, exposure

to SR2211 significantly decreased the frequency of ILC2/ILC3 clones
and almost completely ablated the generation of ILC1/ILC3 clones,
with only 1 donor able to generate any ILC1/ILC3 clones when cloned
with SR2211, while a majority of donor ILCP (12 of 16) generated ILC1/
ILC3 clones in control DMSO clonal cultures (Fig. 4b, Supplementary
Table 5). While differentiation of uni-potent ILC1 was not obviously
impacted by SR2211, and unipotent ILC3 were reduced only modestly
(Fig. 4a, Supplementary Table 5), the overall frequency of IL-17A and IL-
22 producing ILC clones was significantly reduced (Fig. 4d, Supple-
mentary Table 5), reflecting the strong decrease at the level of multi-
potent progenitors. The cumulative distributions of ILC clones gen-
erated from all donors were significantly different in the presence or
absence of SR2211 (Fig. 4c¢, Supplementary Table 6). In line with results
RORC”" patients (Fig. 2j), SR2211 significantly reduced ILCP cloning
efficiency in healthy donors (Fig. 4e, Supplementary Table 4). Collec-
tively, these results identify multiple roles for RORYT in the generation
of mature ILC3 from Notch plus IL-23-stimulated multi-potent ILCP.

Effects of Notch signaling and IL-23 on clonal ILC differentiation
from blood ILCP

As RORC promotes Th17 T cell differentiation through up-regulation of
IL-23R***, we hypothesized that IL-23 signals might represent the
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Fig. 3 | Impact of RORC inhibition for ILCP differentiation. Analysis of cytokine
(n=9) and transcription factor (n =12) expression in differentiated human ILCP
after addition of either 0.01% DMSO or SR2211 (10 uM) was assessed as described in
Fig. 1. Representative plots in Supplementary Fig. 4. Expression of Group 1ILC
associated factors (a) IFNy and b T-BET. Expression of Group 2 ILC associated
factors (c) IL-13 (d) and GATA-3. Expression of Group 3 ILC associated factors (e) IL-

17A and fIL-22 (g) RORyt. Data compared using paired T-tests (two-tailed), details in
Supplementary Table 4. ns = not significant, *p < 0.05, **p <0.01, **p < 0.001,

****p < 0.001. Data are presented as individual unique donors matched across
conditions. Results from 3 (a, c, e, f) or 4 (b, d, g) independent experiments. Source
Data are provided as a Source Data file.
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Fig. 4 | Impact of SR2211 on clonal ILCP differentiation. Single ILCP from healthy
donors (n =16) were cultured with either 0.01% DMSO (black circles) or SR2211

(10 uM) (red). a Frequencies of unipotent (EOMES +ILC1, EOMES-ILC], ILC2, ILC3,
None) and total multipotent clones per individual healthy donor. b Frequencies of
types of multipotent clones. ¢ Overall distributions of clones grown in either DMSO
alone or SR2211. d Overall frequencies of all clones expressing IFNy, IL-13, IL-17A and
IL-22. e Cloning efficiency of donors grown in either DMSO or SR2211. Comparisons
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performed using (a-b, d) Two-way ANOVA with matching using Sidak’s multiple
comparisons tests, (details in Supplementary Table 5) (c) chi-square test (observed
vs expected; details in Supplementary Table 6) and e paired t-test (two-tailed)
(details in Supplementary Table 4). ns = not significant, *p < 0.05, *p<0.01,

***p <0.001, ***p < 0.001. Data represented as individual donors matched across
conditions, compiled from 7 experiments. Source Data are provided as a Source

Data file.

primary mechanism by which Notch-induced RORC exerts its effects in
human ILCP differentiation. To test this hypothesis, we cloned healthy
donor ILCP on OP9 (n=20) or OP9-DLL4 (n=19) stroma with or
without IL-23. By analyzing the frequencies of different ILCs arising
from single ILCP in multiple healthy donors, we could make some
generalizations about the independent roles for IL-23 and Notch sig-
naling in human ILCP differentiation.

When culturing blood ILCP on OP9 stroma, we found that ILC2
was the dominant ILC subset generated irrespective of the presence or
absence of IL-23 or Notch signaling (Fig. 5a, Supplementary Table 5).
However, the overall frequency of ILC2 arising from ILCP was clearly
reduced (average of 16%) when ILCP were cloned on OP9 stroma in the

presence of IL-23, and the frequency of multi-potent clones increased
(average of 6%) in the presence of IL-23 (Fig. 5a, Supplementary
Table 5). The types of multi-potent clones most influenced by IL-23
were those producing ILC3-related cytokines IL-17A or IL-22 (Fig. 5b,
Supplementary Table 5), and the overall frequency of clones produ-
cing IL-17A was substantially increased (Supplementary Fig. 6a, Sup-
plementary Table 5). The cumulative difference in the distributions of
ILC clones generated on OP9 stroma with or without IL-23 was statis-
tically significant (Fig. 5c, Supplementary Table 6; chi-squared=p <
0.0001). Importantly, IL-23 had no effect on cloning efficiency (total #
clones obtained/total # of ILCP wells seeded; Supplementary Fig. 6i,
Supplementary Table 4).
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These results suggest that IL-23 promotes the growth of multi-
potent ILC clones producing ILC3 cytokines at the expense of uni-
potent ILC2 clones. Still, the frequencies of IL-17A and IL-22 ILC clones
on OP9 were quite low (Supplementary Fig. 6a, Supplementary Table 5).
As ILCP bulk culture on OP9-DLL4 increased both RORYT expression
and IL-22 production (Fig. 1g-j, Supplementary Table 1), we reasoned
that enhanced Notch signaling might facilitate Group 3 features during
ILCP differentiation, especially in the presence of IL-23. ILCP cloned on
OP9-DLL4 stroma with IL-23 showed increased frequencies (average of
23%) of multi-potent clones producing ILC3-related cytokines and
showed significantly decreased frequencies of ILC2 clones (average of
41%; Fig. 5d-f, Supplementary Table 6). Thus, the effect of IL-23 to
promote multi-potent ILC clones and reduce ILC2 clones (as seen on
OP9 stroma) was retained in the presence of DLL4 stimulation. More-
over, cloning of DLL4-stimulated ILCP in the presence of IL-23 showed
an increased (>3-fold) frequency of total IL-17A and IL-22 producing
clones (Supplementary Fig. 6b, Supplementary Table 5). Interestingly,
OP9-DLL4 cultures with IL-23 generated a modest (average of 5%) but
significant increase in EOMES Group 1 clones (Fig. 5d, Supplementary
Table 5). Finally, Notch signaling with IL-23 resulted in a significant
reduction in ILC ‘non-producer’ clones (Supplementary Fig. 6d, Sup-
plementary Table 5). These results suggest that combined Notch and IL-
23 generate synergistic effects on differentiation of mature ILC subsets
from multi-potent as well as uni-potent ILCP.

To understand unique effects of Notch signaling in our system, we
compared clonal ILC outcomes on OP9 versus OP9-DLL4 stroma. In the
absence of IL-23, DLL4 promoted significantly more ILC2 (mean
increase of 27%) (Supplementary Fig. 6c, Supplementary Table 5),
matching the increase frequency of total IL-13 producing clones (27%)
(Supplementary Fig. 6g, Supplementary Table 5). While overall fre-
quencies of multi-potent clones did not change (Supplementary
Fig. 6¢, Supplementary Table 5), a modest but significant increase in
ILC2/ILC3 clones (mean of 3%) was observed in the presence of DLL4
(Supplementary Fig. 6e, Supplementary Table 5).

We next assessed effects of Notch signaling in the presence of IL-
23. Notch signaling resulted in a mean increase of 24% in the frequency
of multipotent clones (Supplementary Fig. 6d, Supplementary
Table 5), due to increases in multipotent clones containing ILC3 (mean
increase of 4, 8 and 6% for Group 1/ILC3, ILC2/ILC3, Group 1/ILC2/ILC3
respectively, overall increase of 20%) (Supplementary Fig. 6f, Supple-
mentary Table 5). Notch signaling in the presence of IL-23 also resulted
in an average reduction of 9% in the frequency of EOMES'Groupl
clones (Supplementary Fig. 6d, Supplementary Table 5). Irrespective of
the presence or absence of IL-23, Notch signaling itself reduced the
efficiency of cloning by an average of 15% (Supplementary Fig. 6j,
Supplementary Table 7), as well as the frequency of the ‘non-produ-
cers’, by 15% in the absence of IL-23 (Supplementary Fig. 6¢, Supple-
mentary Table 5) and 19% in the presence of IL-23 (Supplementary
Fig. 6d, Supplementary Table 5). Notch signaling therefore appears to
selectively permit efficient generation of multi-potent ILCP and addi-
tionally promotes ILC2 differentiation. The presence or absence of IL-
23 had no effect on ILCP cloning efficiency (Supplementary Fig. 6i,
Supplementary Table 7), suggesting that it does not enhance the
proliferation of specific biased ILC precursors, but promotes their
acquisition of effector functions.

Human ILCP development and differentiation in ILI2RB1 defi-
cient patients

To confirm the important role for IL-23 signaling in ILCP differentia-
tion, we studied ILI2RBI”" patients®* %%, Previous reports have shown
that mutations in /L12RBI impair Thl differentiation and IFN-y pro-
duction in response to IL-12 and IL-23, resulting in MSMD and
increased susceptibility to intracellular pathogens including Salmo-
nella spp., but can also impair Th17 cell development and immunity to
fungal pathogens such as Candida albicans®®*°. We first analyzed

peripheral blood ILC subsets in patients lacking /LI2RBI and were able
to identify ILCP, ILC2 and NK cells that were present at similar (ILCP,
NK cells) or slightly increased levels (ILC2) compared to healthy
donors (Fig. 6a-d, Supplementary Fig. 7a, b, Supplementary Table 8).
As a proportion of total CD127* ILC, both ILCP and ILC2 were present at
frequencies comparable to healthy donors (Fig. 6f, g, Supplementary
Table 8). ILCP from /LI2RBI” patients had a normal phenotype with
typical CD25, CD200R1, CD62L, CD161, CD45RA and CD56 expression
(Fig. 6h, Supplementary Fig. 7c) and clustered with healthy donor ILCP
after UMAP analyses (Fig. 6i).

ILCP cloning from /LI2RBI” patients on OP9 and OP9-DLL4
stroma with IL-23 gave rise to significantly fewer (average of 10%)
EOMES*Group 1 ILC clones and significantly more ILC2 clones in both
conditions, (average of 21% on OP9, average of 28% on OP9-DLL4)
compared to healthy donors (Fig. 7a, b, Supplementary Table 5).
Moreover, no Group 1/ILC3 were generated from any /LI2RBI” patient
(Fig. 7c, d), and the cumulative distributions of all clones generated
from healthy donors in comparison to /LI2RBI”" patients were sig-
nificantly different (Fig. 7e, f, Supplementary Table 6; chi-squared
test=p>0.0001). ILCP from ILI2RBI patients were unable to generate
significant proportions of IL-17A or IL-22 producing clones even in the
presence of Notch signaling (Supplementary Fig. 8a, b, Supplementary
Table 5). Finally, ILCP cloning efficiency from ILI2RBI”" patients was
similar to that observed using ILCP from healthy donors (Supple-
mentary Fig. 8c, Supplementary Table 7). Taken together, our results
suggest that Notch signaling alone does not appear to be sufficient for
the generation of ILC3 fate but requires integration of IL-23 signaling to
promote multi-lineage ILC differentiation from ILCP.

Discussion

The unique and cooperative roles for Notch and IL-23 signalling in
promoting human ILCP differentiation remain poorly defined and here
we provide evidence that the transcription factor RORYT plays a key
intermediary role in this process. Previous studies have shown that
murine Thl7 and ILC3 differentiation both require RORyT“**%,
although the precise mechanisms have not been elucidated. RORC
controls IL-23R expression**** but mice lacking IL-23 signaling retain
gut ILC3 subsets, suggesting alternative regulatory pathways. Phar-
macological inhibition of RORC has also produced conflicting results
with ablation of Th17 function but little effect on ILC3 differentiation*’.
Our results using RORC-deficient patients and RORyT inhibitors clearly
point to an important role for RORC-dependent signals in generating
mature functional human ILC3. This included not only IL-17A-
producing ILCs but also extended to IL-22-producing ILC3, albeit to
alesser extent. The distinct impact of RORC inhibition for IL-17A versus
IL-22 production in human ILC3 may involve alternative regulators of
IL-22 expression, such as AHR, which also promotes IL-22 expression in
ILC3**, Moreover, we found an important impact of RORC inhibition
on differentiation of multi-potent ILC clones. These results suggest a
broader role for RORYT in early human hematopoietic precursors as
previously proposed**?*’,

Notch signaling plays a key role in T cell development in the
thymus and T cell differentiation in secondary lymphoid tissues, where
specific Notch ligands act as instructors and/or amplifiers of T cell fate
and function*®. DLL4 has been reported to enhance Thl differentiation
and inhibit Th2 differentiation***°, and may also promote Th17 dif-
ferentiation through RORYT stabilization>*. However, other reports
have documented that Notch signaling can simultaneously enhance
Thl, Th2 and Thi7 differentiation in the absence of polarizing
cytokines®*. Concerning ILC differentiation, Notch signaling has been
implicated in promoting ILC2 and ILC3 development in mice, and in
human hematopoietic precursors isolated from secondary lymphoid
tissues™°. Still, how Notch signaling operates, as either a general
enhancer of ILC differentiation or as a promoter of particular ILC
subsets remains unclear. Our finding that Notch stimulation up-
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regulated RORC expression in human ILCP offers an explanation for
the broad effects of Notch stimulation on human ILC differentiation.

Interestingly, IL-23 signaling enhanced the differentiation of
Group 1 and Group 3 ILC from human ILCP, independent of Notch
signaling. The impact on IFN-y expressing Group 1 ILCs is relevant
considering that defects in IFN-y-dependent anti-mycobacterial
immunity is observed in patients with mutations in /23R, ILI12RB1
and RORCY*, Further, ILCP from ILI2RBI”" patients primarily gave rise
to ILC2 and had clear reductions in the generation of ILC3. While IL-23
affected ILCP differentiation irrespective of the presence of DLL4,
Notch signaling clearly enhanced IL-23 mediated effects. That RORYT
is required for the action of IL-23 to promote ILC3 differentiation is
supported by both its upregulation by Notch signaling and the decline
in ILC3 development during RORC inhibition. Effects on ILC3s parallel
Th17 differentiation, during which RORYT upregulates /[23R; IL-23
signaling and the phosphorylation and activation of STAT3 is subse-
quently essential for the differentiation and function of Thi7 cells, as
evidenced by defects in Th17 differentiation and immunity in patients
with mutations in /23R, ILI2RBI and STAT3***%*°, Still, Notch signals
exhibit additional effects through stabilization of RORYT expression
and IL-23 responsiveness that maintains ILCP multipotency. These data
therefore identify a core Notch -> RORC ->IL-23R pathway that reg-
ulates human ILC differentiation at multiple stages.

We previously proposed an ‘ILC-poiesis’ model in which circu-
lating ILCP are poised for further differentiation with ILC maturation
relying on tissue signals that will vary depending on the state of stress,
infection or inflammation®**. Our data here identify IL-23 as one such
environmental factor that can modify ILC fate from ILCP by pro-
moting multi-potent ILCP differentiation. We did observe that a pro-
portion of ILCP in all conditions gave rise exclusively to a single fate,
primarily ILC2, which may indicate that a proportion of ILCP are
unipotent ILC2P*’, Alternatively, ILC2 may represent a ‘default’ ILC
maturation pathway when certain environmental signals are lacking.
Such ‘homeostatic’ ILC2 may be important in the maintenance of
tissues under steady-state conditions and during repair after inflam-
matory insults.

Multi-potent ILCP may have enhanced capacity to adapt to the
tissue environment into which they are recruited. The tissue distribu-
tion of Notch ligands (and DLL4 in particular) may represent an
important factor in generating tissue-specific repertoires of ILCs. ILC3
are not found in the circulation, and are also rare in many non-mucosal
tissues***°, Tonsils are enriched in Notch ligands, and are one of the
tissues in which ILC3 have been most studied in humans, in part due to
their relative abundance, DLL4 is also highly expressed in the human
small intestine and other tissues of the digestive system**.. This is
notably also one of the tissues in which ILC3 are most abundant, both
in human and in mice™*%%?, and where they have been demonstrated to
act in the maintenance of gut homeostasis and responses to patho-
genic bacteria. A synergistic effect for IL-23 and Notch signaling may be
particularly relevant in the intestine. IL-23 is expressed by dendritic
cells and antigen presenting cells in the intestine and is important in
the maintenance and homeostasis of epithelial barrier function®®.
Thus, Notch and IL-23 signaling may act as tissue specific signals which
direct the development of ILC upon entry into the tissue and may
thereby promote the generation of ILC3.

The ability of ILCP to flexibly generate ILC subsets dictated by
external signals may also have important consequences in the early
immune response to infection. Notably, patients with LOF mutations in
ILI2RB1 or RORC both are susceptible to chronic mucocutaneous
candidiasis (CMC) resulting from infection with the common oppor-
tunistic fungal pathogen Candida albicans*®**. Th17 generation and
function is impacted in these patients as well; this defect in T cell
differentiation is likely a key factor in the development of fungal dis-
ease in these patients®. ILC3 have also been demonstrated to exhibit
anti-fungal immunity through the expression of IL-17A, and due to

their localization in mucosal barrier tissues where pathogen exposure
typically occurs, may play important roles in the initial immune
response®. While the relative distributions of ILCs in tissues from both
RORC and IL12RBI patients is not known, the observed defects in their
generation of Group 3 ILCs from ILCP may contribute to their sus-
ceptibility to fungal infections. It is also interesting to note that while a
significant proportion of /L1I2RBI patients develop candidiasis, it is
relatively more common, severe and chronic in patients with RORC
deficiencies?**%; this may correlate with the greater impacts on both
ILCP and ILC3 generation seen in RORyT-deficient patients compared
to ILI2RBI1-deficient patients. While the differences in ILC3s were the
most striking in our investigation of the RORC/IL-23 axis, we also
observed clear impacts on the generation of IFN-y-producing Group 1
ILCs. This is in line with research demonstrating that mutations in
RORC as well as both the IL-12 and IL-23 signaling axes are also strongly
associated with MSMD as a result of impaired IFNy-dependent immu-
nity to mycobacteria’ *. The roles of ILCs and of ILCP differentiation
in the context of mycobacterial infection are not well defined, however
impairment of the generation or function of IFN-y-producing Group 1
ILCs may further permit mycobacterial proliferation early in MSMD.

In summary, we have demonstrated key roles for Notch
DLL4 signals, RORC and IL-23 in promoting multi-potential ILC fate,
and for the generation of IL-17A and IL-22-producing ILC3. While future
work will be required to define the precise molecular mechanisms
underlying these processes, our results demonstrate that manipula-
tion of these pathways can profoundly modify ILC differentiation,
providing a potential path to harness the therapeutic potential of these
novel effector cells in the clinic.

Methods

Human samples and cell isolation

All studies required ethics approval from the institutional ethics
committees. Patient recruitment was done under the ID-RCB 2010-
A00650-39 and 2010-A00636-33 delivered by EC IDF-II, France. Heal-
thy donors were recruited by Etablissement Francais du Sang (EFS,
Paris, France) and samples given to the Institut Pasteur (Paris, France)
under the agreement N°18/EFS/041. Healthy donors were provided
without preselection and ranged in age from 19-61 with a 60-40 ratio
of males to females. Essential information regarding patients with
autosomal recessive complete IL-12Rp1 and RORyT deficiency are
included in Supplementary Table 3 and has been previously
described”**¢*%¢%¢_ Informed consent was obtained from all patients,
including protocols approved by the institutional review boards. A
Ficoll-Paque gradient (GE Healthcare) was used for PBMC isolation.
Cells from patients and healthy donors were studied after cryopre-
servation unless fresh samples were available.

Isolation and phenotyping of ILCP

For bulk sorting, PBMCs were first depleted of T cells, B cells, and
residual monocytes, eosinophils, pDCs, and erythrocytes by incuba-
tion with biotinylated antibodies (anti-CD3, anti-CD14, anti-CD19, anti-
CD123, anti-CD235a) for 20-30 min at room temperature, followed by
incubation with MojoSort anti-biotin magnetic nanobeads (Stemcell)
according to the manufacturer’s instructions. Samples used for single
cell cloning were thawed directly from cryopreserved PBMCs. Samples
were stained for 15 min at room temperature in 2%FCS-PBS for lineage
markers (anti-CD3, anti-CD4, anti-CD5, anti-CD14, anti-CD19, anti-
TCRap, anti-TCRyd), anti-CD45, anti-CD7, anti-CD127, anti-CD16, anti-
CD94, anti-NKG2A, anti-CD117, anti-CRTh2, as well as other markers
used for surface phenotyping. A complete list of antibodies can be
found in Supplementary Table 9. Cells were sorted and samples
acquired simultaneously using a FACS Aria Il (BD) using BD FACS DIVA
version 6 (BD). or FACS Aria Fusion (BD) using BD FACS DIVA version 8
(BD). Bulks were sorted to >99% purity and single cell cloning was
performed using single cell purity and index sorting.
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Cell culture

All experiments performed in vitro were performed using Yssel's
media: IMDM + Glutamax (ThermoFisher scientific), BSA 0.25% (w/v)
(Sigma), 2-aminoethanol (1.8 pg/L) (Sigma), Apo-transferrin (40 pg/L)
(Sigma), Insulin (5pg/L) (Sigma), supplemented with 2% human AB
serum (EFS), in wells pre-seeded the night before with ~2000 OP9 or
OP9-DLL4 stromal cells*>. The cytokines IL-2, IL-7 (Miltenyi Biotec), IL-
1B and IL-23 (Peprotech) were added in the combinations indicated at
50 ng/ml for bulk culture and 10 ng/ml for single cell cloning. For bulk
culture, 1000-3000 FACS sorted cells were plated onto stromal cells.
For cloning, cells were directly sorted into the 96-well plates using
index sorting. Media was changed every 2-3 days for bulk cultures and
every 4-5 days for single cell cloning. Bulk cultures were analyzed after
5-7 days and cloning experiments after 13 days.

RORC inhibition

The specific RORC inhibitor SR2211** was purchased commercially
(Tocris/Biotechne) and resuspended in DMSO at a stock of 100 mM.
SR2211 was added at a final concentration of 10 uM in both bulk and
single cell cultures; controls were treated with the equivalent con-
centration of DMSO (0.01%). SR2211 toxicity was tested on growing ILC
cultures using a range of 5-100 pM; no effect was seen at 10 pM which
was the dose previously reported®. SR2211 and control DMSO were
replenished every 2-3 days for bulk cultures and every 4-5 days for
single cell cloning.

Intracellular staining and functional analysis

Analysis of ILC cytokine production was performed by intracellular
staining after 3 h of pharmacological stimulation with PMA (10 ng/ml;
Sigma), ionomycin (1ug/ml; Sigma) and Golgi Plug (Brefeldin A; BD)>.
Samples taken for transcription factor and phenotype analysis were
taken directly for staining. Cells were stained for extracellular markers
with Fc block and viability dye efluor 506 (Thermofisher Scientific) for
30 min at 4 °C in Brilliant Stain Buffer (BD). Fixation and permeabili-
zation was performed using the FoxP3/Transcription Factor staining
kit (Thermofisher Scientific) as per the manufacturer’s instructions.
Cells were then stained for 30 min at room temperature for intracel-
lular and intranuclear markers as indicated in Supplementary Table 9.
Samples were acquired on an LSR Fortessa (BD) using BD FACS DIVA
version 8 (BD) and analyzed using FlowJo (BD).

Antibodies

All antibodies used in this study are pre-conjugated and commercially
available. A complete list of antibodies can be found in Supplementary
Table 9.

Statistical and data analysis

Statistical analysis was performed using GraphPad Prism version 9.2.0
for Mac OS X, GraphPad Software, San Diego, California USA, www.
graphpad.com. Unless otherwise detailed, all tests are two tailed;
details of all multiple comparison tests including degrees of freedom,
number of individuals per condition and either F or t statistics are
included in Supplementary Tables 1, 2, 4-8. The details and assump-
tions of all tests are described in the relevant figure legends or in the
referenced supplementary tables. The axes of all scatterplots were
designed to include all data points. Analysis of flow cytometry data was
performed using FlowJo (BD) software version 10.8.0 for MAC OS X
https://www.flowjo.com/. Uniform manifold projection (UMAP)
analyses® were performed using the FlowJo (BD) UMAP plugin version
3.1. Data are represented as mean with SD unless specified. Sample size
and number of experiments denoted in figure legends.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
All data generated or analyzed during this study are available as Sup-
plementary Data. Source data are provided with this paper.

References

1. Diefenbach, A. Innate lymphoid cells in the defense against infec-
tions. Eur. J. Microbiol. Immunol. (Bp). 3, 143 (2013).

2. Ducimetiere, L., Vermeer, M. & Tugues, S. The interplay between
innate lymphoid cells and the tumor microenvironment. Front.
Immunol. 10, 2895 (2019).

3. Jarade, A., DiSanto, J. P. & Serafini, N. Group 3 innate lymphoid cells
mediate host defense against attaching and effacing pathogens.
Curr. Opin. Microbiol. 63, 83-91 (2021).

4. \Vivier, E. et al. Innate lymphoid. Cells.: 10 Years . Cell 174,
1054-1066 (2018).

5. Spits, H. et al. Innate lymphoid cells-a proposal for uniform
nomenclature. Nat. Rev. Immunol. 13, 145-149 (2013).

6. Freud, A. G., Mundy-Bosse, B. L., Yu, J. & Caligiuri, M. A. The Broad
Spectrum of Human Natural Killer Cell Diversity. Immunity 47,
820-833 (2017).

7. Bernink, J. et al. Human type 1 innate lymphoid cells accumulate in
inflamed mucosal tissues. Nat. Immunol. 14, 221-229 (2013).

8. Fuchs, A. et al. Intraepithelial type 1 innate lymphoid cells are a
unigue subset of il-12- and il-15-responsive ifn-y-producing cells.
Immunity 38, 769-781 (2013).

9. Mjosberg, J. M. et al. Human IL-25- and IL-33-responsive type 2
innate lymphoid cells are defined by expression of CRTH2 and
CD161. Nat. Immunol. 12, 1055-1062 (2011).

10. Moro, K. et al. Innate production of TH2 cytokines by adipose tissue-
associated c-Kit+Sca-1+ lymphoid cells. Nature 463,

540-544 (2010).

1. Price, A. E. et al. Systemically dispersed innate IL-13-expressing
cells in type 2 immunity. Proc. Natl Acad. Sci. U. S. A. 107,
11489-11494 (2010).

12. Neill, D. R. et al. Nuocytes represent a new innate effector
leukocyte that mediates type-2 immunity. Nature 464,

1367-1370 (2010).

13. Satoh-Takayama, N. et al. Microbial Flora Drives Interleukin 22
Production in Intestinal NKp46+ Cells that Provide Innate Mucosal
Immune Defense. Immunity 29, 958-970 (2008).

14. Hoorweg, K. et al. Functional Differences between Human NKp44-
and NKp44+ RORC+ Innate Lymphoid Cells. Front. Immunol. O,

72 (2012).

15. Eberl, G. et al. An essential function for the nuclear receptor RORyt
in the generation of fetal lymphoid tissue inducer cells. Nat.
Immunol. 5, 64-73 (2004).

16. Mebius, R. E., Rennert, P. & Weissman, I. L. Developing Lymph
Nodes Collect CD4+CD3- LT3+ Cells That Can Differentiate to APC,
NK Cells, and Follicular Cells but Not T or B Cells. Immunity 7,
493-504 (1997).

17. Cherrier, D. E., Serafini, N. & Di Santo, J. P. Innate Lymphoid Cell
Development: A T Cell Perspective. Immunity 48, 1091-1103 (2018).

18. Juelke, K. & Romagnani, C. Differentiation of human innate lym-
phoid cells (ILCs). Curr. Opin. Immunol. 38, 75-85 (2016).

19. Scoville, S. D. et al. A progenitor cell expressing transcription factor
RORyt generates all human innate lymphoid cell subsets. Immunity
44, 1140 (2016).

20. Montaldo, E. et al. Human RORyt+CD34+ cells are lineage-
specified progenitors of group 3 RORyt+ innate lymphoid cells.
Immunity 41, 988-1000 (2014).

21. Chen, L. et al. CD56 expression marks human group 2 innate lym-
phoid cell divergence from a shared NK cell and group 3 innate
lymphoid cell developmental pathway. Immunity 49, 464 (2018).

22. Lim, A.l. et al. Systemic Human ILC Precursors Provide a Substrate
for Tissue ILC Differentiation. Cell 168, 1086-1100.€10 (2017).

Nature Communications | (2022)13:4344

12


http://www.graphpad.com
http://www.graphpad.com
https://www.flowjo.com/

Article

https://doi.org/10.1038/s41467-022-32089-3

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

Lim, A. I. & Di Santo, J. P. ILC-poiesis: Ensuring tissue ILC differ-
entiation at the right place and time. Eur. J. Inmunol. 49,

11-18 (2019).

Mazzurana, L. et al. Tissue-specific transcriptional imprinting and
heterogeneity in human innate lymphoid cells revealed by full-
length single-cell RNA-sequencing. Cell Res. 31, 554-568 (2021).
Tuzlak, S. et al. Repositioning TH cell polarization from single
cytokines to complex help. Nat. Immunol. 22, 1210-1217 (2021).
Ma, C. S. et al. Unique and shared signaling pathways cooperate to
regulate the differentiation of human CD4+ T cells into distinct
effector subsets. J. Exp. Med. 213, 1589-1608 (2016).

Okada, S. et al. Impairment of immunity to Candida and Myco-
bacterium in humans with bi-allelic RORC mutations. Sci. (80-.)
349, 606-613 (2015).

Martinez-Barricarte, R. et al. Human IFN- immunity to mycobacteria
is governed by both IL-12 and IL-23. Sci. Immunol. 3,

eaau6759 (2018).

Kerner, G. et al. Inherited human IFN-y deficiency underlies
mycobacterial disease. J. Clin. Invest. 130, 3158-3171 (2020).
Bustamante, J., Boisson-Dupuis, S., Abel, L. & Casanova, J.-L.
Mendelian susceptibility to mycobacterial disease: genetic,
immunological, and clinical features of inborn errors of IFN-y
immunity. Semin. Immunol. 26, 454-470 (2014).

Lim, A. . et al. IL-12 drives functional plasticity of human group 2
innate lymphoid cells. J. Exp. Med. 213, 569-583 (2016).
Nagasawa, M. et al. KLRG1 and NKp46 discriminate subpopulations
of human CD117+CRTH2- ILCs biased toward ILC2 or ILC3. J. Exp.
Med. 216, 1762-1776 (2019).

Campana, S. et al. Circulating ILC precursors expressing CD62L
exhibit a type 2 signature distinctly decreased in psoriatic patients.
Eur. J. Immunol. 51, 1792-1798 (2021).

Oppmann, B. et al. Novel p19 protein engages IL-12p40 to form a
cytokine, IL-23, with biological activities similar as well as distinct
from IL-12. Immunity 13, 715-725 (2000).

Mcinnes, L., Healy, J. & Melville, J. UMAP: Uniform Manifold
Approximation and Projection for Dimension Reduction. (2020).
Kumar, N. et al. Identification of SR2211: A potent synthetic RORy-
selective modulator. ACS Chem. Biol. 7, 672-677 (2012).

Capone, A. & Volpe, E. Transcriptional Regulators of T Helper 17
Cell Differentiation in Health and Autoimmune Diseases. Front.
Immunol. 11, 348 (2020).

Ruan, Q. et al. The Th17 immune response is controlled by the Rel-
RORy-RORYT transcriptional axis. J. Exp. Med. 208,

2321-2333 (2011).

Rosain, J. et al. Mendelian susceptibility to mycobacterial disease:
2014-2018 update. Immunol. Cell Biol. 97, 360-367 (2019).

De Beaucoudrey, L. et al. Mutations in STAT3 and IL12RB1 impair
the development of human IL-17-producing T cells. J. Exp. Med.
205, 1543-1550 (2008).

Ivanov, I. I. et al. The Orphan Nuclear Receptor RORyt Directs the
Differentiation Program of Proinflammatory IL-17+ T Helper. Cells
Cell 126, 1121-1133 (2006).

Ciofani, M. et al. A validated regulatory network for Th17 cell spe-
cification. Cell 151, 289 (2012).

Withers, D. R. et al. Transient inhibition of ROR-yt therapeutically
limits intestinal inflammation by reducing TH17 cells and preser-
ving ILC3. Nat. Med. 22, 319 (2016).

Li, S. et al. Aryl Hydrocarbon Receptor Signaling Cell Intrinsically
Inhibits Intestinal Group 2 Innate Lymphoid Cell Function. Immu-
nity 49, 915-928.e5 (2018).

Li, J., Doty, A. & Glover, S. Aryl hydrocarbon receptor signaling
involves in the human intestinal ILC3/ILC1 conversion in the
inflamed terminal ileum of Crohn'’s disease patients. Inflamm. Cell
Signal. 3, 1404 (2016).

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Parks, O. B., Pociask, D. A., Hodzic, Z., Kolls, J. K. & Good, M.
Interleukin-22 Signaling in the Regulation of Intestinal Health and
Disease. Front. Cell Dev. Biol. 0, 85 (2016).

Cupedo, T. et al. Human fetal lymphoid tissue-inducer cells are
interleukin 17-producing precursors to RORC+ CD127+ natural
killer-like cells. Nat. Immunol. 10, 66-74 (2009).

Tindemans, |., Peeters, M. J. W. & Hendriks, R. W. Notch signaling in
T helper cell subsets: Instructor or unbiased amplifier? Front.
Immunol. 8, 419 (2017).

Eixarch, H. et al. Inhibition of delta-like ligand 4 decreases Th1/Th17
response in a mouse model of multiple sclerosis. Neurosci. Lett.
541, 161-166 (2013).

Schaller, M. A. et al. Notch ligand Delta-like 4 regulates disease
pathogenesis during respiratory viral infections by modulating Th2
cytokines. J. Exp. Med. 204, 2925-2934 (2007).

Meyer zu Horste, G. et al. RBPJ Controls Development of Patho-
genic Th17 Cells by Regulating IL-23 Receptor Expression. Cell Rep.
16, 392-404 (2016).

Mukherijee, S., Schaller, M. A., Neupane, R., Kunkel, S. L. & Lukacs,
N. W. Notch ligand Dll4 enhances T cell differentiation by pro-
moting IL-17 production and RORyT expression. J. Immunol. 182,
7381 (2009).

Meng, L. et al. The Notch Ligand DLL4 Defines a Capability of
Human Dendritic Cells in Regulating Th1and Th17 Differentiation. J.
Immunol. 196, 1070-1080 (2016).

Bailis, W. et al. Notch simultaneously orchestrates multiple helper
T cell programs independently of cytokine signals. Immunity 39,
148 (2013).

Nalin, A. P. et al. Notch Regulates Innate Lymphoid Cell Plasticity
during Human NK Cell Development. J. Immunol. 205,
2679-2693 (2020).

Golub, R. The Notch signaling pathway involvement in innate
lymphoid cell biology. Biomed. J. 44, 133-143 (2021).

Kyoizumi, S. et al. Fate Decision Between Group 3 Innate Lymphoid
and Conventional NK Cell Lineages by Notch Signaling in Human
Circulating Hematopoietic Progenitors. J. Immunol. 199,
2777-2793 (2017).

Chea, S. et al. Notch signaling in group 3 innate lymphoid cells
modulates their plasticity. Sci. Signal. 9, p.ra45 (2016).

Wong, S. H. et al. Rora is essential for nuocyte development. Nat.
Immunol. 13, 229 (2012).

Simoni, Y. et al. Human Innate Lymphoid Cell Subsets Possess
Tissue-Type Based Heterogeneity in Phenotype and Frequency.
Immunity 46, 148-161 (2017).

Sander, G. R. & Powell, B. C. Expression of Notch Receptors and
Ligands in the Adult Gut. J. Histochem. Cytochem. 52,

509-516 (2004).

Verrier, T. et al. Phenotypic and Functional Plasticity of Murine
Intestinal NKp46 + Group 3 Innate Lymphoid Cells. J. Immunol.
196, 4731-4738 (2016).

Neurath, M. F. IL-23 in inflammatory bowel diseases and colon
cancer. Cytokine Growth Factor Rev. 45, 1-8 (2019).

van de Vosse, E. et al. IL-12RB1 deficiency: Mutation update and
description of the IL12RB1 variation database. Hum. Mutat. 34,
1329-1339 (2013).

Gladiator, A., Wangler, N., Trautwein-Weidner, K. & LeibundGut-
Landmann, S. Cutting Edge: IL-17-Secreting Innate Lymphoid Cells
Are Essential for Host Defense against Fungal Infection. J. Immu-
nol. 190, 521-525 (2013).

De Beaucoudrey, L. et al. Revisiting human IL-12R[31 deficiency: A
survey of 141 patients from 30 countries. Medicine 89,

381-402 (2010).

Altare, F. et al. Impairment of mycobacterial immunity in human
interleukin-12 receptor deficiency. Science 280, 1432-1435 (1998).

Nature Communications | (2022)13:4344

13






Annex 2

CD116+ fetal precursors migrate to the
perinatal lung and give rise to human
alveolar macrophages

Elza Evren, Emma Ringqvist, Jean-Marc Doisne, Anna Thaller, Natalie Sleiers,
Richard A. Flavell, James P. Di Santo, and Tim Willinger

Published in 2021

Journal of Experimental Medicine






[O510 ) Journal of
D D Experimental

YY) Medicine
ARTICLE

CD116" fetal precursors migrate to the perinatal lung
and give rise to human alveolar macrophages
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Despite their importance in lung health and disease, it remains unknown how human alveolar macrophages develop early in
life. Here we define the ontogeny of human alveolar macrophages from embryonic progenitors in vivo, using a humanized
mouse model expressing human cytokines (MISTRG mice). We identified alveolar macrophage progenitors in human fetal
liver that expressed the GM-CSF receptor CD116 and the transcription factor MYB. Transplantation experiments in MISTRG
mice established a precursor-product relationship between CD34-CD116* fetal liver cells and human alveolar macrophages
in vivo. Moreover, we discovered circulating CD116*CD64-CD115* macrophage precursors that migrated from the liver to the
lung. Similar precursors were present in human fetal lung and expressed the chemokine receptor CX3CR1. Fetal CD116*CD64~
macrophage precursors had a proliferative gene signature, outcompeted adult precursors in occupying the perinatal alveolar

niche, and developed into functional alveolar macrophages. The discovery of the fetal alveolar macrophage progenitor
advances our understanding of human macrophage origin and ontogeny.

Introduction

The lung is a vital organ that mediates the uptake of oxygen and
is continuously exposed to inhaled microbes, particles, and al-
lergens. Alveolar macrophages are the most abundant cell type
in the airways and are essential for healthy lung function and
barrier immunity (Evren et al., 2020; Garbi and Lambrecht,
2017; Hussell and Bell, 2014; Joshi et al., 2018; Kopf et al., 2015;
Kulikauskaite and Wack, 2020; Puttur et al., 2019). They remove
airborne microbes and cell debris from the airways through
phagocytosis, which is essential to prevent harmful inflamma-
tion and to maintain the essential gas exchange. Another im-
portant function of alveolar macrophages is the catabolism of
lung surfactant. Alveolar macrophages are critically dependent
on the cytokine GM-CSF that is produced by alveolar epithelial
cells (Dranoff et al., 1994; Gschwend et al., 2021; Guilliams et al.,
2013; Schneider et al., 2014). Lack of GM-CSF and therefore al-
veolar macrophages results in pulmonary alveolar proteinosis
(PAP) in both mice and humans due to the defective clearance of
surfactant (Trapnell et al., 2019).

The cellular origin of macrophages varies depending on de-
velopmental age, organ of residence, and tissue state (Blériot
et al,, 2020; Guilliams and Svedberg, 2021; Guilliams et al.,
2020; Jenkins and Allen, 2021). Studies in mice have dem-
onstrated that macrophages arise either from embryonic
progenitors or from blood monocytes that are derived from adult

hematopoiesis (Epelman et al., 2014; Ginhoux and Guilliams,
2016; Perdiguero and Geissmann, 2016; Varol et al, 2015).
Mouse alveolar macrophages are mostly of fetal origin in steady-
state (Gomez Perdiguero et al., 2015; Guilliams et al., 2013;
Hashimoto et al., 2013; Schneider et al., 2014; Yona et al., 2013;
Yu et al., 2017) with increased contribution from blood mono-
cytes during aging (Gomez Perdiguero et al., 2015; Liu et al.,
2019), infection (Aegerter et al., 2020; Machiels et al., 2017;
McCubbrey et al., 2018; Misharin et al., 2017; Mould et al., 2017;
Mould et al., 2019), fibrosis (Aran et al., 2019; Joshi et al.,
2020; McQuattie-Pimentel et al., 2021; Misharin et al., 2017),
and lung regeneration (Lechner et al., 2017). Alveolar macro-
phages develop in humans after birth when the lungs are inflated
by air uptake (Alenghat and Esterly, 1984; Bharat et al., 2016).
Humans undergoing lung transplantation have an alveolar
macrophage compartment that is of mixed origin, composed of
both resident host macrophages and donor-derived macrophages
originating from circulating monocytes (Bittmann et al., 2001;
Byrne et al., 2020; Eguiluz-Gracia et al., 2016; Kjellstrom et al.,
2000; Nayak et al., 2016). However, the ontogeny of human
macrophages is poorly understood because invasive in vivo ex-
periments are impossible in humans.

To overcome this limitation, we previously developed a hu-
manized mouse model, named MISTRG, which expresses critical
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human factors for macrophages, such as GM-CSF and
macrophage-CSF (M-CSF), through gene knock-in (Rongvaux
et al,, 2013; Rongvaux et al., 2014; Willinger et al., 201la;
Willinger et al., 2011b). MISTRG mice support human macro-
phage reconstitution after transplantation with human CD34*
hematopoietic stem and progenitor cells (HSPCs; Evren et al.,
2021; Rongvaux et al., 2014; Saito et al., 2016; Sippel et al., 2019).
This model therefore provides the opportunity to study the on-
togeny of human macrophages in vivo (Alisjahbana et al., 2020;
Evren et al., 2020).

We recently used MISTRG mice to dissect the development of
human lung macrophages that are derived from blood mono-
cytes (Evren et al., 2021). Specifically, we discovered that clas-
sical CD14* blood monocytes derived from CD34* HSPCs are
the adult precursors of human alveolar macrophages. Blood
monocyte-derived macrophages are most relevant in context of
lung injury and inflammation. In early life and under physio-
logical conditions, human alveolar macrophages are likely
mostly of embryonic origin, i.e., independent of blood mono-
cytes. We therefore now aimed to identify the fetal progenitor of
human alveolar macrophages. We also examined the importance
of cell origin on human lung macrophage specification by
comparing the transcriptional signatures of human lung
macrophages of fetal versus adult origin, as well as their
ability to populate the perinatal niche, to self-renew, and to
catabolize lung surfactant. We discovered that cell origin has
an impact on alveolar niche occupation by macrophage
precursors and on the functional identity of human lung
macrophages. Specifically, we found that fetal macrophage
precursors had a greater capacity to occupy the perinatal
alveolar niche, whereas adult precursors generated IFN-
responsive macrophages that are expanded in inflamma-
tory lung diseases in humans, such as in severe coronavirus
disease 2019 (COVID-19).

Results

Candidate progenitors of human lung macrophages are
present in fetal liver

Due to the critical role of GM-CSF, we predicted that expression
of GM-CSF receptor marks alveolar macrophage progenitors in
human fetal tissue. Among fetal tissues, the liver is a hemato-
poietic organ (Cao et al., 2020; Park et al., 2020; Popescu et al.,
2019) around the time of birth, when alveolar macrophages
develop in mice (Guilliams et al., 2013; Yu et al., 2017). We
therefore examined the presence of candidate precursors of al-
veolar macrophages in human fetal liver at the second trimester
of gestation, the time of lung macrophage development in the
human fetus (Dame et al., 1999). Consistent with our prediction,
we identified CD45*CD34~ myeloid cells in fetal liver tissue that
expressed the a-chain of the GM-CSF receptor (CD116) but did
not express lineage (Lin) markers for T cells (CD3, TCRaf,
TCRYS), B cells (CD19, CD20), natural killer cells (CD56, CD94,
NKp46), and granulocytes (CDé6abce; Fig. 1 A and Fig. S1). CDI16*
myeloid cells consisted of CDé64* cells, containing fetal den-
dritic cells (CD88-CD1c/CD141™CD11c*HLA-DRM), monocytes
(CD88*CDIc/CD141/mdCD11b*HLA-DR*CD206~CD169-CD14*), and

Evren et al.
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macrophages (CD88*CD1c/CD141°/™4CD11b*HLA-DR*CD206*CD169*;
Fig. 1 B), as well as of CD64" cells comprising dendritic cells and
putative precursor-like cells (CD88-CD1c/CD141-CDllc HLA-DR™d,
Fig. 1, C and D). In summary, these data identify GM-CSF receptor-
expressing candidate precursors of human lung macrophages in
the fetal liver.

CD116*CD64 fetal precursor-like cells express MYB and have a
proliferative gene signature

To gain further insights into their distinctive features, we de-
termined the gene expression profiles of fetal candidate pro-
genitors of human alveolar macrophages by microarray (Fig. 2,
A and B). For this purpose, potential fetal precursors of hu-
man alveolar macrophages among CD45*CD34 Lin-CDll6*
cells were isolated from fetal liver. Specifically, we purified
CD64*CD88*CD1c/CD141°™idCD206-CD169- fetal monocytes,
described as precursors of mouse alveolar macrophages
(Guilliams et al., 2013; Schneider et al., 2014; Yu et al., 2017),
and precursor-like fetal cells that lacked expression of mon-
ocyte (CD14, CD64) and dendritic cell markers (CD1c, CD141).
We then compared their gene expression profiles to that of
CD14*CD16~ blood monocytes, adult precursors of human al-
veolar macrophages (Evren et al., 2021). Consistent with their
cellular identity, CD14*CD16- blood monocytes highly ex-
pressed monocytic genes, such as CDI4, FCGRIA (encoding
CD64), ITGAM (encoding CDI1b), C5ARI (encoding CDS8S8),
VCAN, CSF3R, and LYZ, but these genes were also detected in
fetal CD116*CD64" precursor-like cells (Fig. 2 C and Table S1).
In contrast, fetal CD116*CD64" precursor-like cells had higher
mRNA expression of the transcription factor MYB (Fig. 2 C and
Table S1) that is expressed in HSPCs and myeloid progenitors
(Bian et al., 2020). In addition, fetal CD116*CD64" precursor-
like cells expressed less MAFB (Fig. 2 C and Table S1), a
transcription factor that antagonizes MYB and represses
macrophage self-renewal (Aziz et al., 2009; Li et al., 2020;
Soucie et al., 2016). Furthermore, fetal CD116*CD64" precursor-
like cells expressed genes and transcription factors (GATAI,
KLF1, TALI) associated with erythrocyte differentiation
(Popescu et al., 2019), consistent with preferential erythroid-
myeloid hematopoiesis in human fetal liver (Jardine et al.,
2021). Therefore, fetal CD116*CD64~ precursor-like cells re-
sembled Myb-expressing erythro-myeloid progenitors (EMPs)
and EMP-derived CD64- myeloid progenitors that further
differentiate into CD64* fetal monocytes and alveolar macro-
phages in mice (Gomez Perdiguero et al., 2015; Hoeffel et al.,
2015; Li et al, 2020; Mass et al., 2016). Moreover, fetal
CD116*CD64~ precursor-like cells preferentially expressed MYC
and other genes promoting cell division and proliferation, such
as MKI67, TOP2A, PCNA, cyclins, and cyclin-dependent kinases
(Fig. 2 C and Table S1), similar to what has been reported for
human fetal liver progenitors (Popescu et al., 2019). Global
analysis confirmed that genes related to cell cycle and cell divi-
sion were overrepresented in fetal CDI116*CD64~ cells when
compared with both adult and fetal monocytes (Fig. 2 D). These
findings indicate that fetal CD116*CD64" precursor-like cells have
high proliferative capacity and resemble fetal progenitors of
mouse alveolar macrophages.
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Figure 1. Candidate alveolar macrophage progenitors are present in human fetal liver. (A) Flow cytometry analysis of CD116-expressing cells within the
CD34- fraction of human fetal liver (17 wk of gestation). See Fig. S1 for gating strategy. After excluding cells expressing Lin markers (CD3, TCRa, TCRyS, CD19,
CD20, CD56, CD94, NKp46, and CD66abce), CD45*CD116* cells were divided into CD64* (population 1) and CD64~ (population 2) subsets. (B) Flow cytometry
of CD116*CD64* cells as gated in A. CD116*CD64* cells were separated into CD88-CD1c/CD141" (population 1) and CD88*CD1c/CD141°™d (population 2)
subsets, corresponding to dendritic cells (CD1lc*HLA-DRM) and monocytes (CD11b*HLA-DR*CD2067CD1697) as well as macrophages (CD1lb*HLA-
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DR*CD206*CD169™d-M), respectively. (C) Flow cytometry of CD116"CD64~ cells as gated in A. Population 1 (CD88-CD1c/CD141%) contained CD11c*HLA-DRM
dendritic cells. Population 2 (CD88-CD1c/CD141-) consisted of CD11c"HLA-DR™ potential precursors. (D) Frequencies of the indicated populations in human
fetal liver. DCs, dendritic cells; hi, high; lo-mid, low-mid; M@, macrophages. Data are represented as mean + SEM. Data (A-C) show one fetal liver sample (17 wk
of gestation) representative of 12 samples from two independent experiments. Data (D) are pooled from two independent experiments with 12 fetal liver

samples at 15-23 wk of gestation.

CD116-expressing fetal liver cells have human alveolar
macrophage potential in vivo

Having identified candidate progenitor populations, we tested
their ability to differentiate into lung macrophages in vivo. For
this purpose, we performed transplantation experiments to es-
tablish precursor-product relationships. MISTRG mice are well-
suited for this approach since (1) the empty alveolar niche (lack
of mouse GM-CSF and therefore mouse alveolar macrophages)
allows transplanted progenitors to colonize the niche; and (2)
the expression of human GM-CSF in the alveolar space supports
the differentiation into mature human alveolar macrophages
(Evren et al., 2021; Rongvaux et al., 2014; Willinger et al., 2011b).
We transplanted fetal liver populations into the airways of
newborn MISTRG recipient mice, as the first week of life is the
physiological time when the alveolar niche becomes colonized in
mice (Guilliams et al., 2013). We first assessed the ability of fetal
CD34-Lin~CD116* candidate progenitors compared with that of
CD34°Lin"CD116- and CD34-Lin*CDI116* cells to reconstitute
the alveolar niche after intranasal transplantation (Fig. 3 A).
Transplanted CD34 Lin~CD116* fetal liver cells colonized the
lung and differentiated into human macrophages with an al-
veolar macrophage phenotype (CD11b*HLA-DR*CD206*CD169";
Bharat et al., 2016; Desch et al., 2016; Yu et al., 2016) within 10
wk of transfer and were retained at 24 wk, whereas neither
CD34 Lin~CD116~ nor CD34 Lin*CD116" cells were able to do so
(Fig. 3, B-D; and Fig. S2 A). Human CD68* macrophages derived
from CD34-Lin-CD116* cells could be visualized in the alveoli by
immunohistochemistry, confirming their correct physiological
localization (Fig. 3 E and Fig. S3 A).

We also examined whether human interstitial lung macro-
phages were present in MISTRG mice transplanted with fetal
CD34 Lin~CD116* cells, using a recently described gating strategy
for human interstitial macrophages (Chakarov et al., 2019). Flow
cytometry showed that the lungs of MISTRG mice transplanted
with fetal CD34-Lin-CD116* cells did not harbor any cells with a
surface phenotype (CD11b*CD64*CDI14*CD16CD206*CD169"HLA-
DRM) that is characteristic of human interstitial macrophages (Fig.
S4 A). In contrast, human interstitial lung macrophages developed
in MISTRG mice transplanted with human CD34* HSPCs (Fig. S4
B) as we reported previously (Evren et al., 2021). These data
suggest that the developmental potential of CD116* fetal precursors
in the lung may be restricted to becoming alveolar macrophages.

To test the function of fetal progenitor-derived macrophages,
we determined their capacity to prevent PAP. We previously
showed that nontransplanted MISTRG mice lack mouse alveolar
macrophages and develop PAP at ~4 wk of age, which can be
prevented by the transplantation with human CD34* HSPCs
(Evren et al, 2021; Willinger et al., 2011b). MISTRG mice
transplanted with fetal CD34-Lin-CD116* cells had lower
amounts of protein in bronchoalveolar lavage (BAL) fluid than
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nontransplanted MISTRG mice and mice transplanted with
CD34-Lin"CD116~ or CD34 Lin*CD116" cells, indicating PAP res-
cue (Fig. 3 F). Therefore, human alveolar macrophages arising
from fetal CD34 Lin"CD116* cells were functional since they
were able to catabolize lung surfactant. Combined, these re-
sults establish a precursor-product relationship between fetal
CD34 Lin"CD116* cells and human alveolar macrophages.

Fetal CD116* alveolar macrophage progenitors are able to
migrate from the liver to the lung

We next predicted that fetal CD34-Lin-CD116* lung macrophage
progenitors traffic from the liver to the lung. Therefore, instead
of transplanting fetal liver progenitors into the airways, we in-
jected them into newborn MISTRG mice via the intrahepatic route
to track their migration from the liver to the lung (Fig. 4 A). Con-
sistent with our prediction, flow cytometry showed that alveolar
macrophages (CD11b*HLA-DR*CD206*CD169*CD64*CD163*) popu-
lated the lungs of MISTRG mice 7 wk after intrahepatic injection of
fetal CD347Lin"CD116* cells and had abundant M-CSF receptor
(CD115) surface expression (Fig. 4 B and Fig. S2 A). This observation
suggested that fetal macrophage precursors are highly responsive to
M-CSF, the major factor driving macrophage proliferation. Fetal
progenitor-derived human alveolar macrophages had expanded in
MISTRG mice when analyzed at 24 wk after transplantation (Fig. 4,
C and D). Immunohistochemistry confirmed the presence of human
CD68* macrophages in the lungs of MISTRG mice (Fig. 4 E and
Fig. S3 B). Finally, intrahepatic transplantation with fetal
CD34-Lin~CD116" cells alleviated PAP, as shown by lower amounts
of BAL protein, similar to mice transplanted with CD34* HSPCs
(Fig. 4 F). To further characterize circulating lung macrophage
progenitors, we examined the blood of MISTRG mice after
transplantation with CD116* fetal liver cells (Fig. 4 G and Fig.
S2 B). The blood of MISTRG mice transplanted with fetal
CD34-Lin"CD116* cells contained CD116*CD64" cells express-
ing CDI115, but not CD14 (Fig. 4 G), identifying them as po-
tential circulating alveolar macrophage precursors derived
from the transplanted fetal CD34 Lin-CD116* cells. Further-
more, this finding revealed that these potential CD116*CD64"
fetal alveolar macrophage precursors in the circulation were
distinct from HSPC-derived CD14*CD116* blood monocytes,
which are adult precursors of human alveolar macrophages,
as we showed recently (Evren et al., 2021). Taken together, we
demonstrate that macrophage progenitors in the fetal liver
enter the circulation and migrate from the blood into the lung,
where they develop into human alveolar macrophages.

CD116*CD64 fetal liver cells generate mature human alveolar
macrophages in vivo

Having shown that alveolar macrophage progenitor activity is
present within CD34-Lin~CD116* fetal liver cells and that they
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Figure 2. Gene signatures of CD116*CD64- fetal precursor-like cells, CD116*CD64* fetal monocytes, and adult CD14*CD16- blood monocytes.
(A) Experimental outline to define the gene expression profiles of the indicated human cell populations. Cartoon was adapted from Servier Medical Art. (B) Volcano
plots of differentially expressed genes (DEGs) between the indicated cell populations. Fold change is plotted versus -log;, P value (not corrected for multiple
testing). DEGs with a fold change >2 and an FDR-corrected P value <0.05 are highlighted in blue and red. (C) Bar graphs showing expression of selected genes
in CD116*CD64~ fetal precursor-like cells, CD116*CD64* fetal monocytes, and adult CD14*CD16- blood monocytes. Data are represented as mean = SEM.
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(D) Gene ontology over-representation analysis of DEGs up-regulated in CD116*CD64" fetal precursor-like cells compared with adult CD14*CD16" blood
monocytes and CD116*CD64* fetal monocytes. AM, alveolar macrophages; GCAS, GeneChip Array Station; HTA, Human Transcriptome Array; lo-mid, low-
mid. Data (B-D) are from a single microarray experiment with three replicates per cell population (isolated from individual fetal liver or blood samples)

obtained from four independent cell sorting experiments.

generate putative circulating CD116*CD64~ precursors (Fig. 4 G),
we further fractionated the progenitor activity of CD34 Lin-CD116*
fetal liver cells. Specifically, we compared the macrophage potential
of CD116*CDé4" to that of CD116*CD64"* fetal liver cells after in-
trahepatic injection into newborn MISTRG mice (Fig. 5 A).
Both populations gave rise to human CD68* lung macro-
phages (Fig. 5 B) with an alveolar macrophage phenotype
(CD11b*HLA-DR*CD206*CD169*CD64*) with similar efficiency
(Fig. 5, C and D). Further analysis revealed that CD116*CD64" fetal
progenitors more efficiently generated CD11b"CD163" macrophages,
representing mature alveolar macrophages (Bharat et al,, 2016) than
CD116*CD64" fetal progenitors (Fig. 5 C). Consistent with this ob-
servation, human macrophages derived from CD116*CD64~ fetal liver
cells had the capacity to catabolize lung surfactant, a key function
of alveolar macrophages, and to rescue PAP syndrome in MISTRG
mice (Fig. 5 E). In contrast, macrophages arising from CD116*CD64*
fetal liver cells were unable to prevent PAP (Fig. 5 E).

Analysis of blood demonstrated the presence of circulating
CD116*CD64-CD14-CD115*HLA-DR™4 human cells in MISTRG
mice after transplantation with CD116*CD64* or CD116*CD64"
fetal liver cells (Fig. 6 A). CD116*CD64 CD14" cells found in the
blood of MISTRG mice had the same surface phenotype as
CD116*CD64- fetal liver cells that give rise to human alveolar
macrophages after transplantation into MISTRG mice. There-
fore, their phenotypic similarity indicated that CD116*
CD64-CD14-CD115*HLA-DR™ cells in the blood likely corre-
sponded to circulating alveolar macrophage precursors in transit
from the liver to the lung. To further corroborate this notion, we
performed bead-based fate-mapping of circulating human he-
matopoietic cells in MISTRG mice transplanted with CD116* fetal
liver cells (Fig. 6 B) as in our recent study (Evren et al., 2021). 1 wk
after the iv. injection of fluorescent beads, we could detect
CD11b*HLA-DR* cells in the lung of MISTRG mice, derived from
circulating CD116*CD64-CD14" cells that had captured the beads
and migrated into the lung tissue, as bead* cells were not present
in the blood anymore after 1 wk (Fig. 6 C). The bead* cells in the
lung therefore likely represented developing alveolar macro-
phages (Evren et al., 2021). Taken together, we conclude that
CD64~ fetal liver cells expressing CD116 are likely the main
progenitor of mature human alveolar macrophages.

Finally, having identified potential circulating CDll6*
CD64-CD14-CDI115*HLA-DR™4 alveolar macrophage precursors
in MISTRG mice, we hypothesized that corresponding pre-
cursors are present in human fetal liver and lung. Consis-
tent with our hypothesis, we found a population of CD116*
CD64-CD14 HLA-DR™ cells expressing CD115 as well as the
chemokine receptor CX3CR1 in both fetal liver and fetal lung at
15-23 wk of gestation (Fig. 7, A and B; and Fig. S5). These data
support the notion that human fetal liver progenitors populate
the lung with CD116*CD64-CD115*CX3CR1* alveolar macro-
phage precursors during the second gestational trimester.
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Human alveolar macrophages derived from fetal and adult
precursors have a similar turnover

Identifying both the fetal and adult progenitor in this study and
in our previous work (Evren et al., 2021) gave us the opportunity
to determine the impact of cellular origin on human alveolar
macrophage function. Our results above demonstrated that lung
macrophages derived from CD34-CD116* fetal precursors and
from adult precursors (CD34* HSPCs developing into blood
monocytes) had a similar capacity to prevent PAP development
in MISTRG mice (Fig. 4 F and Fig. 5 E). Next, we compared the
turnover of fetal progenitor-derived alveolar macrophages to
that of alveolar macrophages of adult origin. For this purpose,
we performed pulse-chase experiments with BrdU in MISTRG
mice transplanted with either fetal CD34-Lin-CD116* alveolar
macrophage precursors or CD34* HSPCs (Fig. 8 A). BrdU was
administered continuously in the drinking water for 10 d to
pulse-label alveolar macrophages and BrdU incorporation de-
termined by flow cytometry. We observed a similar labeling
frequency (~20%) of fetal- and adult-derived human alveolar
macrophages at the end of the pulse period (Fig. 8, B and C). This
showed that a fraction of human alveolar macrophages in
MISTRG mice is actively proliferating in situ, similar to what has
been reported for mouse alveolar macrophages (Guilliams et al.,
2013). After the chase period of 4 wk, the BrdU label was diluted
in both fetal- and adult-derived human alveolar macrophages
(Fig. 8, Band C), likely through ongoing cell division. These data
suggest that, irrespective of their fetal or adult origin, human
macrophages reconstituting the alveolar niche in MISTRG mice
are maintained by homeostatic proliferation.

Fetal macrophage precursors outcompete adult monocytes in
occupying the perinatal alveolar niche in MISTRG mice

To assess the contribution of precursor origin to the human
alveolar macrophage compartment, we performed competitive
adoptive transfer experiments with alveolar macrophage pre-
cursors (Fig. 9 A). For this purpose, we administered hu-
man macrophage precursors into the airways of newborn
MISTRG mice, i.e., adult precursors (CD14*CD16~ monocytes
isolated from blood) mixed 1:1 with fetal precursors (CD34
~Lin-CD116*CD64-CD14" cells purified from fetal liver). We
chose the first week of life for these experiments because it is
the physiological time when niche colonization by alveolar
macrophages occurs in both mice (Guilliams et al., 2013) and
humans (Alenghat and Esterly, 1984; Bharat et al., 2016). We
then used genetic differences in HLA alleles to distinguish fetal-
from adult-derived alveolar macrophages (Fig. 9, B and C). Flow
cytometry with HLA allele-specific antibodies demonstrated
that fetal precursors outcompeted adult precursors of human
alveolar macrophages in terms of their capacity to occupy the
alveolar niche in MISTRG mice (Fig. 9, C and D). The preferential
expansion of fetal CD116*CD64~ precursors is consistent with
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Figure 3. CD116-expressing fetal liver cells generate human alveolar macrophages in vivo. (A) Intranasal transfer of purified human Lin-CD116",
Lin*CD116", and Lin-CD116* populations from CD34~ fetal liver cells into newborn MISTRG mice. Lin markers were CD3, CD19, CD56, NKp46, and CD66abce.
Control mice received PBS only. Cartoon was adapted from Servier Medical Art. (B and C) Flow cytometry of human CD45*CD11b*HLA-DR*CD206*CD169*
macrophages in lung tissue of MISTRG mice at 10 wk (B) and 24 wk (C) after transfer of the different fetal liver cell subsets. See Fig. S2 A for gating strategy.
(D) Number of human alveolar macrophages (AM) in MISTRG mice at 10 and 24 wk after transplantation. (E) Immunohistochemistry of lung sections from
MISTRG mice 24 wk after transplantation with human Lin-CD116* fetal liver cells. Lung sections were stained with anti-human CD68 antibody (brown). Scale
bar is 20 pm. (F) Amounts of total protein in the BAL fluid of MISTRG mice 24 wk after transplantation with human fetal liver cells. Control mice received PBS
only or were transplanted with human CD34* HSPCs from cord blood by intrahepatic injection (i.h.). aCD68, anti-CD68. Data are represented as mean + SEM.
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*,P < 0.05 **, P < 0.01 (one-way ANOVA with Tukey’s multiple comparison post hoc test). Data (B and C) show one lung sample representative of three to five
samples (individual mice) per group and time point from three independent experiments. Data (E) show one lung sample representative of four samples
(individual mice) from three independent experiments. Data (D and F) are pooled from three independent experiments with n = 3-5 per group and time point

(D) or n = 5-9 per group (F).

their greater expression of cell cycle genes (Fig. 2, C and D; and
Table S1). These results are in line with mouse studies showing
that fetal precursors of mouse alveolar macrophages have a
greater expansion capacity than adult precursors due to their
high intrinsic proliferative potential and metabolic activity (Li
et al., 2020; van de Laar et al., 2016). We conclude that human
alveolar macrophages of both fetal and adult origin can occupy
the alveolar niche in MISTRG mice, have a similar turnover,
and are able to clear lung surfactant. However, fetal-derived
macrophages have a superior capacity to reconstitute the al-
veolar compartment in early life.

Gene signatures of human alveolar macrophages derived from
fetal versus adult precursors

We compared the transcriptomes of fetal- versus adult-derived
human lung macrophages to gain insights into potential func-
tional differences. For this purpose, newborn MISTRG mice
were transplanted by intrahepatic injection with CD34* HSPCs
or with CD34-Lin~CD116* fetal liver cells that were either CD64~
or CD64*. 3 mo after transplantation, human alveolar macro-
phages (CD45"CD11b*HLA-DR*CD206CD169*) of different ori-
gin were isolated from the lung of MISTRG mice and their gene
signatures determined by gene expression profiling (Fig. 10A).
The human macrophage populations in MISTRG mice resembled
resident macrophages found in the airways of healthy humans
(Leach et al., 2020; Morse et al., 2019; Mould et al., 2021; Vieira
Braga et al., 2019) as shown by the expression of typical signa-
ture genes, such as MRCI (encoding CD206), MARCO, FABP4,
PPARG, INHBA, and GPNMB (Table S2). Overall, relatively few
genes were differentially expressed between alveolar macro-
phages of adult origin (HSPC-derived) and alveolar macrophages
of fetal origin (derived from either CD64~ or CD64*CD116* fetal
cells; Fig. 10 B and Table S2). This suggests that their gene sig-
natures were largely shaped by cues from the lung environment,
consistent with what has been reported for mouse alveolar
macrophages (Gibbings et al., 2015; Lavin et al., 2014; van de
Laar et al., 2016).

Lung macrophages derived from CD116*CD64" and CD116*CD64*
fetal precursors had very similar transcriptomes with no statisti-
cally significant differences in gene expression (Fig. 10 B and
Table S2). We therefore focused on comparing human lung
macrophages derived from adult precursors with macrophages
derived from fetal precursors. Among genes significantly up-
regulated in lung macrophages of fetal origin were the che-
mokines CXCL5 and PPBP (encoding CXCL7; Fig. 10 B and Table
S2). Genes with higher expression in lung macrophages of adult
origin included the T cell-attracting chemokines CXCL9 and
CXCLIO as well as IFN-induced genes (APOBEC3s, ISG20, IFI44L,
GBP5) and the transcription factor STATI (Fig. 10, B and C; and
Table S2). This gene signature resembled that of IFN-
responsive CXCL10-macrophages that we identified previously
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by single-cell RNA-sequencing in the lung of HSPC-engrafted
MISTRG mice (Evren et al,, 2021). A similar population of
macrophages is associated with lung inflammation and ex-
panded in the airways of humans with severe COVID-19 (Grant
et al.,, 2021; Liao et al., 2020; Mulder et al., 2021; Wauters et al.,
2021). Consistent with their host defense function, biological
processes such as “defense response to virus” and “response to
other organism” were over-represented within the gene sig-
nature of adult-derived lung macrophages (Fig. 10 D). We
conclude that the local microenvironment has a strong effect on
the gene signature of human lung macrophages, while adult
precursors preferentially generate pro-inflammatory lung
macrophages that have an IFN-induced gene signature.

Discussion

Alveolar macrophages are essential for lung health, but their
ontogeny has been difficult to investigate in humans in view of
the inability to perform invasive experiments. We recently
demonstrated that CD14* blood monocytes generate human al-
veolar macrophages in adult life (Evren et al., 2021). In the
present study, we defined the development of human lung
macrophages from embryonic progenitors and identified CD116*
fetal liver cells as precursors of human alveolar macrophages in
early life.

Our findings support a model where CD34-Lin-CD116*CD64~CD115*
macrophage progenitors originating from the fetal liver mi-
grate into the lung, possibly in a CX3CR1-dependent manner,
and develop into mature human alveolar macrophages after
exposure to tissue-derived GM-CSF and M-CSF. After migra-
tion into the lung, CD116*CD64~ macrophage precursors up-
regulated CD64 and other characteristic surface proteins, such
as CD206 and CD169, consistent with their differentiation into
mature macrophages that clear lung surfactant from the alveoli.
We found that human alveolar macrophage precursors in fetal
liver already expressed receptors for the key macrophage-
instructing cytokines GM-CSF and M-CSF. Moreover, our data
indicate that human GM-CSF and M-CSF, produced by the mouse
epithelium in MISTRG mice are sufficient to instruct human
alveolar macrophage development. TGFf is another cytokine
that promotes the differentiation of mouse alveolar macrophages
(Yu et al., 2017), but in contrast with GM-CSF, it does not ex-
clusively derive from a nonhematopoietic source. In MISTRG
mice, human TGF is likely provided by human alveolar mac-
rophages themselves (Branchett et al., 2021).

Apart from being responsive to instructive cytokines from
the local environment, alveolar macrophage precursors need to
be able to egress from the fetal liver into the circulation and
migrate into the lung. In mice, fetal liver monocytes migrate into
tissues in a CCR2-independent manner (Hoeffel et al., 2015;
Rantakari et al., 2016), in contrast with adult monocytes (Ly6CM
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Figure 4. CD116* fetal liver cells are able to migrate to the lung and differentiate into human alveolar macrophages. (A) Intrahepatic injection of

purified human Lin*/~CD116~ and Lin-CD116* populations from CD34~ fetal liver cells into newborn MISTRG mice. Lin markers were CD3, CD19, CD56, NKp46,
and CD66abce. Cartoon was adapted from Servier Medical Art. (B and C) Flow cytometry of MISTRG lungs 7 wk (B) and 24 wk (C) after injection of human cells.
Control mice were not injected with cells (naive). See Fig. S2 A for gating strategy. (D) Number of human alveolar macrophages (AM) in MISTRG mice at 10 and
24 wk after transplantation. (E) Immunohistochemistry of lung sections from MISTRG mice 24 wk after transplantation with human Lin-CD116* fetal liver cells.
Lung sections were stained with anti-human CD68 antibody (brown). Scale bar is 20 pm. (F) Amounts of total protein in the BAL fluid of MISTRG mice 24 wk
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after transplantation with human Lin”/*CD116~ or Lin"CD116" fetal liver cells. Control mice were transplanted with human CD34* HSPCs from cord blood or
were not injected with cells (naive). Data are represented as mean + SEM. Picture on the right shows BAL fluid obtained from MISTRG mice transplanted with
Lin~CD116* fetal liver cells or not transplanted with any human cells (naive). (G) Flow cytometry of MISTRG blood 7 wk after transplantation with the indicated
human cells. Control mice were not injected with cells (naive). See Fig. S2 B for gating strategy. aCD68, anti-CD68; hCD45, human CD45. Data are represented
as mean + SEM. **, P < 0.01; ****, P < 0.0001 (one-way ANOVA with Tukey’s multiple comparison post hoc test). Data (B and C) show one lung sample
representative of two to eight samples (individual mice) per group and time point from three independent experiments. Data (E) show one lung sample
representative of five samples (individual mice) from three independent experiments. Data (D and F) are pooled from three independent experiments with n =
2-8 per group and time point (D) or n = 3-5 per group (F). Data (G) show one blood sample representative of seven to nine samples (individual mice) from two

independent experiments.

in mice, CD14* in humans; Guilliams et al., 2018). This under-
scores that fetal and adult precursors of alveolar macrophages
are distinct, in line with our observation that HSPC-derived
macrophage precursors, i.e., CD14* blood monocytes (Evren
et al, 2021), and CD64-CD14- fetal macrophage precursors
have different surface phenotypes and gene signatures. Coloni-
zation of tissues in the mouse embryo by macrophage pre-
cursors requires CX3CR1 and additional, as yet unknown,
receptors (Mass et al., 2016). We found CX3CRI1 expression on
fetal alveolar macrophage precursors, and the CX3CRI ligand
CX3CL1 is expressed in the human fetal and adult lung (Cao
et al., 2020; Travaglini et al., 2020). Therefore, CX3CRI is a
potential candidate receptor mediating the trafficking of
CD116*CD64~ macrophage precursors from the fetal liver to
the lung.

The surface phenotype of the fetal progenitor of human al-
veolar macrophages is distinct from known progenitors that give
rise to human monocytes during adult hematopoiesis in the
bone marrow, such as CD34*CD64™id granulocyte-monocyte
progenitors (Kawamura et al., 2017), CD34*CDI115*CD116"
monocyte-dendritic cell progenitors (Lee et al., 2015), CD34*
CD64*CD115*CD116* common monocyte progenitors (Kawamura
et al, 2017), and CD34-CD64"CD115*CDI116* premonocytes
(Breton et al., 2015; Kawamura et al., 2017). Furthermore,
CD116"CD64°CD14~ fetal progenitors of human alveolar
macrophages are different from CD116*CD64* fetal mono-
cytes that express CD14. Instead, the gene signature of fetal
CD34°Lin"CD116*CD64" alveolar macrophage precursors sug-
gests that they are the human equivalent of EMPs or down-
stream MYB*CD64- myeloid progenitors, which up-regulate
CD64 in response to M-CSF in vitro and give rise to CD64*
fetal monocytes and alveolar macrophages in mice (Gomez
Perdiguero et al., 2015; Hoeffel et al., 2015; Li et al., 2020;
Mass et al., 2016).

We found that both CD116*CD64~ and CD116*CD64* fetal liver
cells gave rise to human macrophages with an alveolar macro-
phage surface phenotype and gene signature. However, only
macrophages derived from CD116*CD64~ fetal precursors effi-
ciently catabolized lung surfactant. Compared with their CD64*
counterparts, CD116*CD64" fetal liver cells are likely the main
progenitor of mature human alveolar macrophages based on
their presence in the circulation and ability to migrate from the
liver to the lung, their proliferative gene signature associated
with efficient occupation of the alveolar niche, and their ability
to turn over lung surfactant. It is possible that EMP-like
CD116*CD64~ fetal precursors develop directly into alveolar
macrophages. Alternatively, CD116*CD64" fetal precursors could

Evren et al.
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further differentiate into CD116*CDé4" fetal monocytes and then
into human alveolar macrophages.

Lung transplantation data suggest that alveolar macrophages
in humans are derived from both embryonic precursors and
circulating monocytes (Bittmann et al., 2001; Byrne et al., 2020;
Eguiluz-Gracia et al., 2016; Kjellstrém et al., 2000; Nayak et al.,
2016). The current work, combined with our previous study
(Evren et al., 2021), demonstrates that, in a noncompetitive
situation, CD116* fetal liver cells and HSPC-derived CD14* blood
monocytes are precursors of human alveolar macrophages in
early and adult life, respectively. In mice, fetal monocytes
originating from CD115* progenitors in the fetal liver (Hoeffel
et al., 2015) seed the lung during the perinatal period and give
rise to alveolar macrophages (Guilliams et al., 2013; Schneider
et al,, 2014; Yu et al,, 2017). Similarly, under physiological con-
ditions, CD116*CDé64~ fetal precursors are likely the main pro-
genitor of human alveolar macrophages in early life. Consistent
with this idea, we found that fetal macrophage precursors had a
greater ability to occupy the alveolar compartment in early life
than adult blood monocytes. The observation that human CD116*
fetal precursors outcompeted CD14* blood monocytes in popu-
lating the perinatal alveolar niche in MISTRG mice is in line with
mouse studies (van de Laar et al., 2016) and with the need for
fetal macrophage precursors to physiologically occupy the niche
shortly after birth in mice (Guilliams et al., 2013) and humans
(Alenghat and Esterly, 1984; Bharat et al., 2016) in order to be
ready for environmental exposure after birth. Overall, our
findings are consistent with the concept that diverse, distinct
fetal and adult hematopoietic precursors contribute to tissue-
resident macrophages according to timed developmental waves
(Ginhoux and Guilliams, 2016).

We not only identified the progenitor of human alveolar
macrophages in early life but also addressed the fundamental
question of whether cellular origin or cues from the local tissue
environment determine the function of lung macrophages,
taking advantage of our unique model system to answer this
issue in the human context. We found that the local microen-
vironment shapes the transcriptome of human lung macro-
phages, irrespective of fetal or adult origin. Similar results have
been reported for mouse alveolar macrophages (Gibbings et al.,
2015; Lavin et al., 2014; van de Laar et al., 2016), indicating that
this is conserved between species. Moreover, our data demon-
strate that human macrophages originating from fetal or adult
progenitors were both able to reconstitute an empty alveolar
niche and to catabolize pulmonary surfactant, similar to what
has been reported for mouse alveolar macrophages (van de Laar
et al., 2016). Furthermore, mouse studies reported that fetal
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Figure 5. CD116*CD64" fetal liver cells give rise to human alveolar macrophages in vivo. (A) Intrahepatic injection of purified human Lin-CD116*CD64~
and Lin-CD116*CD64" populations from CD34~ fetal liver cells into newborn MISTRG mice. Lin markers were CD3, CD19, CD56, NKp46, and CD66abce. Cartoon
was adapted from Servier Medical Art. (B) Immunohistochemistry of lung sections from MISTRG mice 24 wk after transplantation with either human
Lin"CD116*CD64~ or Lin-CD116*CD64" fetal liver cells. Lung sections were stained with anti-human CD68 antibody (brown). Scale bars are 20 um. (C) Flow
cytometry of human CD45*CD11b*HLA-DR*CD206*CD169* lung macrophages in MISTRG mice 20 wk after transplantation. See Fig. S2 A for gating strategy.
(D) Number of human alveolar macrophages (AM) derived from Lin"CD116*CD64~ and Lin-CD116*CD64* fetal liver cells in MISTRG mice at 20 wk after
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transplantation. (E) Amounts of total protein in the BAL fluid of MISTRG 20-24 wk after transplantation with human Lin-CD116*CD64~ or Lin-CD116*CD64*
fetal liver cells. Newborn control MISTRG mice were either not transplanted or transplanted with human CD34* HSPCs from cord blood. Picture on the right
shows BAL fluid obtained from MISTRG mice transplanted with either Lin"CD116*CD64~ or Lin-CD116*CD64* fetal liver cells. aCD68, anti-CD68; hCD45,
human CD45; hi, high. Data are represented as mean = SEM. *, P < 0.05 (unpaired Student’s t test), or **, P < 0.01; ***, P < 0.001 (one-way ANOVA with
Tukey’s multiple comparison post hoc test). Data (B) show one lung sample representative of six to seven samples (individual mice) per group from two
independent experiments. Data (C) show one lung sample representative of six to seven samples (individual mice) per group from two independent ex-
periments. Data (C-E) are pooled from two independent experiments with n = 6 or 7 (C and D) or n = 7 or 8 (E) per group.

macrophage progenitors have a greater proliferative capacity
than their adult counterparts (Li et al., 2020; van de Laar et al.,
2016). Consistent with this concept, we found that fetal
CD116*CD64~ precursors of human alveolar macrophages had
higher expression of genes associated with proliferation and
outcompeted adult macrophage precursors (CD14* blood mono-
cytes) when reconstituting the alveolar niche. This indicates that
fetal-derived human alveolar macrophages may occupy the ni-
che faster than their adult-derived macrophages, but after niche
colonization, both populations have a similar turnover and
persist long-term.

In the healthy lung, resident macrophages of embryonic or-
igin play an essential anti-inflammatory role by clearing inhaled
microbes, dead cells, and surfactant. During severe lung injury,
resident macrophages with a tissue-protective function are re-
placed by macrophages derived from recruited blood monocytes.
We found that, compared with their counterparts originating
from fetal precursors, lung macrophages derived from adult
precursors had a gene signature characteristic of IFN-induced
macrophages (Evren et al., 2021) that likely arise from the in-
teraction with T lymphocytes (Mulder et al., 2021). These blood
monocyte-derived macrophages are more pro-inflammatory and
cause lung damage in important diseases, such as COVID-19 (Bost
et al,, 2020; Liao et al., 2020; Wauters et al., 2021). The human
fetal progenitor that we identified is therefore a potential target
to regenerate tissue-protective macrophages in order to limit
organ damage and promote tissue repair in the injured lung.

The discovery of human lung macrophage progenitors and
their developmental paths is an important step forward. Our
in vivo study reveals not only the embryonic origin of human
alveolar macrophages but also the impact of cell origin on hu-
man lung macrophage specification and function. Therefore,
this study provides new insights into the ontogeny of human
lung macrophages, which could be used in the long term to
develop macrophage-based therapies for important lung dis-
eases in humans.

Limitations of the study

A limitation of our experimental approach is that cell trans-
plantation into an empty alveolar niche in MISTRG mice mainly
assigns progenitor potential. However, the alveolar niche is also
physiologically empty during development when macrophage
precursors develop into alveolar macrophages early in life. An-
other limitation is that prenatal events of human lung macro-
phage development (Miah et al., 2021) cannot be studied and
that human macrophage precursors develop in a mouse lung
environment with potentially altered species-specific cell-cell
interactions. The latter is relevant as environmental cues drive
macrophage phenotype and function in different tissues (Amit
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et al,, 2016; Lavin et al., 2014). However, production of human
GM-CSF and M-CSF by the mouse lung epithelium is sufficient
to support the development of human alveolar macrophages in
MISTRG mice. Moreover, certain types of human cells that may
regulate alveolar macrophage function, such as basophils (Cohen
et al.,, 2018), might not develop optimally in MISTRG mice. De-
spite its limitations, our study provides important information
about the origin and development of human alveolar macro-
phages that is difficult to obtain with other approaches.

Materials and methods

Mice

MISTRG mice homozygous for the human genes encoding
M-CSF, IL-3/GM-CSF, signal regulatory protein o (SIRPa), and
thrombopoietin in the Rag2~/-Il2rg~/~ 129 x BALB/c (N2) genetic
background were previously described (Rongvaux et al., 2014).
MISTRG mice were used under Material Transfer Agreements
with Regeneron Pharmaceuticals and Yale University. For this
study, we used an improved version of MISTRG mice with the
SIRPA knock-in allele (Deng et al., 2015) instead of the SIRPA
transgene as in the original MISTRG mice. As recipients for
transplantation with human cells (see below), MISTRG mice
were used that were either homozygous or heterozygous for
SIRPA knock-in. Heterozygous mice were derived from breeding
MISTRG mice (homozygous for SIRPA) with MITRG mice
(lacking the SIRPA knock-in allele; Rongvaux et al, 2014).
MISTRG mice were rederived by embryo transfer at Karolinska
Institutet and maintained in individually ventilated cages under
specific pathogen-free conditions without any prophylactic an-
tibiotics. Mice (both males and females) were generally used at
7-26 wk after transplantation with human cells. Mice did not
receive any irradiation as preconditioning before transplanta-
tion. Whenever possible, littermates were used as controls. All
mouse experiments were performed in accordance with proto-
cols approved by the LinkSping Animal Experimentation Ethics
Committee (#29-15, 03127-2020).

Human tissues

For transplantation of MISTRG mice, frozen fetal liver cells from
second trimester were obtained from Yale University collected
as part of a previous study (Rongvaux et al., 2014). Umbilical
cord blood and buffy coats were obtained from caesarean sec-
tions and the Blood Bank at Karolinska University Hospital
Huddinge, respectively. The collection of all human tissues was
approved by local Ethical Review Boards at Karolinska Institutet
(#2006/229-31/3, 2015/1368-31/4, 2015/2122-32, 2016/1415-32,
2018/2162-32) and Yale University (#0804003766). Flow cy-
tometry of fetal liver and fetal lung was performed at Institut
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represented as mean + SEM. Data (A) show one blood sample representative of six or seven samples (individual mice) per group from two independent
experiments. Data (C) show one blood and lung sample representative of two to six samples per group from two independent experiments. Bar graphs (A and
C) show data pooled from two independent experiments with n = 6-7 (A) or n = 2-6 (C) per group.

Pasteur with fetal tissues (15-23 wk of gestation) that were ob-
tained from Advanced Bioscience Resources Inc. following ap-
proval by an institutional medical ethical committee at Institut
Pasteur and by the French Ministry of Education and Research
(#2018-1003(10)M1). Informed consent was obtained from all
tissue donors following verbal and written information, and the
investigations were conducted according to the Declaration of
Helsinki.

Transplantation of MISTRG mice with human cells

For transplantation with human HSPCs, CD34"* cells were iso-
lated from pooled cord blood by density gradient centrifugation
and positive immunomagnetic selection using a CD34* mi-
crobead kit (Miltenyi Biotec). Newborn MISTRG mice (3-5 d old)
were transplanted with 10° human CD34* cells (usually >90%
purity) by intrahepatic injection as previously described (Evren
et al., 2021). HSPCs were pooled from several donors for
transplantation.

For transplantation with human CD34- fetal liver cells, the
CD34- fraction of fetal liver was obtained after isolation of
CD34* cells by density gradient centrifugation and positive im-
munomagnetic selection using a CD34* microbead kit (Miltenyi
Biotec) as described (Rongvaux et al., 2014). Frozen CD34-
depleted fetal liver cells were then further purified by cell
sorting into the indicated cell populations (purity 295%).
Newborn MISTRG mice (3-5 d old) received purified cells
either via the intranasal route (0.5-1 x 10° cells in 7 pl PBS) or
by intrahepatic injection (10° cells in 20 pl PBS). Control mice
received PBS only or no cell injection as indicated. SIRPA
homozygous and heterozygous MISTRG mice were used for
intranasal and intrahepatic cell transfer, respectively. Recip-
ient mice were analyzed at the indicated times after cell
transfer.

For competitive precursor transfer experiments, CD14*CD16~
blood monocytes were purified from buffy coats as described
(Evren et al., 2021). Blood monocytes were first enriched by
negative immunomagnetic selection using EasySep Human
Monocyte Enrichment kit (StemCell Technologies, Inc.), and
then CD14*CD16- monocytes were further purified by cell
sorting (purity 295%). CD45*CD34-Lin~CD116*CD64-CD14"
cells were purified by cell sorting from the CD34~ fraction of
fetal liver (purity 295%). Purified macrophage precursors
(CD14*CD16~ blood monocytes and CD116*CD64" fetal liver
cells) were mixed 1:1 for adoptive transfer and administered in-
tranasally into newborn MISTRG mice (3-4 x 10° cells in total).
The input ratio was confirmed by flow cytometry based on CD14
surface expression. Surface expression of HLA-A and HLA-B al-
leles was determined for each cell origin (buffy coat or fetal liver)
by flow cytometry with a panel of allele-specific antibodies. Cell
origin of human lung macrophages obtained from MISTRG mice
was determined with allele-specific HLA-A and HLA-B antibodies
13 wk after transfer.

Evren et al.
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Isolation of immune cells from transplanted MISTRG mice
Lungs were perfused with 10 ml ice-cold PBS and digested in
RPMI 1640/5% FCS with 0.2 mg/ml of collagenase IV (Sigma-
Aldrich) and 0.02 mg/ml of DNase I (Sigma-Aldrich) for 60 min
at 37°C. Digested cells were then passed sequentially through 18-
and 20-G needles before density gradient centrifugation using
Lymphoprep (StemCell Technologies, Inc.). BAL fluid was col-
lected by inflating the lungs three times with 0.8 ml PBS via a
catheter inserted into the trachea. BAL fluid was then centri-
fuged, the pellet resuspended in RPMI 1640/5% FCS, and BAL
cells purified for flow cytometry by density gradient centrifu-
gation. The supernatants were frozen at -80°C and the total
protein concentration in BAL supernatants determined using the
Bicinchoninic acid assay kit (Thermo Fisher Scientific) accord-
ing to the manufacturer’s instructions. Blood was taken by
cardiac puncture and diluted in 200 U/ml heparin (Sigma-
Aldrich). Erythrocytes were removed using red blood cell lysis
buffer (obtained from Karolinska University Hospital) and the
remaining immune cells stained for flow cytometry analysis.

Cell isolation from fetal liver and fetal lung for flow cytometry
Fetal lungs were cut into small pieces and digested in RPMI 1640
(Life Technologies) with 25 pg/ml Liberase TL (Roche), 100
pg/ml DNase I (Roche), 100 U/ml penicillin, and 100 ug/ml
streptomycin (Thermo Fisher Scientific) for 60 min at 37°C and
filtered through a 100-pm cell strainer (Corning). Fetal livers
were cleaned from vascular tissue, paddle-blended in a sterile
bag, filtered through a 100-pm cell strainer (Corning), and
centrifuged on a Ficoll (GE Healthcare) density gradient. Mon-
onuclear cells were recovered and CD34* cells depleted using the
CD34* microbead kit (Miltenyi Biotec). Cell preparation steps
were performed using RPMI 1640 supplemented with 100 U/ml
penicillin, 100 pg/ml streptomycin, and 2% FCS unless indicated
otherwise. Cells were frozen in FCS with 10% DMSO (Sigma-
Aldrich) at -80° until used for flow cytometry.

Flow cytometry and cell sorting

Single-cell suspensions from human fetal liver and lung as well
as from lung and blood of MISTRG mice were stained with
fluorochrome- or biotin-labeled anti-human antibodies in FACS
buffer (PBS/2% FCS) for 30 min on ice, followed by secondary
staining with streptavidin-Brilliant Violet 711 (BD Biosciences)
for 30 min on ice. To exclude T cells, B cells, natural killer cells,
and granulocytes, a Lin cocktail was used, which consisted of
CD3, TCRaP, TCRy§, CD19, CD20, CD56, CD94, NKp46, and
CDé6abce (for flow cytometry of fetal liver and lung) or CD3,
CD19, CD56, NKp46, and CDé6abce (for cell sorting and flow
cytometry of MISTRG mice). For staining of fetal liver and fetal
lung, Fc receptors were blocked using IgG from human serum
(Millipore Sigma) and nonspecific dye binding inhibited by us-
ing True-Stain Monocyte Blocker solution (BioLegend). After
surface staining, cells were stained with fixable viability dye
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Figure 7. Human fetal liver and lung contain CD116*CD64-CD115*CX3CR1* lung macrophage precursors. (A and B) Flow cytometry analysis of CD116-
expressing macrophage precursors in human fetal liver (A) and fetal lung (B) at wk 21 and 22 of gestation, respectively. After pregating on CD45*CD34 cells
(see Fig. S5 for gating strategy), macrophage precursors were gated as shown. Lin markers were CD3, TCRaB, TCRy§, CD19, CD20, CD56, CD94, NKp46, and
CD66abce. Data (A and B) are representative of fetal liver and fetal lung samples at 15-23 wk of gestation from two independent experiments (n = 12).
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staining control (No BrdU control). (C) Frequencies of BrdU* lung macrophages of fetal or adult origin after the pulse and at the end of the chase period. hCD45,
human CD45. Data are represented as mean + SEM. **, P < 0.01 (one-way ANOVA with Tukey’s multiple comparison post hoc test). Data (B) show one lung
sample representative of two to five samples (individual mice) per group from two independent experiments. Data (C) are pooled from two independent

experiments with n = 2-5 per group.

eFluor506 or eFluor455UV (Thermo Fisher Scientific) according
to the manufacturer’s instructions. Cells were fixed in PBS/2%
paraformaldehyde and acquired on a LSR II Fortessa or Sym-
phony A5 flow cytometer (BD Biosciences), and data were ana-
lyzed with FlowJoV10 software. The indicated cell populations
were sorted into RPMI 1640/30% FCS medium using a BD
FACSAria I1I (BD Biosciences) or a MA900 (Sony Biotechnology)
cell sorter.

The following antibodies were used for flow cytometry and
cell sorting: biotinylated anti-human CD3 (OKT3; Thermo Fisher
Scientific or UCHTI; BioLegend), CD19 (HIB19; Thermo Fisher
Scientific or BioLegend), CD20 (2H7; BioLegend), CD56 (HCD56;
BioLegend), CDé66abce (REA1230 or TET2; Miltenyi Biotec),
CD94 (REAL13; Miltenyi Biotec), NKp46 (9E2; BioLegend), TCRaf
(IP26; BioLegend), TCRy8 (BL, BD Biosciences), HLA-BI2
(REA138; Miltenyi Biotec); conjugated anti-human CDlc BV785
(L161; BioLegend), CD1c BV650 (L161; BioLegend), CD11b PerCP-
Cy5.5 (ICRF44; BioLegend), CDI1lb BUV737 (M1/70; BD Bio-
sciences), CDIlb BB515 (ICRF44; BD Biosciences), CDllc R718
(B-ly6; BD Biosciences), CD14 BV421 (M5E2; BioLegend), CD14
BV480 (M¢P9; BD Biosciences), CD16 PE-Cy7 (3G8; BioLegend),
CD33 BUV805 (WMS53; BD Biosciences), CD34 PE-Dazzle594
(581; BioLegend), CD34 BV650 (563; BD Biosciences), CD34
FITC (581; BD Biosciences), CD45 APC-Cy7 (HI30; BioLegend),
CD45 BUV395 (HI30; BD Biosciences), CD45 BV785 (HI30; Bio-
Legend), CD64 BUV737 (10.1; BD Biosciences), CD64 PE-
Dazzle594 (10.1; BioLegend), CD88 APC (S5/1; BioLegend),
CD88 PE-Cy7 (S5/1; BioLegend), CD115 PE-Cy7 (9-4D2-1E4; Bio-
Legend), CD116 PE (4H1; Thermo Fisher Scientific or BioLegend),
CD141 BV785 (M80; BioLegend), CD141 BV650 (1A4; BD Bio-
sciences), CD163 BV650 (GHI/61; BD Biosciences), CD169 APC
(7-239; BioLegend), CD169 BV421 (7-239; BioLegend), CD206
BV605 (19.2; BD Biosciences), CX3CR1 BB515 (2A9-1; BD
Biosciences), HLA-A2 AF700 (BB7.2; BioLegend), HLA-A9
APC (REA127; Miltenyi Biotec), HLA-B8 APC-Cy7 (REA145;
Miltenyi Biotec), HLA-DR BUV395 (G46-6; BD Biosciences),
HLA-DR APC-Fire750 (L243; BioLegend), HLA-DR BV650
(L243; BioLegend), and conjugated anti-mouse CD45 AF700
(30-F11; BioLegend).

Immunohistochemistry

PBS-perfused lungs were collected, fixed in 4% paraformalde-
hyde for 24-48 h, and then stored in 70% ethanol. Dehydrated
lungs were embedded in paraffin and cut into 5-um sections.
Lung sections were rehydrated by successive washes in xylene
(Sigma-Aldrich), 100% ethanol, 95% ethanol, 70% ethanol, and
50% ethanol. Heat-induced epitope retrieval was performed in
citrate buffer (10 mM citrate, pH 6.0), and excess aldehyde was
quenched with 0.2 M glycine. After blocking with 10% normal
goat serum (Dako), sections were stained with mouse anti-
human CD68 antibody (clone PG-MI; Dako), diluted 1:100 in
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2% normal goat serum/PBS overnight at 4°C, followed by a bi-
otinylated goat anti-mouse IgG secondary antibody (Dako), di-
luted 1:200 in 2% normal goat serum/PBS for 1 h at room
temperature. Endogenous peroxidase activity was removed by
an additional blocking step in 1% hydrogen peroxide/methanol
(Sigma-Aldrich). Staining was revealed with the DAB Peroxidase
(HRP) Substrate Kit and Vectastain Elite Kit (both from Vector
Labs). Finally, slides were counterstained in hematoxylin
(Sigma-Aldrich), dehydrated, and mounted using Permount.

Macrophage turnover

Newborn MISTRG pups were transplanted intrahepatically with
either 10° CD34* HSPCs or Lin~CD116* fetal liver cells and then
used for BrdU pulse-chase experiments 7 wk after transplanta-
tion. For the BrdU pulse, transplanted MISTRG mice received an
initial intraperitoneal injection of 1.5 mg BrdU (BD Biosciences)
per mouse, followed by continuous BrdU treatment (0.8 mg/ml
in drinking water supplemented with 10% sucrose) for 10 d
(with fresh BrdU water prepared every 1-2 d). Mice were then
either sacrificed following the pulse period or kept on drinking
water without BrdU for a chase period of 4 wk. BrdU incorpo-
ration was determined in human CD11b*HLA-DR*CD206*CD169*
lung macrophages after pulse and after chase by flow cytometry
using the BrdU APC Flow Kit (BD Biosciences). Human lung
macrophages from HSPC-engrafted MISTRG mice that were not
treated with BrdU were used as staining control to set up the
BrdU* gate.

Gene signatures of human lung macrophages and

their precursors

To define the gene signature of adult precursors of human al-
veolar macrophages, CD14*CD16-~ blood monocytes were puri-
fied from buffy coats by immunomagnetic selection and by cell
sorting as described above. To define the gene signatures of fetal
precursors of human alveolar macrophages, fetal monocytes
(CD45*CD34"Lin~CD116*CD64*CD88*CD1c/CD141°CD206-CD169")
and fetal precursor-like cells (CD45*CD34 LinCD116*CD64~CDlc/
CD141-CD14~) were purified from the CD34" fraction of fetal liver
by cell sorting. Both adult and fetal precursors (purity >95%) were
directly sorted into RLT buffer or RLT plus buffer (Qiagen). Adult
blood monocytes and fetal alveolar macrophage precursors had
each three replicates, while there were four replicates for fetal
monocytes, of which two replicates were pooled together after
RNA extraction for a total of three replicates.

To define the gene signatures of human macrophages of
different precursor origin, human cells with an alveolar mac-
rophage surface phenotype (CD45*CD11b*HLA-DR*CD206*CD169*)
were purified from MISTRG mice 13 wk after intrahepatic trans-
plantation of newborn mice with either adult (2 x 10° CD34* HSPCs;
three replicates) or fetal precursors (2 x 10° CD34-Lin~CD116*CD64"
or CD34-Lin-CD116*CD64* fetal liver cells; three and two replicates,
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Figure 9. Fetal macrophage precursors outcompete adult monocytes in occupying the perinatal alveolar niche in MISTRG mice. (A) Experimental
setup of competitive adoptive transfer experiment. Purified fetal and adult macrophage precursors (Lin"CD116*CD64-CD14- fetal liver cells and CD14*CD16"
blood monocytes) were mixed 1:1 and administered intranasally into newborn MISTRG mice. Cartoon was adapted from Servier Medical Art. (B) Flow cy-
tometry of cell mixture before transfer into MISTRG mice to verify the input ratio (left) and to determine surface expression of distinguishing HLA alleles (HLA-
A9 versus HLA-B12). (C) Flow cytometry of human alveolar macrophages after competitive transfer of fetal and adult macrophage precursors into MISTRG
mice. Human lung macrophages were gated as CD45*CD11b*HLA-DR*CD206*CD169* cells. Fetal- versus adult-derived lung macrophages were distinguished
by surface expression of HLA-A9 and HLA-B12 as in B. (D) Frequency of fetal- versus adult-derived human alveolar macrophages in MISTRG mice. hCD45,
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human CD45. Data are represented as mean + SEM. ****, P < 0.0001 (unpaired Student’s t test). Data (B) show one representative sample from two in-
dependent experiments. Data (C) show one lung sample representative of six samples (individual mice) from two independent experiments. Data (D) are pooled

from two independent experiments with n = 6.

respectively). HSPC-engrafted MISTRG mice were injected i.v. with
2 pg of PE-conjugated anti-human CD45 antibody (HI30;
BioLegend) before lung harvest to exclude i.v. CD45-PE* pulmo-
nary intravascular macrophages from the sorted CD45*CD11b*HLA-
DR*CD206*CD169* subset as described (Evren et al., 2021).

Samples were sent to the Bioinformatics and Expression
Analysis Core Facility at Karolinska Institutet for RNA extrac-
tion, amplification, and hybridization to human Clariom D
cartridge microarrays (Applied Biosystems). Transcriptome
Analysis Console software (Thermo Fisher Scientific) was used
for the analysis of the microarray data. Signal values were
log2-transformed and normalized using the Signal Space
Transformation-Robust Multiple-array Average method. Gene
expression between different cell populations was compared
using ANOVA with eBayes analysis. Multiple testing correction
was performed based on Benjamini-Hochberg to calculate false
discovery rate (FDR)-corrected P values. Genes with a fold
change >2 and an FDR-corrected P value <0.05 were considered
differentially expressed between paired cell populations. Gene
Ontology over-representation analysis (Biological Process) was
performed with WebGestalt (http://webgestalt.org/) using de-
fault parameters.

The gene expression data are available in GEO under acces-
sion nos. GSE190256 (fetal and adult precursors of human alveolar
macrophages) and GSE190257 (human alveolar macrophages of
fetal versus adult origin).

Bead-based fate-mapping of circulating lung macrophage
precursors

To fate-map circulating macrophage precursors, MISTRG mice
were injected i.v. as described (Evren et al., 2021) with 100 pl of
0.5-um-microsphere Fluoresbrite PC red/PE beads (Poly-
sciences; diluted 1:10) 5-7 wk after intrahepatic transplantation
with Lin-CD116* fetal liver cells. With this protocol, injected
beads were captured by CD116*CD64- circulating precursors, the
cell subset present predominantly in the blood at this time point.
Mice were sacrificed 7 d after bead injection, i.e., 6-8 wk after
initial cell transplantation, and lungs harvested to determine the
frequency of fluorescent bead* lung macrophages by flow cy-
tometry. Human lung macrophages from HSPC-engrafted MISTRG
mice that were not injected with beads were used as staining
control for the bead* gate.

Quantification and statistical analysis

Statistical parameters including number of biological replicates
and repeat experiments, data dispersion and precision measures
(mean and SEM), and P values for statistical significance (o =
0.05) are reported in the figures and figure legends. Student’s
t test was used to determine statistical significance between two
groups. For multigroup comparisons, we applied one-way ANOVA
with post hoc testing using Tukey’s multiple comparison test.
Statistical analysis was performed using GraphPad Prism 7.
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Online supplemental material

Fig. S1 shows the gating strategy for flow cytometry of fetal liver
cells in Fig. 1. Fig. S2 shows the flow cytometry gating strategy
for human hematopoietic cells in the lung and blood of MISTRG
mice in Figs. 3, 4, 5, and 6. Fig. S3 shows the immunohisto-
chemistry controls for Figs. 3 and 4. Fig. S4 shows flow cytom-
etry for human lung macrophages with an interstitial surface
phenotype in MISTRG mice transplanted with either CD1l6*
fetal liver cells or HSPCs. Fig. S5 shows the flow cytometry
gating strategy for fetal lung and fetal liver cells in Fig. 7. Table
S1 (related to Fig. 2) contains the gene expression profiles of
CD116*CD64~ fetal precursors and CD116*CDé64* fetal monocytes
from human fetal liver as well as the gene expression profile of
CD14*CD16" adult monocytes from human blood. Table S2 (re-
lated to Fig. 10) contains the gene expression profiles of human
lung macrophages derived from fetal precursors (CD116*CD64"
or CD116*CD64" fetal liver cells) or from adult precursors (CD34*
HSPCs) in MISTRG mice.
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Figure 10. Gene signatures of human alveolar macrophages of fetal versus origin. (A) Experimental outline to define the gene expression profiles of
human alveolar macrophages (AMs) derived from the indicated fetal and adult precursor populations. Cartoon was adapted from Servier Medical Art.
(B) Volcano plots of differentially expressed genes (DEGs) between the indicated cell populations. Log2 fold change is plotted versus -logyo P value (not
corrected for multiple testing). DEGs with a log2 fold change >1 and an FDR-corrected P value <0.05 are highlighted in blue and red. (C) Bar graphs showing
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expression of selected genes in human lung macrophages derived from fetal precursors (CD116*CD64~ and CD116*CD64* fetal cells) and adult precursors
(CD34* HSPCs). Data are represented as mean + SEM. (D) Gene ontology analysis of DEGs up-regulated in human lung macrophages derived from adult
precursors compared with fetal precursors.GCAS, GeneChip Array Station; HTA, Human Transcriptome Array. Data (B-D) are from a single microarray ex-
periment with two to three replicates (individual mice) per cell population obtained from three independent cell sorting experiments.
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Figure S1. Gating strategy to identify candidate macrophage precursors in human fetal liver. Single-cell suspensions from fetal liver (17 wk gestation)
were first gated on live CD45*Lin"CD34~ single cells before gating on CD116* cells as shown in Fig. 1 A. Lin markers were CD3, TCRaf, TCRy$, CD19, CD20,
CD56, CD94, NKp46, and CD66abce. FSC-A, forward scatter area; FSC-H, forward scatter height; SSC-A, side scatter area; SSC-H, side scatter height. Data are
representative of two independent experiments with 12 fetal liver samples at 15-23 wk of gestation. The red numbers indicate the order of the flow cytometry

plots (sequential gating of cells).
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Figure S2. Gating strategy to identify human hematopoietic cells in MISTRG mice. (A) Single-cell suspensions from the lung of MISTRG mice were gated
on human CD45* single cells before gating on human lung macrophages in Fig. 3, B and C, Fig. 4, B and C, and Fig. 5 C. hCD45, human CD45; mCD45, mouse
CD45. (B) Blood cells from MISTRG mice were gated on human CD45* single cells before gating on circulating human macrophage precursors in Fig. 4 G and
Fig. 6 A. FSC-A, forward scatter area; FSC-H, forward scatter height; FSC-W, forward scatter width; hCD45, human CD45; mCD45, mouse CD45; SSC-A, side
scatter area. Data (A) show one lung sample representative of three to five samples (individual mice) from three independent experiments. Data (B) show one
blood sample representative of seven to nine samples (individual mice) from two independent experiments. The red numbers indicate the order of the flow
cytometry plots (sequential gating of cells).
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A Lung - 24 weeks post-injection

Figure S3. Controls for immunohistochemistry of lung sections. (A and B) Immunohistochemistry of lung sections from MISTRG mice 24 wk after in-
tranasal (A) or intrahepatic (B) transplantation with the indicated cell populations (as in Fig. 3 E and Fig. 4 E). Control mice received PBS or no cells (naive). Lung
sections were stained with anti-human CD68 antibody (brown). Scale bars are 20 um. aCD68, anti-CD68. Data (A and B) show one lung sample representative
of three to four samples (individual mice) from three independent experiments (A) or representative of two samples (individual mice) from two independent
experiments (B).
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Figure S4. Human interstitial lung macrophages do not develop in MISTRG mice transplanted with CD116* fetal liver cells. (A and B) Flow cytometry
of human interstitial macrophages in lung tissue from MISTRG mice 24 wk after transplantation with human CD116* fetal liver cells (A) or CD34* HSPCs (B).
Interstitial lung macrophages were gated as CD45*CD11b*CD14*CD16-CD64*CD206*HLA-DR* cells. FSC-A, forward scatter area; hCD45, human CD45; M@,
macrophages. Data (A and B) show one lung sample representative of three to five samples (individual mice) per group from three independent experiments.
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Figure S5. Gating strategy to identify macrophage precursors in human fetal liver and lung. (A and B) Single-cell suspensions from human fetal liver (A)
and lung (B) at wk 21 and 22 of gestation, respectively, were first gated on live CD45*CD34" single cells before gating on macrophage precursors in Fig. 7, A and
B. FSC-A, forward scatter area; FSC-H, forward scatter height; SSC-A, side scatter area; SSC-H, side scatter height. Data are representative of two independent
experiments. Data (A and B) are representative of two independent experiments with 12 fetal liver and lung samples at 15-23 wk of gestation. The red numbers
indicate the order of the flow cytometry plots (sequential gating of cells).
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Table S1 and Table S2 are provided online as separate Excel files. Table S1 shows gene expression profiles of human CD14* blood
monocytes, CD116*CD64" fetal liver monocytes, and CD116*CD64~ fetal alveolar macrophage (AM) precursors. Table S2 shows gene
expression profiles of human lung macrophages derived from CD116*CD64* fetal monocytes, CD116*CD64" fetal precursors, and
CD34* HSPCs in MISTRG mice.
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Dichotomous metabolic networks govern human
ILC2 proliferation and function
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Group 2 innate lymphoid cells (ILC2s) represent innate homo-
logs of type 2 helper T cells (T,,2) that participate in immune
defense and tissue homeostasis through production of type 2
cytokines. While T lymphocytes metabolically adapt to micro-
environmental changes, knowledge of human ILC2 metabo-
lism is limited, and its key regulators are unknown. Here, we
show that circulating ‘naive’ ILC2s have an unexpected meta-
bolic profile with a higher level of oxidative phosphorylation
(OXPHOS) than natural killer (NK) cells. Accordingly, ILC2s
are severely reduced in individuals with mitochondrial dis-
ease (MD) and impaired OXPHOS. Metabolomic and nutri-
ent receptor analysis revealed ILC2 uptake of amino acids to
sustain OXPHOS at steady state. Following activation with
interleukin-33 (IL-33), ILC2s became highly proliferative,
relying on glycolysis and mammalian target of rapamycin
(mTOR) to produce IL-13 while continuing to fuel OXPHOS
with amino acids to maintain cellular fitness and proliferation.
Our results suggest that proliferation and function are meta-
bolically uncoupled in human ILC2s, offering new strategies to
target ILC2s in disease settings.

ILCs have important roles in systemic as well as local tissue
immunity and are involved in early immune responsiveness and
regenerative processes that restore homeostasis'~*. Five ILC subsets
(ILC1, ILC2, ILC3, lymphoid tissue inducer cells (LTi) and NK cells)
have been described both in mice and humans based on their tran-
scription factor dependency and signature cytokine production* .
ILC2s rely on the transcription factor GATA-3 for development and
for regulation of the expression of type 2 cytokines, including IL-5,
IL-9 and IL-13, and amphiregulin in response to alarmins, such as
IL-33 (refs. ''-'*). ILC2s reside mostly in barrier tissues; however,
they can also enter the circulation and traffic between tissues'*".
In mice, two subsets have been identified: the tissue-resident natu-
ral ILC2s (nILC2s) and the inflammatory ILC2s (iILC2s), which
are generated following the induction of type 2 inflammation in
response to IL-25 and have the capacity to migrate*~’. Whether
this dichotomy exists in humans is still a matter of debate. Human
circulating ILC2s are described as CD45RA* naive cells, which
reside in a resting state and are then recruited into tissues to become
activated'””". Circulating and tissue-resident human ILC2s have

3, Naomi Taylor®, Ido Amit

8, Olimpia Musumeci® and

heterogeneous phenotypes and functions"”*, but their key regula-
tors remain poorly defined.

Mitochondria play a central role in cellular metabolism and are
integral to a functional immune response®. Immunometabolism
studies on T cells have defined specific metabolic programs (gly-
colysis and OXPHOS) following activation and differentiation®-"".
Metabolite tracing revealed that activated T cells are preferentially
glycolytic and take up glutamine to replenish tricarboxylic acid
(TCA) cycle intermediates during cell proliferation and cytokine
production®. By contrast, memory T cells exhibit a metabolic switch
to fatty acid (FA) metabolism, mitochondria fusion and increased
respiration®. However, single-cell metabolic flux analysis revis-
ited this concept of a direct naive-to-activated T cell metabolic
switch, showing that naive T cells are metabolically heterogeneous
and explore ‘metabolic checkpoints’ before engaging into a spe-
cific program, which would then dictate downstream function™.
While ILC2s have been reported to rely on nutrients other than
glucose, including FA***” and arginine®, it is not known how differ-
ent metabolic identities in ILC2s are generated following activation
and linked to their biological roles. Here, we show that circulating
naive human ILC2s reside in a highly active metabolic state relying
on branched chain amino acids (BCAAs) and arginine to support
mitochondrial OXPHOS. Following activation, ILC2s leverage their
enhanced amino acid metabolism for rapid proliferation but engage
glycolysis for effector cytokine production. The independent regu-
lation of proliferation and effector function by dichotomous meta-
bolic pathways opens avenues for manipulating ILC2s in disease
settings.

We used MitoTracker Green FM and tetramethylrhodamine
(TMRM) staining as described in ref. * to assess mitochondrial
mass and membrane polarization (Ay,,) in human blood ILC2s
isolated from healthy donors. CD56*CD16* NK*™ cells (Extended
Data Fig. 1a,b) were used as an ILC reference for comparison.
Previous studies suggested that blood ILC2s were naive'”*; how-
ever, fluorescence-activated cell sorting (FACS) analysis revealed
that they have two times the mitochondrial mass of NK%™ cells (Fig.
la). Despite heterogeneity across donors (Extended Data Fig. 1c),
TMRM intensity and TMRM/MitoTracker ratios were consistently
higher in ILC2s at steady state (Fig. 1a). As mitochondria fission and
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fusion are associated with glycolysis and OXPHOS, respectively*,
we studied mitochondrial morphology and confirmed that ILC2s
have higher mitochondrial mass and polarization than that observed
in NK cells and they present fused mitochondria (Extended Data
Fig. 1d,e). Because of their relative scarcity in blood, we could not
monitor real-time ILC2 oxygen consumption or glycolytic rates.
Instead, we measured ATP and ADP by mass spectrometry. We
found that circulating ILC2s have high cytosolic ATP/ADP ratios
compared to that observed in NK™ cells (Extended Data Fig. 1f and
Supplementary Data 1), consistent with enhanced mitochondrial
function and inhibition of glycolysis. Memory T cells have highly
polarized mitochondria and enhanced OXPHOS compared to naive
T cells”-*'. When comparing TMRM and MitoTracker patterns in
ILC2s versus in naive and central/effector memory CD4* T cell sub-
sets (Extended Data Fig. 2a), ILC2s showed a distinct mitochondrial
signature, suggesting exposure to environmental signals.

We next assessed the bioenergetic profile of tissue ILC2s. Despite
their scarcity (Extended Data Fig. 2b), tonsil ILC2s appeared to have
similar phenotypic and functional profiles as their blood counter-
parts”. Tonsil ILC2s (detected as Lin-CD127+*CD161*GATA-3+ST2*
cells; Extended Data Fig. 2c—e) showed similar mitochondria polar-
ization and mass as blood ILC2s (Extended Data Fig. 2f), suggesting
a close metabolic relationship. One explanation is that some tonsil
ILC2s may be blood derived and not (yet) affected metabolically by
local environmental signals, which could include IL-2, IL-7, IL-33
and/or other cytokines.

Individuals with MDs (impaired OXPHOS) have a twofold
reduction in frequencies of blood NKY™ cells and a preferential
loss of long-lived ‘memory-like’ NK4™ cells*. Reductions in blood
ILC2s in individuals with MDs were even more profound (about
80%) (Fig. 1b and Extended Data Fig. 3a), while other lymphoid
subsets (CD4* and CD8* T cells) were less affected (Extended Data
Fig. 3b). Interestingly, residual ILC2s in individuals with MDs
showed decreased GATA-3 expression (Fig. 1c), decreased mito-
chondrial mass and polarization (Fig. 1d) and more Annexin-V*
cells (Extended Data Fig. 3c), suggesting a requirement for mito-
chondrial function in ILC2 homeostasis.

As defects in components of the mitochondrial ETC underlie
MDs in affected individuals (Supplementary Table 1), we corrob-
orated these findings by exposing blood ILC2s to ETC inhibitors
(Extended Data Fig. 3d,e). Inhibition of complexes I (rotenone)
and III (antimycin A) significantly decreased the percentage of
MitoTracker*TMRM* cells (Fig. lef) and impaired membrane
potential, but not mitochondrial mass, in both ILC2s and NK9™
cells (Fig. 1g and Extended Data Fig. 3e). We observed that rotenone
and antimycin A, but not complex II inhibition (TTFA), strongly
impaired ILC2 survival, whereas NK%™ cells were largely unaffected
(Fig. 1h). These results further support the essential role for active
ETC complex I and complex III for survival of blood ILC2s.

We next purified ILC2s and analyzed the cellular metabolome
using high-resolution mass spectrometry (Supplementary Data 1).
Pathway analysis revealed an enrichment in metabolites from
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arginine, BCAAs (valine, leucine/isoleucine) and glutamine metab-
olism (Extended Data Fig. 4a). Valine and isoleucine were the most
abundant amino acids in circulating ILC2s, followed by arginine
and glutamate (Fig. 2a). Arginine and glutamine/glutamate have
been described to play a role in lymphocyte proliferation®**?, while
BCAAs are essential amino acids required for mTOR activation®.
We detected enhanced expression of SLC3A2 (light subunit of the
LAT1 receptor) and SLC43A2 (LAT4) in ILC2s (Fig. 2b). LAT1 and
LAT4 preferentially transport BCAAs. Steady-state blood ILC2s
showed high surface expression of CD98 (LAT1) but not GLUT1
(glucose transporter) or CD36 (FA transporter). ASCT2 (glutamine
transporter) was also highly expressed (Fig. 2¢), providing an expla-
nation for the high glutamate levels observed in circulating ILC2s
(Fig. 2¢). We found a similar pattern of nutrient transporter expres-
sion on tonsil ILC2s (Extended Data Fig. 4b).

Pharmacological inhibition of glycolysis (2DG), arginase-1
(nor-NOHA), glutamine conversion into glutamate (BPTES) and
BCAA transaminase that converts BCAA into glutamate (BCAT1)
(Fig. 2d) did not impact ILC2 cell number at the concentration used
(Extended Data Fig. 4c). However, inhibition of arginase-1 and
BCAT resulted in a reduced percentage of MitoTracker*TMRM*
ILC2s (Fig. 2e,f), with a significant reduction in mitochondrial Ay,
(Extended Data Fig. 4d). The TMRM-to-MitoTracker ratio was also
decreased (Fig. 2g), suggesting an impact on OXPHOS more than
mitochondria remodeling or biogenesis. Given the observed hetero-
geneity in freshly sorted ILC2s (Extended Data Fig. 1c), we analyzed
individual ILC2 TMRM profiles after treatment with OXPHOS
inhibitors. Responses were uniform (Extended Data Fig. 4e), sug-
gesting that the dependence of circulating ILC2s on OXPHOS/
oxygen consumption and amino acids represents a fundamental
property required to sustain mitochondrial activity. Corroborating
these findings, we found upregulation of enzymes involved in the
TCA cycle but low expression of enzymes involved in glycolysis and
FA oxidation (Extended Data Fig. 5 and Supplementary Data 2). We
also observed upregulation of enzymes involved in the conversion
of BCAAs into glutamate and acetyl-CoA as well as upregulation of
arginase-1 and ornithine aminotransferase, consistent with the role
of BCAAs and arginine in fueling the TCA cycle (Extended Data
Fig. 5) also described in differentiated T cells*’. Together, our data
show that circulating ILC2s are not in a resting metabolic state but
already show elevated profiles characterized by increased BCAA
and arginine levels that sustain OXPHOS required for cell fitness
and survival.

To gain insight into the metabolic changes that circulating ILC2s
undergo following exposure to tissue-derived cytokines, we cultured
sorted blood ILC2s with IL-2 and IL-7, which support basal prolif-
eration without activation'"*, or with IL-2, IL-7 and IL-33 that can
fully activate ILC2s with robust proliferation and secretion of type
2 cytokines'***. Circulating ILC2s are CRTH2*ST2" (Extended
Data Fig. 6a), and a combination of IL-2 and IL-7 upregulated the
IL-33 receptor (ST2) (Extended Data Fig. 6b,c), allowing IL-33
to exert its effects. Accordingly, IL-33 alone (or the combinations

>
>

Fig. 1| Complex | and Il of the electron transport chain (ETC) support ILC2 survival. a, TMRM and MitoTracker measurement in freshly sorted ILC2s and
NKdm cells. Representative plots show MitoTracker and TMRM geometric mean fluorescence intensity (gMFI) and the ratio between the gMFI of TMRM
and MitoTracker (n=7). b-d, Comparison of healthy donors (HD; black) and individuals with MD (PT, green). Representative plots show the percentage
of ILC2s in live CD45* cells (b), GATA-3 gMFl in circulating ILC2s (¢) (HD=7; PT=7) and MitoTracker and TMRM gMFI and the ratio between the
geometric mean of TMRM and MitoTracker (d) (HD=5; PT=4). e-h, Freshly sorted ILC2s and NK™ cells were cultured without additional cytokines for
18 h in DMSQO, rotenone (1uM), antimycin A (1uM), 2-thenoyltriflouroacetone (TTFA; TuM) or oligomycin (TuM). Representative TMRM and MitoTracker
FACS plots (e), percentage of MitoTracker* TMRM* cells in live CD45* cells (f), the ratio between the geometric mean of TMRM and MitoTracker (g)

and cell counts calculated by FACS (h) are shown (n=5). The data in a are representative of five independent experiments with two to five donors each.
Each dot in b represents one donor. The data in ¢ and d are representative of two independent experiments with two to five healthy donors and two to four
individuals with MD. The data in e-h are representative of three independent experiments with at least three donors each. Floating bars in a-h indicate the
mean, minimum and maximum values within the dataset. Statistics were assessed by one-way analysis of variance (ANOVA) with a Dunnett correction;
NS, not significant (P> 0.05); *P< 0.05; **P < 0.01; ***P< 0.001; ****P<0.0001.
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of IL-2 and IL-33 or IL-7 and IL-33) did not promote ILC2 pro- was enhanced by IL-33 (Fig. 3a), and production of type 2 cyto-
liferation or mitochondria polarization (Extended Data Fig. 6d,e).  kines was clearly induced (Extended Data Fig. 6f). ILC2s stimulated
As expected, basal proliferation in cells treated with IL-2 and IL-7  with IL-2, IL-7 and IL-33 showed an increase in mitochondrial Ay,
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Fig. 2 | BCAA and arginine metabolism fuel OXPHOS in steady-state ILC2s. a, Heat map of amino acid intensities quantified by label-free mass
spectrometry in freshly sorted ILC2s. b, Nutrient receptor analysis in fresh ILC2s by RNA sequencing (RNA-seq) (median value among three donors;
relative expression). ¢, Representative plots of ASCT2 (glutamine transporter), CD98 (LAT1; large amino acid transporter), GLUT1 (glucose transporter)
and CD36 (FA receptor) and MFI quantification of each receptor versus isotype control (n=3). d-g, Freshly sorted ILC2s were cultured without
additional cytokines for 18 h in DMSO, Ne-hydroxy-nor-arginine (nor-NOHA; 1TuM), BCAA transferase inhibitor (BCATi; 1TuM), bis-2-(5-phenylactamido-
1,3,4-thiadiazol-2-ylethyl sulfide (BPTES; 1uM) or 2-deoxy-p-glucose (2DG; TuM) to selectively inhibit the pathways depicted in the schematic in d;
ARG, arginase-1; GSL, glutaminase. A representative TMRM and MitoTracker FACS plot in ILC2s (e), the percentage of MitoTracker* TMRM* cells (f) and
the ratio between TMRM and MitoTracker MFI (g) (n=6) are shown. The data in a are summarized from four donors, and a minimum of two technical
replicates were analyzed per run. Data in b were extracted from an RNA-seq dataset, and the median was calculated from the values of three healthy
donors. Data in ¢ are representative of three independent experiments with at least three donors each. Data in d-g are summarized from two independent
experiments with at least two donors, and plots are representative of a total of four independent experiments. The floating bars in ¢, f and g indicate the
mean, minimum and maximum values within the dataset. Statistics were assessed by two-tailed t-test (¢) and one-way ANOVA with Dunnett correction

(fand g); NS, not significant (P> 0.05); *P<0.05; **P< 0.07; ***P < 0.001.

and a slight decrease in mitochondrial mass (Fig. 3b and Extended
Data Fig. 6g). Analysis of oxygen consumption rate (OCR) showed
that IL-33 increased ILC2 basal and maximal respiration (Fig. 3c
and Extended Data Fig. 6h) as well as the spare respiratory capac-
ity (SRC) compared to cells stimulated in IL-2 and IL-7 (Fig. 3d).
Together, these results indicate that IL-33-activated ILC2s show
enhanced OXPHOS and maintain high cellular fitness despite
stresses associated with elevated metabolic activity.

We next cultured ILC2s with or without IL-33 under hypoxic
conditions (3% oxygen). We observed that hypoxia led to a decrease
in ILC2 survival as well as a loss of GATA-3 and ST2 protein (both
gMFI and percentage of positive cells; Fig. 3e-g and Extended Data
Fig. 7a). We did not find significant changes in the expression of
other ILC2-related proteins or more general lymphoid markers
(Extended Data Fig. 7a), suggesting that hypoxia regulates a specific
program centered around GATA-3 and ST2. As previously reported,

1370

the HIF-1a-PKM axis modulates murine ILC2 bioenergetic bal-
ance and IL-33 responsiveness®’. We found enhanced expression
of HIF-1a (Extended Data Fig. 7b) and PKM concomitant with a
reduction in GATA-3 and ST?2 transcription (Extended Data Fig. 7c)
in IL-33-stimulated ILC2s under hypoxic conditions, confirming
this HIF-1a—-PKM-ST2 axis in human ILC2s. We further observed
that inhibition of ETC complexes I and III impaired survival and
accentuated apoptosis of cytokine-activated ILC2s (Fig. 3h and
Extended Data Fig. 7d), resulting in a loss of mitochondrial mem-
brane potential and mass (Fig. 3i and Extended Data Fig. 7e).
Together, these results confirm the crucial role of ETC function and
oxygen in the homeostasis of cytokine-activated ILC2s.

IL-33 stimulated ILC2s to increase their glycolytic capac-
ity (Fig. 3j) while maintaining elevated OXPHOS and SRC
(Fig. 3c,d). We hypothesized that ILC2s should rely on different
nutrient sources to support their bioenergetic settings. Comparison
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Fig. 3 | Activated ILC2s increase oxygen consumption and glycolytic capacity. a-d and h-j, ILC2s were expanded for 7d in the presence of IL-2 and IL-7, and
then IL-33 was added or not for 72 h. a, Number of cells at day 10 (n=6). b, Ratio between TMRM and MitoTracker MFI (n=5). ¢,d, Seahorse measurements
following the addition of glucose, oligomycin, fluoro-carbonyl cyanide phenylhydrazone (FCCP) and a combination of rotenone and antimycin A, including
OCR () and SRC (maximal respiratory capacity after FCCP - basal respiratory capacity) (d) (n=5). e-g, Cells were cultured at 20% or 3% oxygen in IL-2
and IL-7 or IL-2, IL-7 and IL-33 for 5d. Cell count (e), GATA-3 expression (f), percent ST2* cells and ST2 expression (g) were analyzed by FACS. h,i, Cells
were treated for the last 18 h with TuM rotenone, TuM antimycin A or DMSO (n=5). The total cell counts (h) (n=3) and the ratio between TMRM and
MitoTracker MFI (i) (n=6) were calculated by FACS. j, Extracellular acidification rate (ECAR) and maximal glycolysis were analyzed by Seahorse, performed
asincandd (n=5). Data in a-d and j are representative of five independent experiments with three to five donors each. Data in e-i are representative of
three independent experiments with at least three donors each. The bars in a, ¢, e and j (left plot) represent mean +s.e.m., and the floating bars in b, d, f-i
and j (right plot) indicate the mean, minimum and maximum values within the dataset. Statistics were assessed by two-tailed t-test (a-d and j) and one-way
ANOVA with Tukey correction (e-i); NS, not significant (P> 0.05); *P < 0.05; **P< 0.01; ***P < 0.001.

of ILC2 metabolomes after cytokine stimulation showed elevated
BCAAsand glutamine and aloss of arginine compared to naive ILC2s
(Fig. 4a and Supplementary Data 1). Specific changes that accom-
panied IL-33 exposure included an increase in pyruvate and lac-
tate, consistent with augmented glycolysis (Fig. 3j). IL-33-activated
ILC2s showed an increase in the expression of GLUT1, ASCT1 and
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ASCT2 compared to naive levels (Fig. 4b), whereas CD98 levels
were unchanged, suggesting that amino acid accumulation might
not depend on increased uptake from the environment.

We next studied how these different nutrients are required for
maintenance of mitochondrial activity in cytokine-activated ILC2s.
We found that BCAAs are the main nutrient source maintaining
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Fig. 4 | IL-33-stimulated ILC2s use amino acid metabolism to sustain cellular fitness and glucose for cytokine production. a-c, ILC2s were expanded

for 7d in IL-2 and IL-7, and IL-33 was added or not for 72 h. a, A heat map of amino acid intensities quantified by label-free mass spectrometry in naive

cells and in ILC2s treated with either IL-2 and IL-7 or IL-2, IL-7 and IL-33 is shown. b, Percentage increase of nutrient receptors in primed (IL-2 and IL-7) or
activated (IL-2, IL-7 and IL-33) cells versus in naive ILC2s (n=3). ¢, ILC2s were cultured for 18 h with TuM BPTES, 1uM 2DG, 1TuM nor-NOHA, 1TuM BCATi
or DMSO in the indicated cytokine combinations. TMRM and MitoTracker were measured by FACS (n=6). d,e, Cells were cultured for 6 d with IL-2 and
IL-7 (d) or with IL-2, IL-7 and IL-33 (e) and 1uM rotenone, TuM antimycin A, TuM BPTES, TuM 2DG, TuM nor-NOHA, 1uM BCATi or DMSO. The cell counts
at day 6 are shown (n=6). f, Expression of IL-13. ILC2s were expanded in IL-2 and IL-7 for 7 d with or without inhibitors as described in d and e, and IL-33
was added for the last 6 h. g, ILC2s were expanded in IL-2 and IL-7 for 7 d, and IL-33 was added for the last 6 h to cells starved for Th and under a glucose
add-back condition. IL-13 expression was monitored by FACS (f,g) (n=4). Data in a are summarized from four donors, and a minimum of two technical
replicates were analyzed per run. Data in b are representative of three independent experiments with three donors each. Data in ¢ are summarized from
two experiments with three donors each and are representative of a total of four independent experiments. Data in d and e are summarized from two
experiments with three donors each and are representative of a total of three independent experiments. Data in f and g are representative of a total of three
independent experiments with at least three donors. Floating bars in b-g indicate the mean, minimum and maximum values within the dataset. Barsind
and e (left plots) represent mean +s.e.m. Statistics were assessed by two-tailed t-test (b) and one-way ANOVA (c-g) with Dunnett correction; NS, not

significant (P> 0.05); *P<0.05; **P < 0.01; ***P < 0.001.

OXPHOS in IL-2- and IL-7-stimulated ILC2s, while glutamine was
also crucial in the context of IL-33 (Fig. 4c and Extended Data Fig.
8a). By contrast, BCATi did not have any obvious effect (in line with
previous findings*), and no changes in ILC2 mitochondrial mass
or viability were detected under any conditions (Extended Data Fig.
8b,c). We found an increase in the uptake of fluorescently labeled
long-chain FA BODIPY only following IL-33 treatment (Extended
Data Fig. 8d), consistent with a recent study showing the forma-
tion of FA lipid droplets following IL-33 chronic stimulation®. Still,
inhibiting FA B-oxidation did not affect ILC2 mitochondrial mass
or Ay, (Extended Data Fig. 8e), suggesting that FAs might not play
a crucial role in sustaining ILC2 bioenergetic needs. Additional
studies are needed to fully clarify the role of FAs in human ILC2s.
Curiously, inhibition of glycolysis (using 2DG) did not impact mito-
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chondrial polarization in cytokine-activated ILC2s, suggesting that
these cells might couple glucose consumption to other functions.
To assess the effects of long-term inhibition of nutrient path-
ways, we extended the ILC2 cultures for 7d (Fig. 4d,e and Extended
Data Fig. 8f). As expected, cells did not survive in the presence
of rotenone and antimycin A irrespective of cytokine combina-
tion. Long-term BPTES treatment impacted the survival of ILC2s
when exposed to IL-2 and IL-7 or to IL-2, IL-7 and IL-33, while
treatment with BCATi only had an effect in the absence of IL-33,
consistent with our results on mitochondrial activity. In agree-
ment with previous reports”~> and our data on glycolytic capacity
(Fig. 3j), long-term inhibition of glycolysis affected highly prolif-
erative IL-33-stimulated ILC2s but not basal proliferation induced
by IL-2 and IL-7 alone. These results indicate that amino acid
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metabolism remains a central orchestrator of cellular fitness during
cytokine-induced ILC2 proliferation.

We next studied the effect of metabolic inhibitors on ILC2 cyto-
kine production. Blocking glycolysis or ETC complexes I or III
decreased IL-13 and IL-5 production (Fig. 4f and Extended Data Fig.
9a,b). Amphiregulin production was less affected (Extended Data
Fig. 9¢), suggesting that pro- and anti-inflammatory ILC2 path-
ways might rely on different metabolic programs. Moreover, glu-
cose starvation ablated IL-13 production, while glucose ‘add-back’
(at low or high concentration) partially restored IL-13 production
(Fig. 4g and Extended Data Fig. 9d). It has been shown that glucose
impacts lymphocyte function and proliferation through mTOR, an
essential nutrient sensor*. Moreover, reactive oxygen species (ROS)
have been reported to play a crucial role in mouse ILC activation®.
We found that IL-33 induced ROS production in human ILC2s
(Extended Data Fig. 9e). Treatment of ILC2s with a ROS scaven-
ger or rapamycin (an mTOR inhibitor) reduced IL-13 production
(Extended Data Fig. 9f). Taken together, these results demonstrate
the unique role for glycolysis and ROS in coupling IL-33 activation
to ILC2 cytokine production.

Here, we provide an in-depth characterization of human ILC2
metabolism at steady state and after cytokine activation. Our anal-
ysis identified the enhanced metabolic state of ILC2s compared
to other innate lymphoid cell subsets and further deciphered the
dichotomous nutrient pathways that sustain ILC2 survival, prolifer-
ation and function. Human ILC2 metabolism is poorly understood,
with circulating ILC2s being described as resting naive cells with a
migratory phenotype'”*'. We show that they are instead highly ener-
getic with a defined metabolic profile characterized by high expres-
sion of CD98 and elevated rates of amino acid uptake to sustain
OXPHOS. These metabolic profiles provide cells with the capacity
to respond to increased metabolic demands following activation**'
and represent environment-specific metabolic adaptation®*, sug-
gesting that human circulating ILC2s might have metabolic ‘expe-
rience. The heightened metabolic profile of circulating ILC2s was
strongly OXPHOS/oxygen-dependent, as shown by the analysis of
individuals with MDs and hypoxic experiments. Following activa-
tion, ILC2s do not undergo a metabolic switch from OXPHOS to
glycolysis but rather maintain a dichotomous cellular metabolism
with persistent OXPHOS and enhanced glycolysis. The former
assures ILC2 survival (with glutamine as an anaplerotic substrate
to maintain cell fitness), while glucose uptake and glycolysis sustain
IL-13 production.

Our findings provide a working model for understanding how
ILC2 metabolism conditions ILC function. Moreover, the peculiar
metabolic features of steady-state and cytokine-activated ILC2s
might represent potential targets for modulating these cells in
diverse disease contexts.
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Methods

Cell isolation from blood and tissue samples. Blood samples from healthy donors
were randomly selected (age and sex) and obtained from Establissement Francais
du Sang (EFS) under protocol HS 2105-24405. Peripheral blood mononuclear cells
(PBMCs) from individuals with MD were obtained from the Unit of Neurology
and Neuromuscular Disorders at ‘University of Messina with informed consent
through an Institutional Review Board protocol (protocol 88/17 del 31 sett

2017) in compliance with ethical regulations. No statistical methods were used

to predetermine sample sizes, but our sample sizes are similar to those reported

in previous publications™'>"”. The number of participants for each experiment

was dependent on donors’ availability. No direct compensation was given by the
authors to the healthy donors or individuals with MD. Isolation of human PBMCs
and single-cell suspensions was achieved by Ficoll-Paque (GE Healthcare) density
gradient centrifugation. Data collection and analysis were not blinded to the
conditions of the experiments.

Cell culture and reagents. All in vitro culture experiments were performed in
Yssel's medium prepared in house by using IMDM (Invitrogen) and 0.25% (wt/
vol) bovine serum albumin (Sigma), 1.8 mg liter! 2-amino ethanol, 40 mg liter™!
apo-transferrin, 5mg liter! insulin and penicillin/streptomycin and supplemented
with 2% human AB serum (EFS). FACS-sorted cells were plated in the presence
of the human cytokines IL-2 (50 ng ml™'; Miltenyi), IL-7 (50 ng ml™'; Miltenyi)
and IL-33 (50 ng ml'; R&D), which were provided in various combinations and
at specific times as indicated. For the hypoxia experiments, cells were cultured

at 3% oxygen in the XVivo System (BioSperix) at constant pressure, humidity

and 5% CO,. Chemical inhibitors used to study metabolic pathways (2DG,
BPTES, etomoxir, TTFA, antimycin A, rotenone, oligomycin A, MitoTempo and
rapamycin) were purchased from Sigma. BCATi and nor-NOHA were purchased
from Cayman Chemicals. Cell viability was assessed by Annexin-V and live-dead
staining by FACS. Cells were counted at the microscope after trypan blue staining
or, when in limited number, by FACS.

Flow cytometry and cell sorting. Cells were stained with surface antibodies and
Fixable Viability Dye eFluor 506 (eBioscience) in PBS supplemented with 2% fetal
calf serum for 30 min on ice. For experiments involving intracellular staining of
cytokines, cells were stimulated for 6 h with cytokines, and, during the last 3h,
Golgi Plug and Golgi Stop (BD) were added to the cultures. Cells were washed with
PBS and fixed and permeabilized for 45 min at room temperature using a Cytofix/
Cytoperm kit (BD). Intracellular staining was performed at room temperature for
30min in the dark. Annexin-V staining was performed using Annexin-V-binding
buffer (BD). Samples were acquired with an LSRFortessa (BD) and analyzed

by Flow]10.7.1 (TreeStar). For cell sorting, PBMCs were depleted of T cells, B
cells, plasmacytoid dendritic cells, monocytes and erythrocytes by labeling with
biotin-conjugated antibodies followed by anti-biotin microbeads and AutoMACS
separation (Miltenyi) according to manufacturer’s instruction. Cells were sorted in
bulk to a purity of >99% (FACSAria II; BD).

Antibodies. Surface GLUT1 expression was monitored as a function of binding
to its ligand, the envelope glycoprotein of the human T lymphotropic virus
(HTLV). A recombinant HTLV envelope receptor-binding domain (Hggp,) fused
to an enhanced green fluorescent protein (eGFP)-coding sequence was used as
previously described™. Surface ASCT2 was similarly evaluated; expression was
monitored as a function of binding to its ligand, the RD114 envelope glycoprotein
of the feline endogenous retrovirus, fused with a murine Fc tag and revealed with
an Alexa Flour-647-conjugated anti-mouse IgG (Invitrogen).

Antibodies for ILC2 enrichment, including anti-hCD3 biotin (clone OKT3,
13-0037-82), anti-hCD4 biotin (RPA-T4, 13-0049-82), anti-hCD19 biotin
(HIB19, 13-0199-82), anti-hCD14 biotin (61D3, 13-0149-82), anti-hCD123
biotin (6H6, 13-1239-82) and anti-hCD235a biotin (HIR2 GA-R2, 13-9987-
82), were purchased from eBioscience. Antibodies used for ILC2 sorting,
including anti-hCD3 FITC (UCHT], 11-0038), anti-hCD4 FITC (OKT4,
11-0048), anti-hCD5 FITC (UCHT2, 11-0059), anti-hapTCR FITC (IP26,
564451), anti-hySTCR FITC (B1.1, 11-9986) and anti-hCD127 (IL-7Ra) PE-Cy7
(eBioRDR5, 25-1278-42) were purchased from eBioscience. Anti-hCD14
FITC (TUK4, 130-080-701), anti-hCD19 FITC (LT19, 130-104-650) and
anti-hCD159a (NKG2A) PE (REA110, 130-113-566) were purchased from
Miltenyi. Anti-hCD294 (CRTH2) Alexa Fluor 647 (BM16, 558042) and
anti-hCD7 BV711 (M-T701, 564018) were purchased from BD. Anti-hCD45
AF700 (HI30, 560566), anti-hCD94 APC-Fire750 (DX22, 305518), anti-hCD117
BV605 (104D2, 313218), anti-hCD16 BV650 (3G8, 302042) and anti-hCD56
BV756 (5.1H11, 362550) were purchased from BioLegend. Antibodies for FACS
analysis (extracellular and intracellular staining), including anti-hAnnexinV
BV395 (564871), anti-hCD3 BUV737 (UCHT1, 612750), anti-hCD5 BUV737
(UCHT?2, 612842), anti-hCD14 BUV737 (M5E2, 612763), anti-hCD19 BUV737
(8J25C1, 612756), anti-hCD45 BV805 (HI30, 612891) and anti-hIL-13 BV421
(JES10-5A2, 624124), were purchased from BD. Anti-hST2 APC (hIL33Rcap,
17-9338-42) and anti-hAmphiregulin (AREG559, 17-5370-42) were purchased
from eBioscience, and anti-hIL-5 (TRFK5, 504311) and anti-hHIF1« (546-16,
359704) were purchased from BioLegend.
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Mitochondrial mass, membrane potential by FACS and confocal microscopy
and FA uptake. Mitochondrial mass, membrane potential and FA uptake of
freshly sorted or cytokine-activated ILC2s were assessed by staining cells with
50nM MitoTracker Green FM (Thermo Fisher), 25nM TMRM (Sigma-Aldrich)
and BODIPY FL-C,; (Thermo Fisher), respectively, for 30 min at 37°C and 5%
CO,. Cells were washed twice in cold 1x PBS, stained with surface antibodies
and analyzed by FACS. For confocal microscopy, cells were stained at 37 °C for
30min with 300 ng ml! of Hoechst H33342 (Life Technologies) to stain nuclei,
100nM MitoTracker Green FM to stain mitochondria and 25nM TMRM to asses
mitochondrial membrane potential (non-quenching mode, TMRM maintained in
the cell medium). Cells were plated in a 384-well plate (40,000 cells per well), and
image acquisitions of multiple fields per well were performed on an automated
confocal microscope (OPERA QEHS, Perkin Elmer) using X60 objectives,
excitation lasers at 405, 488 and 561 nm and emission filters at 450, 540 and

600 nm, respectively. Confocal images were transferred to the Columbus Image
Data Storage and Analysis System (Perkin Elmer) for high content analyses as
previously reported”” and used the standard deviation/mean approach™.

Metabolite extraction, mass spectrometry and data analysis. Methods for
metabolite extraction, data acquisition and data analysis were developed and
performed by General Metabolics. FACS-sorted ILC2s (100,000 cells) were pelleted
and washed in prewarmed (37 °C) ammonium carbonate (75 mM) washing buffer.
Preheated (70°C) 70% ethanol (99.9% purity) extraction solvent was added, and
samples were incubated for 3 min. After centrifugation (8,000g for 10 min at 0°C),
the supernatants were collected and stored at —80 °C until analysis. The analysis
was performed on a platform consisting of an Agilent Series 1100 LC pump
coupled to a Gerstel MPS2 autosampler and an Agilent 6520 Series Quadrupole
time-of-flight mass spectrometer equipped with an electrospray source operated
in negative and positive mode as previously reported™. All steps of data processing
and analysis were performed with Matlab R2010b (MathWorks) using functions
embedded in the bioinformatics, statistics, database and parallel computing
toolboxes. For each run, a matrix list was produced with the intensity of each mass
peak in each analyzed sample. An accurate m/z was recalculated with a weighted
average of the values, and a list of putative metabolites was compiled from the
KEGG database. Raw intensities for each metabolite are included in Supplementary
Data 1. For each ion, the best metabolite match was chosen among all candidates
based on the deviation from the theoretical m/z and a heuristic probability
associated with the theoretical ion fragment, which was set lower for, for example,
rare adducts, fragments or molecules containing several heteroatoms. Significant
changes in metabolite levels compared to the entire dataset were determined by
calculating z scores for each sample and ion individually, as previously reported™.
Results were run in iPath3 (https://pathways.embl.de), an online tool for data
mapping. A Principal-component analysis was applied to the samples coming
from two different screenings using the stats R package. The screenings were
simultaneously analyzed considering only metabolites present in both screenings
(total =122 metabolites). The first principal component indicated that most of

the variance of the data corresponded to the screening effect, as expected from

the batch effect that each screening represented. The second most variable effect
corresponded to the donors. Pathway analysis was done with Qlucore Omic
Explorer v3.

RNA isolation, library construction, sequencing and analysis. ILC2s (10° cells)
were sorted by FACS directly into 50 ml of lysis/binding buffer (Life Technologies).
mRNA was captured with 15ml of Dynabeads oligo(dT) (Life Technologies),
washed according to manufacturer’s instructions and eluted at 85°C with 6 ml

of 10mM Tris-HCI (pH 7.5). We used a derivation of MARS-seq as described

in ref. ©°, developed for single-cell RNA-seq, to produce expression libraries of

two replicates per population. Libraries were sequenced at an average depth of

5 million reads per library on an Ilumina NextSeq and aligned to the human
reference genome (hg19). Reads were mapped using hisat (version 0.1.6); duplicate
reads were filtered if they had identical unique molecular identifiers. Expression
levels were calculated and normalized to the total number of reads using HOMER
software. RNA-seq datasets have been deposited in the Gene Expression Omnibus
(GEO) public repository (accession number GSE183669).

Transcriptional profiling by BioMark. ILC2s were sorted as small bulks (25 cells)
directly in 96-well qPCR plates with RT mix 1 (5% VILO Reaction Mix, 200 U ul™!
SUPERase-In, 10% NP-40 and nuclease free water). Reverse transcription was
performed according to manufacturer’s protocols (Fluidigm). The dynamic Array
IFC chip was prepared according to manufacturer’s protocols and analyzed in the
Biomark System (Fluidigm). Cycle threshold (C,) values were collected from the
machine and processed using Prism 8.

Cellular metabolism by Seahorse extracellular flux analyzer. OCRs and ECARs
were measured for freshly sorted, IL-2-, IL-7- and/or IL-33-stimulated ILC2s
(100,000 cells). XF medium (non-buffered RPMI 1640 containing 10 mM glucose,
2mM L-glutamine and 1 mM sodium pyruvate) was used under basal conditions.
Addition of 1 pM oligomycin, 1.5 pM FCCP and 100 nM rotenone + 1 pM
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antimycin A was performed using portal injection in a 96-well XF or XFe
Extracellular Flux Analyzer (Seahorse Bioscience).

Statistical analysis. Flow cytometry data were analyzed using FlowJo v.10
(TreeStar). Statistical analyses were done using a two-tailed ¢-test or one-way
ANOVA test with Dunnett correction when comparing multiple groups to specific
conditions or a Tukey correction for multiple comparisons when comparing

more than two conditions of interest (GraphPad Prism v.8 and v.9). The statistical
tests, replicate experiments and P values are all cited in the figures and/or figure
captions. Statistical tests were justified as appropriate for every figure, and the data
meet the assumptions of the tests. The ranges of x and y axes for scatter plots were
determined to include all of the data points. The sample size for each experiment
and the replicate number of experiments are included in the figure legends as well
as the specific test used for the analysis.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

All the data generated and/or analyzed during this study are included in this
manuscript as Supplementary Information. RNA-seq datasets have been deposited
in the GEO public repository (accession number GSE183669). Source data are
provided with this paper.
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+ s.e.m. Statistics were assessed by one-way ANOVA with Dunnett correction (a) and two tailed t-test (b-f), not significant (ns), p>0.05; *p < 0.05;
**p<0.01; ***p < 0.0001.
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Extended Data Fig. 3 | ILC2 are reduced in patients with mitochondrial diseases. a-c, Comparison of healthy donors (HD, black) and patients with
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Extended Data Fig. 4 | Branched amino acid and Arginine metabolism support OXPHOS in circulating ILC2. a, Enrichment analysis done by
Metaboanalyst. Metabolite intensities were used as input and human metabolome was used as reference. b, Paired blood and tonsil samples were
collected from pediatric donors. GLUT1, CD36, CD98 and ASCT2 were measured by FACS (n=3). ¢-d, Freshly sorted ILC2 were cultured w/o additional
cytokines for 18h in DMSO, nor-NOHA (1uM), BCATi (1uM), BPTES (TuM) or 2DG (TuM). Cell counts (¢) (n=6) and TMRM and MitoTracker MFI (d)
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(luM), Antimycin A (TuM), nor-NOHA (1uM) and BCATi (TuM). a, Data summarized from 4 donors. A minimum of 2 technical replicates were analyzed
per run. b, Data are representative of 2 independent experiments with 3 donors each. ¢-d, Data are representative of 4 independent experiments with at
least 2 donors each. e, Data are shown for 4 donors from 2 independent experiments. b-d, Floating bars indicate the mean, minimum and maximum values
within the dataset. Statistics were assessed by two tailed t-test (b) and one-way ANOVA with Dunnett correction (¢-d), not significant (ns), p> 0.05;
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Extended Data Fig. 7 | Oxygen consumption is crucial upon ILC2 activation. a-c, Cells were cultured at 20% or 3% oxygen in IL-2-7 or IL-2-7-33 for 5
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Extended Data Fig. 8 | Activated ILC2 use different nutrients to sustain proliferation. a-e, [LC2 were expanded for 7 days in IL-2-7 and then IL-33 was
added or not for 72h. Inhibitors or DMSO were added at the concentrations indicated in Fig. 4 for 18h. MitoTracker and TMRM (a-b) (n=6), cell counts
and AnnexinV (c) were monitored by FACS (n=3). d-e, Bodipy (d) (n=4), MitoTracker and TMRM (e) (n=6) were analyzed by FACS in naive, |L-2-7
and IL-2-7-33 stimulated ILC2. f, Cells were cultured for 6 days in IL-2-7 and TuM RO, TuM AA, TuM BPTES, or TuM 2DG, or TuM nor-NOHA, or TuM
BCATi or DMSO. Annexin V was measured by FACS (n=6). a-b Data are summarizing 2 experiments with 3 donors each. Representative of a total of 4
independent experiments. c-e, Data are representative of 3 independent experiments with at least 3 donors each. f, Data are summarizing 2 experiments
with 3 donors each. Representative of a total of 3 independent experiments. Floating bars indicate the mean, minimum and maximum values within the
dataset. Statistics were assessed by one-way ANOVA with Dunnett correction (a-d, f) and two tailed t-test in (e), not significant (ns), p > 0.05; *p < 0.05;
**p<0.01; **p<0.001; ****p < 0.0001.
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m Distinct metabolic demands accompany lymphocyte differentiation into short-lived effector
5 o and long-lived memory cells. How bioenergetics processes are structured in innate natural

r im .
+CD56™ and CD56 killer (NK) cells remains unclear. We demonstrate that circulating human CD56"™ (NKDim)

human NK cells have cells have fused mitochondria and enhanced metabolism compared with CD56%" (NKBr)

dISt'r_‘Ct el cells. Upon activation, these 2 subsets showed a dichotomous response, with further
requirements at steady

. mitochondrial potentiation in NKBr cells vs paradoxical mitochondrial fission and
state and upon activation.

depolarization in NKDim cells. The latter effect impaired interferon-y production, but rescue
* Mitochondrial dynamics

and oxidative phos-
phorylation orchestrate
NK cell function and
fitness.

was possible by inhibiting mitochondrial fragmentation, implicating mitochondrial
polarization as a central regulator of NK cell function. NKDim cells are heterogeneous, and
mitochondrial polarization was associated with enhanced survival and function in mature
NKDim cells, including memory-like human cytomegalovirus-dependent CD57 *NKG2C™*
subsets. In contrast, patients with genetic defects in mitochondrial fusion had a deficiency in
adaptive NK cells, which had poor survival in culture. These results support mitochondrial
polarization as a central regulator of mature NK cell fitness.

Introduction

Dynamic changes in energetic pathways govern lymphocyte maturation, activation, and long-term
persistence. Naive T cells reside in a resting basal metabolic state, where oxidative phosphorylation
(OXPHOS) is sufficient to actively maintain the cells in quiescent state." Proliferating T cells use
glycolysis to keep up with ATP production and tricarboxylic acid cycle intermediates to favor the
biosynthesis of materials that support division, differentiation, and cytokine production.>® Long-lived
memory cells increase fatty acid (FA) B-oxidation in a TRAF6-mediated prosurvival pathway.'*®°
Whereas changes in metabolic processes in T cells have been well studied, our knowledge of natural
killer (NK) cell metabolism remains incomplete.

€20z Arenigad 60 uo 1senb Aq 1pd-8GyE000Z0ZAPESSOUBADE/EEBSE. L/9Z/1/G/IPd-8lo1E/S90UBADEDOO|q/BI0"SUONEDlIgNdySE/:dlY WOy Papeojumod

Human NK cells can be divided into 2 subpopulations based on differential expression of CD56 (NCAM)
and CD16 (FcyRIIIA; low-affinity Fc receptor). In the blood of healthy donors (HDs), these
subpopulations are identified as CD56°™CD16% NK (NKDim) cells, which are highly cytotoxic, and
CD56°9"CD16~ NK (NKBr) cells, which are less cytotoxic but strong cytokine producers (interferon-y
[IFN-v], tumor necrosis factor-a [TNF-a]).>” NKBr and NKDim cells differentially express cytokine and
homing receptors and show distinct tissue distributions.®®° Previous studies have begun to explore the
metabolic requirements of resting and activated NK cells."®'* Peripheral blood NK cells increase
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glycolysis and OXPHOS upon cytokine stimulation.'? Specifically,
upon interleukin-2 (IL-2)/12 stimulation, NKBr cells were reported
to be metabolically more responsive compared with NKDim cells.'?
FA and glutamine pathways are upregulated in naive NK cells'®;
however, excess of lipids blocks glycolysis, blunting NK cell
antitumoral activity.'® Overall, how environmental signals associ-
ated with NK cell survival and activation are integrated via
reprogramming of intracellular energetic pathways remains unclear.

Mitochondria are highly dynamic organelles, shaped continuously
by fusion and fission reactions."” Mitochondrial fusion, mediated by
mitofusins and dynamin-lke GTPase (OPA1), drives network
formation, sustaining OXPHOS and cell survival,'® whereas mito-
chondrial fragmentation is regulated by a cytosolic GTPase
dynamin-related protein 1 and is associated with mitophagy.'®
Mitochondrial diseases (MDs) are rare inheritable disorders
that include genetic mutations affecting mitochondrial structure,
leading to impaired OXPHOS and decreased mitochondrial DNA
integrity.2%2" Although human adaptive NKG2C" NK cells in
human cytomegalovirus (HCMV)-exposed individuals have ele-
vated mitochondrial OXPHOS,° it is not known whether altered
mitochondrial dynamics impair NK cell differentiation. Here we
analyzed how mitochondria regulate human NK cell homeostasis
and function.

Materials and methods

Cell isolation from blood and tissue samples

Blood samples from HDs were obtained from the Establissement
Francais du Sang (Paris, France). Tonsils were obtained from
pediatric patients undergoing routine tonsillectomy ("Casa Sollievo
della Sofferenza," Scientific Institute for Research and Health
Care). Peripheral blood mononuclear cells (PBMCs) from MD
patients were obtained from the Unit of Neurology and Neuromus-
cular Disorders at the University of Messina. Informed consent was
obtained from all patients and included protocols approved by
institutional review boards. Ficoll-Paque (GE Healthcare) was used
for PBMC isolation, and cells were studied fresh (unless otherwise
indicated). Tonsils were mechanically disrupted, and cells were
frozen before use.

Cell culture

Allin vitro culture experiments were performed in Yssel's medium.??
Sorted cell were cultured in human IL-15 (50 ng/mL; Miltenyi), IL-12
(50 ng/mL; MBL), and IL-18 (50 ng/mL; R&D), provided in various
combinations as indicated for 18 hours. To assess metabolic
pathways, inhibitors were added during the 18 hours: 1 mM of [°H]
2-deoxy-d-glucose (2-DG), 4 pM of bis-2-(5-phenylacetamido-
1,3,4-thiadiazol-2-yl)ethyl sulfide (BPTES), 20 pM of etomoxir
(ETO), 25 uM of mitochondrial division inhibitor 1 (Mdivi-1),
10 uM of rotenone (RO), 10 pM of antimycin A (AA), and 2 nM
of oligomycin A (all from Sigma). For 12-day cultures, 5 uM of
Mdivi-1 was used.

Flow cytometry and cell sorting

Cells were stained with surface antibodies and Flexible Viability Dye
eFluor 506 (eBioscience) in phosphate-buffered saline/2% fetal
calf serum for 30 minutes on ice. Surface glucose receptor 1
(GLUT-1) expression and glutamine receptor (ASCT2) expression
were monitored as a function of binding to ligands as previously
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described.?32* For intracellular staining, cells were stimulated for
18 hours, and Golgi Plug/Golgi Stop (BD) were added for the last
3 hours. Cells were fixed/permeabilized using Cytofix/Cytoperm
(BD) and then stained. Samples were acquired using the LSRFortessa
(BD) and analyzed by FlowJ10 software (Tree Star). For cell
sorting, PBMCs were lineage depleted using biotin-conjugated
anti-CD3, anti-CD4, anti-CD19, anti-CD14, anti-CD128, and
anti-CD235a (eBioscience) followed by antibiotin microbeads
and AutoMACS separation (Miltenyi) according to the manu-
facturer’s instructions. Cells were bulk sorted to a purity of
=99% or single-cell index sorted (FACSAria Il; BD) as previously
reported.??

RNA isolation, library construction, sequencing,
and analysis

A total of 10° NKDim (2 donors with 2 technical replicates) or NKBr
cells (2 donors with no technical replicates) were sorted directly
into 50 uL of lysis/binding buffer (Life Technologies). Messenger
RNA was captured with 15 uL of Dynabeads oligo(dT) (Life
Technologies) before washing and elution. Massively parallel single-
cell RNA sequencing was performed as described.?? Libraries were
sequenced (llumina NextSeq) to an average depth of 5 million reads
per library and aligned to the human reference genome (hg19).
Reads were mapped using hisat (version 0.1.6); duplicate reads
were filtered if they had identical unique molecular identifiers.
Expression levels were calculated and normalized to the total
number of reads using HOMER software (http://homer.salk.edu).

Cellular metabolism by seahorse extracellular
flux analyzer

Oxygen consumption rates (OCRs) and extracellular acidification
rates (ECARs) were measured for freshly sorted NK cells (200 000
cells) stimulated with IL-15 * IL-12/18 (18 hours). XF media
(containing 10 mM of glucose, 2 mM of L-glutamine, and 1 mM of
sodium pyruvate) was used under basal conditions. Addition of
1 uM of oligomycin, 1.5 uM of carbonyl cyanide-4-(trifluorome-
thoxy)phenylhydrazone (FCCP), and 1 uM of RO + 1 pM of AA
was performed using portal injection in an extracellular flux analyzer
(Seahorse Bioscience).

Mitochondrial mass and membrane potential by
fluorescence-activated cell sorting and
confocal microscopy

Mitochondrial mass and membrane potential of freshly sorted or
cytokine-activated NK cells were assessed by staining cells with
50 nM of MitoTracker Green FM (Thermo Fisher) and 25 nM of
tetramethyl rhodamine methyl ester (TMRM; Sigma Aldrich),
respectively, at 37°C for 30 minutes before surface staining. For
confocal microscopy, nuclei of MitoTracker/TMRM-stained cells
were counterstained with 300 ng/mL of Hoechst H33342 (Life
Technologies). Cells were plated in 384-well plates (40 000 cells
per well), and image acquisitions of multiple fields per well were
performed on an automated confocal microscope (OPERA QEHS;
Perkin Elmer) using 60X objectives, excitation lasers at 405, 488,
and 561, and emission filters at 450, 540, and 600, respectively.
Confocal images were transferred to the Columbus Image Data
Storage and Analysis System (Perkin Elmer) for high-content
analyses of mitochondrial morphology as previously reported,?® and
the standard deviation/mean approach was used for quantifying
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mitochondrial membrane potential on confocal images using TMRM
dye.?®

Statistical analysis

Data are represented as medians unless specified. The sample size
for each experiment and the replicate number of experiments are
included in the figure legends as well as the specific test used for
the analysis (Prism software).

Results

Monitoring metabolic profiles of NKDim and NKBr
cells at steady state and after activation

To assess metabolic pathways that condition human NK cell
responses, we compared characteristics of purified circulating
NKBr (Lin"CD7"CD56""CD16 CD127") and NKDim cells
(Lin~CD7*CD56'°“CD16"CD127"; supplemental Figure 1A).
Specifically, we compared freshly isolated NKBr and NKDim cells
(steady state) with cells that underwent either IL-15 priming27 orlL-
12/IL-15/IL-18 activation®®3" (Figure 1A).

Glucose and glutamine are key substrates of the mitochondrial
bioenergetic pathways and have been reported to be essential
nutrients for NK cell activation.'®'®2® We therefore characterized
GLUT-1 (SLC2A1) and ASCT2 (SLC1A5) expression in freshly
sorted NKBr and NKDim cells. We found higher SLC2A1 levels in
NKDim cells, whereas SLC1A5 expression was higher in NKBr
cells (supplemental Figure 1B). These subset-specific differences
were confirmed at the protein level, with a higher percentage of
NKDim cells expressing GLUT-1 and NKBr cells expressing ASCT2
(Figure 1B; supplemental Figure 1C). IL-15—primed NKDim cells
did not significantly upregulate either of these receptors, whereas
the frequency of ASCT2" NKBr cells increased after IL-15
exposure. NK cell activation (IL-12/18) enhanced the average
expression levels of both receptors on both subsets. Although we
did not detect any change in the already high percentage of
ASCT2" NKBr cells, we found increased frequencies of GLUT-1*
NKDim and NKBr cells as well as ASCT2* NKDim cells after
stimulation with IL-12 and IL-18 (Figure 1B).

We further studied nutrient receptors CD98 (a component of the
L-amino acid transporter), CD71 (transferrin receptor), and CD36
(FA translocase). CD71 was expressed at higher levels in NKBr
compared with NKDim cells at steady state; however, expression
increased in response to cytokine stimulation for both subsets.
CD98 and CD36 were upregulated in both subsets only upon
activation (supplemental Figure 1C). Analysis of [*H]L-glutamine
and 2-DG uptake showed increased uptake in both subsets upon
priming and activation, with NKDim cells showing significantly
greater glucose uptake than NKBr cells (supplemental Figure 1D).
FAs are another important nutrient source that can fuel mitochondrial
pathways. Because multiple FA transporters exist, we mea-
sured FA uptake using BODIPY-FLC16.%? We found that upon
activation, NKBr cells took up more long-chain FAs than NKDim
cells (Figure 1C).

To clarify which of these various nutrients are required for NKBr and
NKDim cells to exert their function, we studied the effects of
inhibitors targeting glycolysis (2-DG), FA B-oxidation (ETO), and
glutamine conversion into glutamate (BPTES). We found that IFN-y
and TNF-a were produced by NK cells only upon activation, and
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NKBr cells produced higher levels of both cytokines compared with
NKDim cells'®272° (Figure 1D; supplemental Figure 1E). Treatment
with 2-DG inhibited IFN-y and TNF-a production by both NK cell
subsets, consistent with a requirement for increased glucose
uptake in this process. Although BPTES treatment did not alter the
production of effector cytokines in either subset, both IFN-y and
TNF-a were significantly decreased in NKBr cells after treatment
with ETO, suggesting that FA oxidation is important for NKBr cell
activation and function (Figure 1D; supplemental Figure 1E). None
of these inhibitors had an impact on NK cell viability (supplemental
Figure 1F) or cytotoxic function (supplemental Figure 1G).

Distinct bioenergetics in NKBr and NKDim cells upon
cytokine priming vs activation

We used the Seahorse bioanalyzer®® to quantitate OCRs (indica-
tor of OXPHOS) and ECARs (reflecting lactate production and
glycolysis) in purified NK cell subsets. NKDim cells exhibited
increased maximal ECARs after FCCP compared with NKBr cells
(Figure 2A), indicating elevated maximal glycolysis capacity. NKDim
cells also showed increased basal OCRs, higher maximal OCRs,
and increased ATP-linked respiration when compared with NKBr
cells (Figure 2B; supplemental Figure 2A), indicating that NKDim
cells rely mainly on OXPHOS to produce ATP at steady state. SRC
was higher in NKDim compared with NKBr cells (Figure 2C),
consistent with latent mitochondrial capacity. RNA sequencing
analysis confirmed that NKDim cells expressed higher levels of
transcripts involved in OXPHOS compared with NKBr cells
(Figure 2D; supplemental Figure 2B-D), providing a mechanistic
explanation for the differential bioenergetics of these 2 NK cell
subsets at baseline.

We next compared the impact of priming (IL-15) vs activation
(IL-12/18) on the bioenergetics of these human NK cell subsets.
NKDim cells maintained a high glycolytic rate after exposure to IL-15
(Figure 2E), whereas NKBr cells increased their aerobic capacity.
After cytokine activation, both subsets showed higher maximal
glycolysis (Figure 2E), consistent with the ability of these factors to
promote NK cell proliferation and function. IL-15 induced a small
increase in basal OCRs in NKDim cells, whereas maximal SRC
remained stable (Figure 2F-G; supplemental Figure 2E), suggesting
steady-state NKDim cells were already operating close to their
bioenergetic limit. In contrast, IL-15-stimulated NKBr cells showed
an increase in maximal OCRs and SCR, consistent with mitochon-
drial activation (Figure 2F-G). NKBr cells did not increase ATP-
linked respiration, implying these cells might also rely on other
pathways for ATP production (supplemental Figure 2E). In contrast,
NK cell activation with IL-12/18 elicited a metabolic shift in NKDim
cells, which showed decreased maximal OCRs, ATP-linked respi-
ration, and SRC, whereas NKBr cells continued to have sub-
stantially large mitochondrial SRC (Figure 2F-G; supplemental
Figure 2E). Cells with elevated SRC are more fit and have better
survival capacity,®'®* suggesting a fundamental difference in the
bioenergetic stability of these 2 NK cell subsets after activation.

Distinct mitochondrial polarization patterns explain
metabolic dichotomy in stimulated NKBr and

NKDim cells

To explore the basis for the differences in metabolic profiles in

cytokine-stimulated NKBr and NKDim cells, we further character-
ized mitochondrial mass and membrane polarization (Ays,,) using
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Figure 1. Energetic substrate use in NKDim vs
NKBr cells at steady state and upon activation. A
(A) In vitro model of NKBr and NKDim cell priming Steady State “Priming” Activation
and activation. (B-D) Freshly fluorescence-activated NKBr
cell-sorted NKDim and NKBr cells, IL-15 primed or NKDi
activated with IL-15/12/18 (18 h) were monitored —_ I
for cell-surface expression of the GLUT-1 and
ASCT2 transporters and percentage of positive cells PBMC +IL-15 +IL-15-12-18
(B) (data from 3 independent experiments with 1
HD each) and FL-BODIPY-C16 uptake (C) (data
from 3 independent experiments with 1 or 2 HDs B
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Figure 2. Steady-state CD56'™ NK cells have latent mitochondrial activity and undergo a metabolic switch upon cytokine stimulation. (A-C) Metabolic function

analyzed by extracellular flux analysis (EFA) in freshly fluorescence-activated cell-sorted (FACS) NKBr and NKDim cells. Cells were sequentially treated with glucose medium

(medium), oligomycin A (Oligo), FCCP, and RO plus AA as indicated. (A) ECARs and maximal glycolysis (average values after glucose injection minus average basal ECAR

values). (B) OCR plot. Calculation of the maximal respiration (average maximal OCR after FCCP) and basal respiration (average basal respiration after medium injection). (C)

Mitochondrial spare respiratory capacity (SRC; average maximal OCR values after FCCP injection minus baseline OCR; data are representative of 3 independent experiments

with 2 or 3 donors each). (D) Average fold increase comparing NKBr and NKDim cells is shown for all genes in OXPHOS complexes. Each dot represents the median relative

expression level across donors. (E-G) EFA analysis in FACS NKBr and NKDim cells cultured for 18 hours in presence of IL-15 = IL-12/18. Cells were sequentially treated as

indicated above. ECAR and maximal glycolysis (E), OCR, maximal, and basal respiration (F), and SRC (G) (data are representative of 3 independent experiments; data are

mean *= SEM). P > .05 was considered not significant (ns; or not indicated). *P < .05, **P < .01, ***P < .001 using 1-way analysis of variance with Tukey's correction.

MitoTracker Green FM and TMRM staining'®2%%® (Figure 3;
supplemental Figure 3A). We found that NKBr and NKDim cells
had similar mitochondrial masses; however, NKDim cells showed
higher TMRM levels and TMRM/MitoTracker ratios at steady state
(Figure 3A-C). Single-cell and bulk gene expression analyses clearly
demonstrated that TMRM™ NKDim cells had an active OXPHOS
and bioenergetic metabolism compared with TMRM™ cells (supple-
mental Figure 3B-D), suggesting NKBr cells exhibit a low energy
state compared with NKDim cells.

Although mitochondrial mass did not change after IL-15 stimulation,

both subsets showed an augmented Ays,, (Figure 3A-C), consistent
with the heightened levels of OXPHOS (Figure 2F). Because IL-15
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primes NK cells in lymphoid tissues,?’ tissue-resident NK cells
would be expected to have enhanced metabolic profiles compared
with those in circulation. Tonsilar NK cells are largely enriched in
NKBr cells®® (supplemental Figure 3E-F) that have higher mito-
chondrial mass compared with both circulating subsets, with Ay,
values similar to those of circulating NKDim cells at steady state
(supplemental Figure 3G-H). These results suggest that tonsilar NK
cells are metabolically primed.

IL-12 and IL-18 stimulation of blood NK cells did not affect
mitochondrial mass (Figure 3A-C). Still, we detected a significant
decrease in Ay, in NKDim cells but not in NKBr cells after
activation (Figure 3A-C), in agreement with the Seahorse data
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Figure 3. Mitochondrial membrane potential regulates cytokine production in cytokine-activated NK cells. (A-C) Mitochondrial mass was assessed by MitoTracker

green and membrane potential (Ays,,) by TMRM incorporation in freshly sorted NKBr and NKDim cells (empty bars) and cultured for 18 hours in presence of IL-15 =+ IL-12/18

(filled bars). (C) TMRM/Mitotracker ratio (data are mean = SEM; data summarized from 4 independent experiments with 2 donors each). (D) Primed or activated NKBr and

NKDim cells were cultured for 18 hours with the following inhibitors: 10 uM of RO, 10 uM of AA, and 2 nM of oligomycin A. Expression of IFN-y and percentage of cells

producing IFN-y were monitored by fluorescence-activated cell sorting (FACS; data from 3 independent experiments with at least 2 donors each). (E) TMRM* and TMRM~ NKBr

and NKDim cells were sorted and cultured with IL-15 or IL-15/12/18 for 18 hours. Expression of IFN-y and percentage of positive cells in the different conditions were measured by
FACS (data from 4 HDs). P > .05 was considered not significant (ns). *P < .05, **P < .01, **P < .001, ****P < .0001 using 1-way analysis of variance with Tukey's correction.

(Figure 2F-G). Addition of IL-12 or IL-18 alone to NK cells cultures
did not affect mitochondria polarization, suggesting that a synergis-
tic effect of the 2 cytokines is required to elicit the metabolic
changes observed in NKDim cells (supplemental Figure 4A).

To assess the impact of OXPHOS on NK cells function, we used
pharmacological inhibitors, including RO and AA, which inhibit
complex | and complex Il of the electron transport chain,
respectively, and oligomycin A, which inhibits mitochondrial ATPase.
At the concentrations used, these inhibitors showed no non-
specific toxicity in culture (supplemental Figure 4B). We
observed that RO, AA, and oligomycin A inhibited production of
IFN-y and TNF-a in NKBr cells (twofold) and to a larger extent in
NKDim cells (eightfold; Figure 3D; supplemental Figure 4C). The
same reduction was observed in the percentages of IFN-y* and

€ blood advances 12 January 2021 - voLUME 5, NUMBER 1

TNF-a* NKDim and NKBr cells (Figures 3D and 4C), whereas no
difference was reported in the cytotoxic markers tested in either
subset (supplemental Figure 4D). Moreover, sorted and activated
TMRM™ NKDim cells showed increased IFN-y production and
percentage of IFN-y* cells compared with TMRM™ cells. No
differences were observed comparing activated TMRM* and
TMRM™ NKBr cells (Figure 3E), demonstrating the importance of
mitochondria polarization and OXPHOS in enhancing cytokine
production, especially in NKDim cells.

Mitochondrial fragmentation and fusion govern NK
cell function

Mitochondrial GTPases drive fission and fusion, which enhance
glycolysis and OXPHOS, respectively.'”?®> We next characterized
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Figure 4. Divergent changes in mitochondrial morphology accompany activation of NKBr vs NKDim cells. (A-D) Freshly sorted NKDim and NKBr cells were stained

with Mitotracker green and TMRM and imaged by confocal microscopy (0 hours). Cytokines were added to the medium as indicated in the figures, and images were taken

every 6 hours. . (C-D) Mitochondrial fragmentation (C) and total TMRM intensity (D) at different time points for NKBr and NKDim cells. Circles are technical replicates from 3

HDs. (E) Primed or activated NKBr and NKDim cells were cultured for 18 hours + Mdivi-1 (25 wM). Expression of IFN-y was monitored by fluorescence-activated cell sorting;
data from 3 independent experiments with at least 2 donors each). P > .05 was considered not significant (ns). *P < .05, **P < .01, ***P < .001, ****P < .0001 using 1-way

analysis of variance with Tukey's correction.

mitochondrial morphology in freshly sorted, primed, and cytokine
activated NKBr and NKDim cells by high-content confocal micros-
copy®® (Figure 4A-D; supplemental Figure 5). We quantified TMRM-
stained cells and confirmed previous reports®” indicating TMRM
intensity is higher in NK cells with nonfragmented mitochondria
(supplemental Figure 5A).
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We next analyzed changes in mitochondrial morphology in NKBr
and NKDim cells upon cytokine stimulation (Figure 4A-D; supple-
mental Figure 5). NKDim and NKBr cells had comparable levels of
mitochondrial fragmentation at steady state (Figure 4A-C), but after
IL-15 priming, NKDim cells showed significantly more fragmented
mitochondria, which was further accentuated after IL-12/18 exposure
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(Figure 4B-C; supplemental Figure 5B). In contrast, NKBr cells did
not show any significant changes in mitochondrial fragmentation after
cytokine priming or activation (Figure 4A,C; supplemental Figure 5C).
Thus, the mitochondrial response in NKBr and NKDim cells during
priming and activation was dichotomous: NKDim cells increased
mitochondrial polarity upon IL-15 priming but fragmented their
mitochondria after activation, whereas NKBr cells maintained fused
and polarized mitochondria after priming and activation (Figure 4A-D;
supplemental Figure 5B-C).

We next examined the effect of Mdivi-1, a selective inhibitor of
mitochondrial fragmentation, on NK cell function. Mdivi-1 increased
mitochondria polarization in NK cells (supplemental Figure 6A) and
had no apparent nonspecific toxicity (supplemental Figure 6B).
Mdivi-1 significantly increased IFN-y and TNF-a production by
IL-15—primed NKDim cells and IL-12 + IL-18-activated NKDim but
not NKBr cells (Figure 4E; supplemental Figure 6C), consistent with
the previously observed dichotomous response. Mdivi-1 had no
effect on cytotoxicity-related parameters in either subset (supple-
mental Figure 6D). These results show that mitochondrial dynamics
differ in NKBr and NKDim cells and that mitochondrial fusion
promotes OXPHOS and cytokine production by NKDim cells.

Mitochondrial polarization is associated with cellular
fitness and effector function in NKDim cells

The dichotomous mitochondrial response to IL-12/18 stimulation
observed in NKDim cells suggests that the effector capacity of
these cells may be short lived. Nevertheless, a subset of long-lived
memory NK cells has been described after exposure to HCMV384°
and other chronic infections.*' Multiple studies, along with our data,
have shown that mitochondrial fusion and OXPHOS improve overall
cellular fitness and function.?'934

Interestingly, frequencies of TMRM™ NK cells in the blood of healthy
individuals were highly variable and largely confined to the NKDim
compartment (Figure 5A). Within NKDim cells, TMRM expres-
sion was enriched in more mature CD57" cells® and also
significantly increased within the NKG2C"NKG2A™ subset
(Figure 5B-C; supplemental Figure 7A-B) that is expanded in
HCMV™" individuals.?8*° When comparing HCMV~ and HCMV™*
individuals, we found that TMRM expression was highly upregulated
in CD57 "NKG2C*NKG2A~ NK cells as previously reported'®
(Figure 5B-C; supplemental Figure 7A-B). Still, we found elevated
mitochondrial Ay, within CD57*NKG2C NKG2A~ but not
CD57"NKG2C~NKG2A* NKDim cells (supplemental Figure 7A-B),
suggesting that mitochondrial polarization and OXPHOS are not
unique features of the NKG2C™ subset but may rather mark fully
matured NK cells.

To determine whether the mitochondrial polarization associated
with HCMV exposure imprints survival and functional advantages
on NKDim cells, we isolated total NKDim cells from HCMV* and
HCMV™ donors and stimulated them under priming or activation
conditions. We observed that HCMV™ NKDim cells proliferated
extensively upon stimulation with activating cytokines before
abruptly dying at ~day 6 (Figure 5D). In contrast, HCMV™ NKDim
cells showed slower expansion, but cells persisted until the
experimental end point (Figure 5D), consistent with the presence
of fused mitochondria. To improve cellular fitness in HCMV™ NKDim
cells, we added Mdivi-1 to the cultures and observed improved
expansion levels, although still reduced compared with stimulated
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HCMV™ NKDim cells (Figure 5D), suggesting Mdivi-1 could partially
rescue mitochondrial fragmentation in cytokine-stimulated HCMV ™
NKDim cells, thereby blocking cell death.

As expected, CD57 "NKG2C "NKG2A ™~ cells were highly enriched
in stimulated HCMV™ NKDim cultures (Figure 5E); however,
NKG2C™ cells accounted for only 50% of total cells, indicating
that other subsets (not expressing NKG2C) can expand upon long-
term stimulation. Moreover, expanded HCMV ™ NKDim cells treated
with Mdiv-1 remained NKG2C~ (Figure 5E), demonstrating
that Mdivi-1-induced survival did not convert CD57 "NKG2C~
NKG2A~ NKDim to NKG2C™ NKDim cells. An analysis of the
function showed that surviving NKDim cells at day 12 could
produce high levels of IFN-y irrespective of HCMV status
(Figure 5F). These results indicate that Mdivi-1 can partially restore
not only survival but also function of HCMV™ NKDim cells
(Figure 5F). CD107a and cytotoxic markers were at comparable
levels in HCMV™ and HCMV* NKDim cells (Figure 5G; supple-
mental Figure 7C).

NK cells from OPA1-deficient patients have less
polarized mitochondria, reduced cellular fitness, and
impaired memory-like NK cell homeostasis

We studied MD patients with an OPA1 missense mutation (A495V)
to better understand the role of mitochondrial fusion in NK cell
homeostasis. Compared with HDs, MD patients had similar
percentages of NKBr but lower frequencies of NKDim cells
(Figure 6A). Concerning the percentages of TMRM™ cells, we did
not find any effect on NKBr cells, whereas TMRM™ NKDim cells
were reduced in MD patients compared with HDs (Figure 6B). As
expected, MD patients showed lower overall levels of TMRM
uptake; however, NKDim homeostasis seemed more strongly
dependent on OPAT1 function.

We further analyzed the phenotype of NKDim cells in MD patients.
In this cohort, all patients were HCMV ™ by serological analysis; we
therefore compared them with HCMV* and HCMV~ HDs. As
expected,*? the percentages of CD57 " NKDim cells were higher
in HCMV™ donors and similar between MD patients and HDs
(Figure 6C). However, MD patients had lower percentages of
CD16™ cells and striking deficiency in CD57 "NKG2C*NKG2A™~
compared with HCMV™ HDs (Figure 6C). This result suggests that
maintenance of mitochondrial polarization is a factor contributing to
the formation of memory-like NK cells. We cultured NKDim cells
from an MD patient and compared them with NKDim cells derived
from a HCMV™ HD and HCMV ™ HD. Consistent with Figure 5D, we
found that NKDim cells from the HCMV"™ HD could extensively
expand during culture, whereas NKDim cells from the HCMV™ MD
patient could not (Figure 6D). Together, these results suggest that
maintenance of fused mitochondria imparts cellular fitness to
HCMV-conditioned adaptive NKDim cells.

Discussion

It is well appreciated that mitochondria orchestrate cellular metab-
olism; however, the importance of these organelles in NK cell
biology is poorly understood. In this report, we identify distinct
patterns of mitochondrial polarization in NKBr and NKDim subsets
that explain their differential metabolic performances at steady state
and after cytokine stimulation. Our analysis of mature NK cells in
HCMV* and HCMV ™~ donors together with patients with MD allows
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Figure 5. Mitochondrial fusion maintains NK cell survival and cellular fitness. (A) Percentage of TMRM™ cells in NKBr and NKDim cells (data from 7 HDs). (B-C)
Quantification of TMRM in CD57" NKDim and CD57~ NKDim cells in CMV* and CMV~ donors: representative plots (B) and quantification (C) (geometric mean fluorescence
intensity [MFI]). (D-G) NKDim cells were cultured with IL-15 or IL-15/12/18 for 12 days. Mdivi-1 was added or not to NKDim cells from CMV ™~ donors. (D) Growth curves of
NKDim cells isolated from CMV™* and CMV~ HDs and cell numbers at end point. (E) Representative fluorescence-activated cell sorting (FACS) analysis of NKG2C and
NKG2A and percentage of NKG2C"NKG2A™ cells in the indicated culture conditions at day 12. Quantification by FACS of IFN-y and percentage of IFN-y* cells (F) and
CD107a™ cells (G) at day 12 (data are mean + SEM; data summarized from 3 independent experiments with at least 2 HDs each). P > .05 was considered not significant
(ns). *P < .05, *P < .01, **P < .001, ***P < .0001 using 2-way analysis of variance with Tukey's correction.

us to propose mitochondrial remodeling that regulates OXPHOS as
an essential gatekeeper of NK cell effector functions.

Several reports have shown that acquisition of T-cell effector
functions is strictly dependent on glycolysis. Exploring the energy
requirements of NK cells, we similarly found that NKDim cells
principally rely on glucose upon activation with IL-12/18. In-
terestingly, we found that NKBr cells consume both glutamine
and FA upon activation, as described for efficient cytokine
producers maintaining elevated cellular fitness.®* NKBr cells are
preferentially enriched in secondary lymphoid organs at low oxygen
concentrations and restricted nutrient availability; therefore, they
maintain high SRC upon cytokine stimulation for both longevity and
rapid cytokine production. NKDim cells undergo metabolic reprog-
ramming to glycolysis because they are preferentially recruited to
sites of inflammation, where they rapidly get activated*® and
proliferate. How OXPHOS is related to cytokine production in
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lymphocytes is a matter of debate. Moreover, this dichotomous
response of NKBr vs NKDim cells mirrors observations made with
central and effector memory T cells, respectively.® NKBr cells,
which rely on FAs and maintain elevated SRC upon activation,
resemble central memory T cells, whereas NKDim cells, metabol-
ically reprogrammed to glycolysis, partially resemble effector
memory T cells."®® Moreover, together with cytokine-mediated
activation, other environmental factors can have an impact on NK
cell activation, such as the presence of target cells.® Unraveling the
metabolic profiles of NK cell subsets upon different activation
modes might help to better define the molecular basis of NK cell
function.

At steady state, NKDim cells express OXPHOS genes, have
elevated OCRs and ECARs, and have increased mitochondrial
polarization compared with NKBr cells. We found that TMRM™
NKDim cells were enriched in CD57" cells,® suggesting that
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Figure 6. NK cells from MD patients have loss of memory-like NK cells and showed reduced cellular fitness. (A) Representative plots of NKBr and NKDim cells in
HDs and MD patients with OPA1 mutation. Percentage of NKBr and NKDim cells in CD45™ cells. (B) Representative histograms of mitochondrial polarization in NKDim and
NKBr cells comparing HDs and MD patients. Percentage of TMRM™ cells and TMRM intensity in NKBr and NKDim cells. (C) HDs and MD patients were compared with 5
CMV™* HDs by fluorescence-activated cell sorting (FACS). FACS analysis of the percentage of CD57*, CD16™, and CD57 "NKG2A“NKG2C™ cells in NKDim cells. (D) Cells
from 2 HDs and 3 MD patients were cultured in IL-15/12/18 for 12 days. Percentage of increase was calculated based on the number of cells (red, CMV™* HD; orange,
CMV™ HD; green, MD patients; data summarized from 2 independent experiments with at least 2 HDs each and 3 MD patients). P > .05 was considered not significant (ns).

*P < .05, **P < .01 using 1-way analysis of variance with Tukey's correction.
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mitochondrial polarization and OXPHOS are features of fully mature
NK cells rather than markers of NKG2C™ cells in HCMV* donors."®
NKDim cells isolated from HCMV ™ donors were able to persist after
long-term activation, whereas activated NKDim cells from HCMV ™~
donors survived only in the presence of Mdivi-1. HCMV broadly
affects NK cell biology via epigenetic changes®®** and favors
mitochondrial biogenesis through the protein UL37.*° This mito-
chondrial pathway provides a potential mechanistic explanation for
the survival advantage observed in memory-like NK cells.

Still, additional metabolic reprogramming pathways independent
of HCMV may operate to assure survival of mature NK cells. MD
patients can manifest leukopenia and severe recurrent infections.*®
Deficiencies in the GTPase OPA1 are frequent in MDs,*” and we
found that OPA1-mutated patients had fewer NKDim cells and
general loss of NK cell mitochondrial polarization. Similar to NK cells
from HCMV™ HDs, NK cells from HCMV™" MD patients had higher
levels of CD57 but very low frequencies of NKG2C™ NK cells.
Moreover, NKDim cells from MD patients expanded poorly in
response to cytokines. These results indicate that mitochondrial
fusion is essential for maintenance of adaptive NK cells and overall
cellular fitness.

Our comprehensive metabolic analysis identifies mitochondrial
polarization as a gatekeeper of NKBr and NKDim cell priming,
activation, and function. Because OXPHOS and mitochondrial
fusion promote long-term persistence and improve cytokine
production by NK cells, enhancing this pathway may extend the
scope and efficacy of NK cell-based therapies.
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