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Summary

Cytokines are essential instigators and regulators of immune responses and coordi-
nate the response against pathogens and tumors. Therefore, they hold great potential as
targets for new diagnostic and therapeutic strategies. IL-12p7o is a heterodimeric pro-
inflammatory cytokine which regulates both innate and adaptive immunity and has a
central role in Thr responses. Despite its essential role in immunity, we have observed
highly variable IL-12p7o0 responses in the 1,000 healthy donors of the Milien Interienr
cohort. Furthermore, this perturbed response was observed at significantly higher fre-
quencies in patients chronically infected with tuberculosis (TB) or chronic hepatitis C
(HCV). We have applied a systems biological approach in the Milien Interienr cohort to
dissect this perturbed pathway in healthy donors and potentially provide new insights
into disease pathogenesis. Following whole blood LPS stimulation using a highly stan-
dardized approach from 1,000 healthy donors of the cohort, 28% of these donors failed
to secrete IL-12p7o. Having identified by flow cytometry that monocytes and dendritic
cells are the main IL-12p7o producers in whole blood, we confirmed that cellular differ-
ences were not responsible for the observed variability in healthy donors. In contrast,
genetic and epigenetic analysis of the healthy population cohort revealed novel associa-
tions with IL-12p7o levels. A detailed kinetic analysis allowed to define that early IFN
secretion determines variable downstream IL-12p7o responses, acting through IFNAR«
signaling. The induction of IL-12p70 by IFN/3 through TLR 4 activation was altered in
HCYV infected patients who did not respond to the IFNa-based therapy. All together,
these results contribute to a better understanding of IL-12p70 immune response upon

bacterial infection both in health and diseases.






Résumé

Les cytokines sont des initiateurs et des régulateurs essentiels des réponses immu-
nitaires et coordonnent la réponse contre les agents pathogenes et les tumeurs. Elles
présentent donc un grand potentiel en tant que cibles pour de nouvelles stratégies
diagnostiques et thérapeutiques. L’IL-12p70 est une cytokine hétérodimérique pro-
inflammatoire qui régule a la fois 'immunité innée et 'immunité adaptative et joue un
réle central dans les réponses Thr. Malgré son réle essentiel dans 'immunité, nous avons
observé des réponses IL-12p7o0 tres variables chez les 1000 donneurs sains de la cohorte
Milien Interienr. De plus, cette réponse perturbée a été observée a des fréquences signi-
ficativement plus élevées chez les patients atteints de tuberculose (TB) ou d’hépatite C
(HCV). Nous avons appliqué une approche de biologie des systemes dans la cohorte A47-
lieu Interienr pour disséquer cette voie chez les donneurs sains et potentiellement fournir
de nouvelles informations sur la pathogénie de certaines maladies. Apres stimulation du
sang total des 1000 donneurs de la cohorte Milieu Interienr avec LPS, 28% des donneurs
sécretent une faible quantité d’IL-12p7o0. Ayant identifié par cytométrie de flux que les
monocytes et les cellules dendritiques sont les principaux producteurs d’IL-12p70 dans
le sang, nous avons confirmé que les diftérences cellulaires n*étaient pas responsables de la
variabilité observée chez les donneurs sains. En revanche, 'analyse génétique et épigéné-
tique de la cohorte a révélé de nouvelles associations avec les niveaux d’IL-12p70 sécréeé
sous stimulation LPS. Une analyse cinétique détaillée a permis de définir que la sécrétion
d’IFNS, agissant par le biais de la voie de signalisation IFNAR1, détermine la sécrétion
d’IL-12p70. L'induction de 'IL-12p70 par IFN/3 via l'activation du récepteur TLR 4 par
LPS est modifiée chezles patients infectés par HCV qui ne répondentau traitement basée
sur la prise TFNa. Lensemble de ces résultats contribue a une meilleure compréhen-
sion de la réponse immunitaire de I'IL-12p70 lors d’une infection bactérienne chez les

individus sains et malades.






Part 1

Introduction






1. Cytokines

Cytokines have key roles in cell mobility, proliferation and differentiation. They
are also essential instigators and regulators of immune responses and coordinate the re-
sponse against pathogens and tumors. Therefore, they hold great potential as targets for
new diagnostic and therapeutic strategies. However, many questions remain regarding
the intrinsic cellular and molecular mechanisms of each cytokine both in disease and
healthy settings [1, 2]. The aim of my PhD thesis is to dissect immune response variabil-
ity, in particular focusing on IL-12p70 cytokine responses that may determine variable

responses in the context of bacterial and viral infections as well as autoimmune diseases.

1.1 Classification and functions

Cytokines are small signaling proteins for cell to cell interactions and communication.
They play a key role in the instigation and regulation of both the innate and adaptive
immune responses. Upon infection or tumor development, cytokines guide the
inflammatory responses which can drive protective immunity or be detrimental and

lead to immunopathology [1].

There are 4 broad categories of cytokines:
- Interleukins; originally defined as produced by leukocytes and acting on leukocytes
- Interferons; named due to their ability to interfere with viral replication
- Chemokines; mediating chemoattraction between cells

- Tumor necrosis factors (TNF); known to inhibit tumorigenesis and induce fever

Cytokines can actin three different ways: autocrine (act on the same cell thatsecreted
it), paracrine (act on nearby cells) and endocrine (act on distant cells). They can also have
pro and anti-inflammatory pleiotropic effects, mediate similar functions and be redun-
dant or act synergistically or antagonistically. Lastly, cytokines can mediate intracellular
signaling cascades and act on cells inducing the production of other cytokines which in

turn may promote further cytokine secretion [3].
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1.2 Cytokine secretion variability studies

Identifying factors of cytokine variation in healthy subjects can disclose causes that lead
to aberrant cytokine secretion in immune-related disorders and the ability to treat these
diseases. The discovery of biomarkers for early identification and control of diseases is
made possible by large-scale studies. Several research teams have investigated the impact
of host and environmental factors on cytokine variation in large cohorts of healthy indi-

viduals both in baseline plasma and stimulated conditions.

1.2.1 Baseline plasma level studies

First large-scale proteome characterization using mass spectrometry in population-based
cohort studies mainly focused on the impact of genetic on the plasma proteome without
considering the contribution of non-heritable factors on protein levels [4, s]. One of
the first high-throughput protein quantification study performed by Johansson et al.,
measured 163 proteins in the plasma of 1,060 Swedish subjects. The abundance of 31
proteins was found to be influenced by genetic variants that were for the most part cis-
acting SNPs [4].

The majority of recent studies integrate the impact of both genetic and nongenetic
factors on protein abundance in humans. A total number of 77 biomarkers known to
be involved in cancer and inflammatory diseases were measured in the plasma in a cohort
of 1,005 healthy Swedish individuals [6]. This study lead to the identification of 16 novel
genetic associations influencing variation of biomarker levels in baseline plasma. Sev-
eral non-genetic factors also have strong effects on biomarker levels with age, weight and
blood pressure influencing a large number of the measured proteins. As twins provide
a good opportunity to assess the relative contribution of heritable from non-heritable
influences to plasma protein levels, Brodin et al., assessed the impact of genetic and non-
genetic factors on s1 proteins measured in the serum of 105 healthy twin pairs. In this
study, they found that non-heritable factors influence the levels of 77% of all measured
parameters including cell population frequencies and serum proteins. Moreover, vari-
ations of some parameters increased with age indicating the important role of environ-
mental exposure as a source of heterogeneity between healthy individuals [7]. Another
twin cohort study investigated the heritability of protein levels in plasma and their longi-
tudinal stability overtime. Liu et al., measured 342 proteins in the plasma of 116 healthy

twins with 2 repeated sampling between 2 to 7 years after the first visit. From this study,
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13 cis-acting SNPs were significantly impacting the level of specific proteins. Moreover,
significant quantitative variability was observed for 17.5% of the proteins between the
two timepoints [8]. Zhong et al., also performed a longitudinal study combining whole-
genome sequencing, clinical phenotyping and measurement of 794 plasma proteins in
101 healthy individuals between so and 65 years old with 6 repeated sampling over a 2-
year study period. Larger inter-individual variation was observed compared to the intra-
individual variation as blood level of many proteins were stable during the study period.
They found that environmental components had impact on 186 proteins and that weight
loss and infection had effect on several proteins. In addition, 144 variants showed strong
associations with 107 proteins leading to the conclusion that the levels of many proteins
in baseline plasma of adults are determined at birth by genetics [9].

Thus, all these studies in healthy cohort mainly describe cis-acting pQTLs and show
that both genetic and non-heritable factors explain protein-level variance. As the abun-
dance of serum proteins plays an important role in the diagnosis and treatment of some
diseases, the role of genetic variation in regulating protein level variation has also been in-
vestigated in several diseases such as cardiovascular diseases [10], obesity [11] or coronary

disease-risk variants [12].

1.2.2 Induced immune responses studies

The human functional genomic project (HFGP) has assessed the effects of genetics, non-
genetic host, and environmental factors on cytokine responses in a cohort of 489 healthy
subjects after immune stimulation. These stimulations allow to mimic and reproduce
infection conditions and thus, assess cytokine variability in immune responses. A to-
tal of 19 microbial and metabolic immune stimulations were performed in three differ-
ent ex vivo cellular systems including whole-blood, peripheral blood mononuclear cells
(PBMCs) and macrophage stimulations. This study highlights the effect of age, gender
and seasonality on cytokine secretion. As an example, IL-22 and IFN7y secretion is re-
duced with age, and monocyte cytokine secretion decreases in winter [13]. In parallel, cy-
tokine quantitative trait loci (cQTL) analysis were performed to identify genetic variants
that can influence the response of 6 cytokines. This analysis revealed 17 novel genome-
wide significant loci associated with cytokine secretion that were nearly all trans-QTLs.
The loci of the SNPs were linked with infectious and immune-mediated diseases. This
study highlights high genetic heritability of cytokine secretion and inter-individual vari-

ability in the context of microbial stimulation [14]. It has been proposed by Schirmer et
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al., that non-heritable factors mainly explain inter-individual cytokine secretion variabil-
ity in the baseline immune system while genetic factors predominantly explain cytokine

production variability upon whole blood or PBMCs pathogen stimulation [1s].

1.3 Assessing human immune responsiveness using

standardized TruCulture assays

As described above, cytokine secretion varies greatly among individuals. Their produc-
tion differs based on activating signals, physiological factors (such as stress and nutrition),
genetics and environment [13, 14, 6]. It is essential to characterize physiological cytokine
ranges to understand how cytokines interact and are modulated in healthy individuals,
and to define cutoff values for potential disease diagnosis. As an example, IFN~y cytokine
production upon Mycobacteria tuberculosis antigen whole blood stimulation is used to
distinguish healthy donors from tuberculosis infected subjects [16]. However, few stud-
ies have assessed the factors that determine variance in cytokine levels in both healthy
donors and disease cohorts. These research projects require to define the induced cy-
tokine signatures in response to pathogens to capture natural occurring inter-individual
diversity of immune responses. The comprehension of cytokine secretion heterogeneity
can be performed using whole-blood collection stimulation assays in TruCulture tubes.
This system reproduces the induced immune responses in a standardized manner. On
one hand, whole blood reflects natural responses to infection as it contains all circulat-
ing immune cells including granulocytes and platelets as compared with PBMCs. On the
other hand, TruCulture tubes minimize contamination and require only 1ml of whole
blood. It also necessitates minimal sample handling as the blood is directly drawn into
the tube. This standardized assay has been shown to be a reproducible approach to pre-
vent technical and multi center variations [17]. This whole-blood stimulation system has
been implemented to assess the inflammatory signature of the 1,000 healthy subjects of

the Milieu Interienr cohort.



2. LabEx Milieu Interieur project

The Milieu Interienr (MI) 1,000 healthy donor cohort allows the study of natu-
rally occurring cytokine response variability using standardized and robust immune
monitoring tools. This project provides cytokine reference values from a healthy
population both at mRNA transcript and protein levels. The immune system is
responsible for maintaining homeostasis. Disruption of the equilibrium of the Milien
Interieur (as defined by Claude Bernard [18]) is associated with increased susceptibility
to pathogen infections, autoimmune disease or development of cancer. Assessing
the naturally occurring variability of the human immune system in healthy state is
required to understand immune-mediated diseases. In other words, the evaluation of
inter and intra-individual heterogeneity regarding host-related factors together with
environmental factors in a healthy population will allow to define the healthy state
and thus better characterize pathological states as well as predict response efficiency to
therapy. This requires non-invasive, easy to perform and reproducible assay systems to
assess true biological variability and generate datasets that will be comparable between

healthy and disease cohorts.

The MI project is a population-based study which aims to define the boundaries
of a healthy immune response. To do so, 1,000 healthy subjects of western European
ancestry stratified by sex (1:1 sex ratio) and age (20 to 69 years old) were recruited [19]. To
investigate the determinants of human immunologic variance, different levels of data
have been acquired (Figure. 2.1):

- Environmental data were collected through a detailed medical, dietary and lifestyle
questionnaire [19].

- Composition of blood cells was assessed by quantifying the immune cells and cell
surface markers on fresh blood using flow cytometry [20].

- Genomic variability was measured by performing genome-wide DNA genotyping
[21].

- Metagenomic diversity was determined in fecal and nasal samples through bacterial,
fungi and viral sequencing [22].

- Induced transcriptional and protein inflammatory signatures by innate and adaptive
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stimuli (including whole microbes, microbe-associated molecular patterns, clinically
used cytokines and T cell agonists) using the standardized, easy to use whole blood
TruCulture assay system. For this, whole blood was stimulated for 4 or 22 hours at 37°C
in TruCulture tubes. Supernatants containing secreted proteins were collected and
separated from the cell pellets which were lysed in order to extract mRNA and measure

gene expression [23, 24].

The MI dataset provides reference values that reflect naturally occurring variability
of the immune responses among healthy European individuals. Integration and associa-
tion of these data through a systems biology approach will allow to identify genetic and

environment factors that contribute to the observed diversity of immune responses.
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Figure 2.1: Milien Interienr project overview. An extensive questionnaire regarding every-day life
habits as well as nasal swabs, fresh whole-blood, stool and skin samples were collected from 1,000 healthy
donors to assess the factors of human immunologic variance.

My PhD research project is based on initial analysis of this collection which revealed
interesting variability regarding IL-12p7o cytokine secretion. Following whole blood
lipopolysaccharide (LPS) stimulation of 25 donors of the MI cohort, 24% of these healthy

donors did not secrete detectable levels of IL-12p70 [23].



3. IL-12 family of cytokines

As mentioned above, previous published observations revealed high levels of inter-
individual variability in IL-12p70 cytokine responses after whole blood LPS stimulation.
The IL-12 family of cytokines is part of the IL-6 superfamily and comprises four het-
erodimeric members: IL-12p70, IL-23, IL-27 and IL-35. This family is characterized by a
unique set of connections between an a-chain (p3s, p19 and p28) and a -chain (p40 and
Ebi3). The p4o subunit can bind with p3s or p19 to form IL-12p70 and IL-23 cytokines
respectively, whereas Ebi3 can pair with p3s to form IL-35, or p28 to produce IL-27. IL-27
and IL-35 pair poorly and are secreted in lower amounts than IL-23 and IL-12p70 which
are formed with disulfide bonds and are highly secreted. The competition dynamics for
pairing of subunits and subsequent secretion remain to be defined [25].

In addition to heterodimers, some chains can be secreted without any partner. For
example, p40 and p28 alone can function autonomously as monomers or homodimers.
The receptor chains of this family are also composed of two chains which can be used by

several cytokines. Signaling through all of these receptors is mediated by proteins of the
Jak-STAT pathway (Figure. 3.1).

IL-23 IL-12 IL-27 IL-35
p40 p40 Eb|3 Eb.3
p28 P35
IL-23R - 12R['5'; 12Rp2 |L-12RB1(V\|I|_S_)2(7E a0 12RB2 gp130
U D i
Tyk2 Tyk2 Jaki

Jak2 Jak2 Jak2 Jak2

STAT3 STAT4 STAT4 STAT4 STAT3 STAT1 STAT4 STAT1

Figure 3.1: Cytokine and receptor composition of the IL-12 cytokine family[2s]. Architecture of
the four heterodimeric members of the IL-12 cytokine family together with their respective receptors and

Jak-STAT signaling proteins involved.

The four IL-12 cytokines mediate diverse biological effects providing both positive

and negative feedback controls. IL-12p7o is a proinflammatory cytokine which plays a
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key role in the development of Thi responses. IL-12p70 induces IFNy production by T
cells and NK cells upon antigen presentation. IL-23 is also a proinflammatory cytokine
which participates in Thry responses. IL-27 is an immunoregulatory cytokine and can
have both inhibitory and prostimulatory functions. The most recently identified cy-
tokine member, IL-35 can inhibit development of Thr and Thry responses and elicit the
development of regulatory T cells [25].

For this project, we focused on the proinflammatory IL-12p70 and IL-23 cytokines
and their shared p4o subunit that is induced upon bacterial whole blood stimulation as
a model of cytokine variability. As such the rest of the introduction will focus on their

regulation and function.



4. IL-12p7o0 cytokine

IL-12p70is a70 kDa heterodimeric proinflammatory cytokine that was discovered in
1989 and initially named as “natural killer cell stimulatory factor”. IL-12p70 is composed
of the a-chain ps3s, and the S-chain p4o. The two subunits are linked with disulfide
bonds[26]. The two subunits IL-12R 1 and IL-12R 82 that compose the IL-12 receptor

were fully characterized several years later[27, 28].

4.1 Biological functions

IL-12p7o0 regulates both innate and adaptive immunity and has a central role in Thir re-
sponses. The main function of IL-12p70 is to exert immunoregulatory effects on NK
cells and T cells. IL-12p70 induces the proliferation and cytotoxicity of NK cells as well
as the differentiation and proliferation of Thi cells characterized by expression of T-bet
after antigen presentation to T cells by antigen presenting cells (APCs) [29]. Both Thr
and NK cells produce type-1 cytokines, in particular IFN+y through the activation of the
Jak/STAT signaling pathway. IFNy activates the antimicrobial functions of phagocytes
and induces resistance to many bacteria, fungi and intracellular pathogens. IL-12p7o0 also
induces production of Thr associated immunoglobulin classes by B cells, in particular it
enhances IgGr and decreases IgE. Another action of IL-12p7o0 is to enhance the produc-
tion of cytotoxic T lymphocytes (CTLs) and lymphokine-activated killer cells (LAK).
It increases the cytotoxic activity of CTLs and NK cells by inducing gene transcription
of cytotoxic granule-associated molecules including perforin and granzymes, but also by
upregulating gene expression of adhesion molecules. IL-12p70 induces the up-regulation
of gene expression encoding for several cytokines, chemokines, receptors, membrane
molecules, signaling and effector molecules as well as transcription and nuclear factors
(detailed table listing the genes upregulated by IL-12p70 described by Watford et al.[30]).
Finally, IL-12p70 and IFN+y antagonize Thz differentiation and the production of IL-4,
IL-s and IL-13 cytokines (Figure. 4.1) [31].
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Figure 4.1: IL-12p70 biological functions [31]. Presentation of the main IL-12p70 cytokine producers in
response to pathogens as well as the target cells of IL-12p70 and their biological activities.

4.2 IL-12p70 production and signaling pathway

4.2.1  Encoding genes

The genes encoding the two subunits are located at two independent loci. The p3s and
p4o subunits are encoded by the /L1724 gene on chromosome 3 and the /Lz2B gene on
chromosome s respectively [32]. Both genes have to be coordinately expressed by the
same cells in order to secrete the biologically active IL-12p70 cytokine [33]. The /L124
gene is expressed in many cell types, including non-immune cells. By contrast, /L1zB
gene expression is restricted to cells producing the heterodimer. In the absence of p3s or
pro subunit (which binds with p40 to form IL-23 cytokine), p4o is secreted as a monomer

or homodimer whereas p35 can be secreted only if associated with p4o [34].

4.2.2  IL-12p7o0 biosynthesis

As previously mentioned, co-expression of the two subunits within the same cell is nec-

essary to form the biologically active IL-12p70 cytokine. The two subunits interact to-



4.2. IL-12p70 production and signaling pathway 13

gether and are linked with disulfide bounds in the endoplasmic reticulum. Thereafter,
glycosylation of the cytokine takes place in the Golgi apparatus and is essential for mature
IL-12p70 cytokine secretion [35]. The p4o subunit enhances post translational stability,
and promotes the intracellular trafficking and export of the p3s chain which results in
secretion of IL-12p70. The absence of p40 does not allow the transfer of the p3s subunit
into the Golgi complex. Moreover, the relative quantity of the two cytokines is essen-
tial in determining the efficiency of IL-12p7o secretion and excess production of the p40
chain is critical to direct the transport of p35 and thus maximize the secretion of IL-12p7o.
The production of IL-12p7o is rapid and its rate is dictated by the availability of the p40
subunit [34].

4.2.3 Cell types secreting IL-12p70

IL-12p70 is primarily produced by antigen-presenting cells. Purified monocytes,
macrophages and dendritic cells (DCs) have been shown to produce IL-12p7o in re-
sponse to bacteria, intracellular parasites, viruses, fungi, dsSRNA and CpG through toll-
like receptor (TLR) signaling [36, 37, 38]. Using Northern blot, one study has shown
that purified polymorphonuclear leukocytes can produce IL-12p70 upon LPS stimula-
tion [39]. Human tonsillar B cells have also been reported to secrete bioactive IL-12p70
cytokine using enzyme-linked immunosorbent assay (ELISA) and intracellular flow cy-
tometry [40]. Of important note, none of these studies were performed using human
whole blood stimulation. In addition, the majority of these findings were achieved be-
fore the discovery of the IL-23 cytokine which shares the p4o subunit with IL-12p70. As
a consequence, the tools used to detect IL-12p70 did not consider this parameter and

detection of IL-12p70 may have been compounded by co-detection of IL-23.

4.2.4 IL-12p70 receptor and signaling pathway

The heterodimer molecule signals through the IL-12 receptor (IL-12R) comprising IL-
2R f1and IL-12R 2 subunits that are expressed on T cells, NK cells, DCs and some B-
celllines. IL-12R is not present on most resting T-cells but is expressed at low levels by NK
cells allowing them to respond rapidly to IL-12p70. Activation of T cells via the T cell re-
ceptor (TCR) upregulates gene expression of the two IL-12R chains [41, 42, 43, 27]. Co-
expression of the two transmembrane glycoprotein subunits is required for the forma-

tion of high affinity IL-12p70 binding sites. Signal transduction through IL-12R induces
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tyrosine phosphorylation of the janus activated kinase 2 (JAK2) and the tyrosine kinase
2 (TYK2) which in turn mainly phosphorylate the activator of transcription, STAT 4
leading to STAT4 homodimerization and translocation of the homodimer to the nu-
cleus to promote gene transcription including IFN+y (Figure. 4.2) [44]. In addition, the
PI3K/Akt pathway has been reported to be activated by IL-12p70 in mice leading to pro-
liferation and survival of CD4" T cells, but not IFN~y production [4s].

IFN-y
T,1 development

Figure 4.2: Schematic representation of IL-12p7o, its receptor and downstream signaling pathway
[46]. IL-12p7o0 is composed of the p3s and p4o subunits and signals through the IL-12 receptor made
of the IL-12R 31 and the IL-12R 82 chains. IL-12p7o0 activates Jak2 and TYKa2 molecules leading to the
phosphorylation of STAT 4 and the production of IFN+y triggering a Thr immune response.

4.3 Regulation

Similar to other cytokines, the existence of numerous mechanisms controlling IL-12p70
production enables efficient and appropriate immune responses against pathogens. The
positive and negative regulation of IL-12p7o0 activity can occur at different levels by regu-
latory factors. The first one corresponds to /LzzA4 and IL12B gene expression and transla-
tion as described previously. Further regulation occurs in the IL-12p7o0 signaling pathway
and the genes upregulated by the heterodimer. Furthermore, cells expressing multiple
subunits of the IL-12 cytokine family may lead to competition for pairing and secretion.
The following sections report the main positive and negative regulatory factors of IL-

12p7o production.
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4.3.1 Positive regulation

Bacteria, bacterial DNA, fungi, intracellular parasites, double-stranded RNA such as
Poly(I:C), single-stranded RNA and CpG oligodeoxynucleotides highly activate IL-
12pyo production [47, 48]. Several cytokines can also increase the capacity of cells to
secrete IL-12p70. As an example, IL-12p70 positively regulates its own production via
IFN~, which primes monocytes and neutrophils to activate interferon regulatory fac-
tors inducing the transcription of both /124 and IL12B genes. The ability of IFN+ to
enhance production of IL-12p7o creates a positive feedback mechanism during inflam-
mation and Thr responses [49, s0]. IL-12p70 can also bind to its receptor on DCs to in-
crease its own production. In addition, IL-4 and IL-13 priming before infection can also
enhance IL-12p70 production in a time-dependent manner [s1, 52]. In response to TLR
activation, IL-12p7o0 secretion is also dependent on type I IFNs which regulate IL-12p3s
mRNA transcription [s3]. Finally, IL-12p70 production can also be facilitated through
direct cell to cell interactions. In the context of bacterial infection, DCs express CD40
costimulatory markers that interact with CD4oL activation markers on T cells to opti-

mize IL-12p70 production [54].

4.3.2 Negative regulation

The anti-inflammatory cytokine IL-10 is a well-known strong inhibitor of IL-12p7o0 secre-
tion by blocking the transcription of both /124 and IL12B genes. Transforming growth
tactor 3 (TGF-f3) also inhibits IL-12p70 production by reducing the stability of the /L12B8
gene [ss, 56]. Moreover, signaling through many G protein-coupled receptors including
chemokines CCL2-7-8-13 and complement component Csa also inhibits IL-12p7o se-
cretion by macrophages and downstream Thi responses [s7]. Finally, prostaglandin E2
mediates the inhibition of IL-12p70 production through the inhibition of /Lz2B tran-

scription [58].

4.4 IL-12p7o roles in diseases

Patients with genetically impaired IL-12p70/IFN7y axis immunity, also called mendelian
susceptibility to mycobacterial disease (MSMD) are more susceptible to weakly viru-
lent Mycobacteria as well as Salmonella infections [s9]. Interestingly, these IL-12p70

deficient patients are protected against a secondary mycobacterial infection. Moreover,
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these patients are resistant to other pathogens such as cytomegalovirus (CMV) or her-
pes virus showing that it is probably most unlikely that IL-12p7o is a key cytokine in the
immune response of these infections [60]. IL-12p70 has been shown to be protective
in some but not all viral infections [61]. As an example, IL-12p70 contributes in con-
trolling influenza virus by enhancing cytotoxic T lymphocytes [62]. As previously men-
tioned, the IL-12p70 cytokine plays a key role in mounting protective immunity against
bacterial infection by triggering a Thr immune response. High levels of IL-12p70 have
been reported in several auto-immune diseases such as Crohn’s disease, osteoarthritis,
rheumatoid arthritis, seronegative spondylarthropathy, and atherosclerosis. In addition
to immune-mediated inflammatory diseases, increased IL-12p70 plasma levels are also
detected in patients with neurological disorders such as multiple sclerosis (MS). Cur-
rently, several antagonist agents targeting IL-12p70 or IL-23 are being tested or have been
approved for immune-mediated diseases [46]. As an example, Ustekinumab which is a
monoclonal antibody targeting the p4o subunit of IL-12p70 and IL-23 blocking its inter-
action with the IL-12R B1 receptor chain, has been approved for the treatment of psoriasis

and Crohn’s disease.



s. IL-12p40 and IL-12p8o cytokines

Both p3s5 and pr9 subunits require IL-12p40 to be secreted. However, IL-12p40 can
be produced in a monomeric or homodimeric form linked by disulfide bonds called IL-
12p8o or IL-12(p40)* [63]. IL-12p40 is secreted at a 10 to 20 fold excess as compared with
IL-12p70 by stimulated human blood cells. Both IL-12p40 and IL-12p8o bind to IL-
12R 1 receptor subunit and can have both antagonist and agonist effects. Few studies
of IL-12p40 and IL-12p8o have been performed using human samples and, even though
IL-12p8o has been detected in human samples, less is known about the availability of the
homodimeric cytokine in humans. Thus, the majority of results described in this section

have been performed using mouse models.

5.1 IL-12p40

The main biological function of IL-12p40 is to competitively bind to the IL-12p7o recep-
tor creating a negative feedback loop [64]. However, it has been suggested that IL-12p40
is not only a negative regulator of the Thr response but might also have an agonist role

and initiate an immune response under certain conditions.

s...x  Biological activities of IL-12p40

In a rat tumor model system, IL-12p40 was able to amplify the immune response against
tumors through the recruitment of macrophages [65]. In addition, IL-12p40 has been
shown to be important for the initiation of T cell responses. Mice lacking IL-12p40
showed a defect in DC migration from the lung to the draining lymph node after A1y-
cobacterium tuberculosis exposure as well as a diminished activation of naive T cells. This
defect could be overcome with the addition of exogenous IL-12p8o suggesting potential
redundancy between IL-12p40 and IL-12p8o biological functions [66]. In summary, sev-
eral studies highlight that IL-12p40 may have different physiological functions and act as

both an antagonist of IL-12p70 and as an effector molecule.
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5.2 IL-12p8o

In mice, 20% to 40% of IL-12p40 in the serum is in the form of IL-12p8o. In human 7»
vitro studies, IL-12p8o was at least 20 times more effective than IL-12p40 at inhibiting the
IL-12p70 Thi response and at binding to the IL-12p7o receptor. However, the affinity of
IL-12p8o0 for the IL-12 receptor is 10 to 20% of the affinity of IL-12p70 [67]. Similar to
IL-12p40 functions, IL-12p8o can also acts as an antagonist by binding to the IL-12p70

receptor [63, 68]. However, IL-12p8o can also triggers some biological activities.

s.2.1 Biological functions of IL-12p8o

IL-12p80 can modulate myeloid cell activity and trigger TNFo and nitric oxide synthase
production via IL-12R 31. In naive mouse splenocytes, IL-12p8o production suppressed
FOXP3 and CD2s expression by regulatory T cells in a dose dependent manner [69, 70,
71]. In addition, IL-12p8o has been shown to act as a macrophage chemoattractant in
both rat and mouse models [72]. This function has been shown to be detrimental in the
context of allograft [73]. Moreover, IL-12p8o can promote IFN+ production by CD8 T
cells participating in allograft rejection [74].

Interestingly, the functions of IL-12p8o have been investigated in the context of au-
toimmune arthritis and leishmaniasis in mice, and have shown different effects. In a
mouse model of cutaneous leishmaniasis, local injection of IL-12p8o enhanced disease
susceptibility and increased lesion volumes. Immune responses against Leshmania re-
quire IFN7y production and antagonist functions of IL-12p8o might be responsible for
inhibiting Thr responses in this disease [75]. However, in animal models of autoimmune
arthritis, IL-12p8o suppressed inflammatory arthritis by inhibiting the production of in-
flammatory cytokines and T cell proliferation. Unlike the study by Brahmachari et al.,
IL-12p8o induced regulatory T cells whereas the generation of Thry cells was suppressed
[76]. Similar results were observed in an autoimmune colitis model in which IL-12p8o
suppressed Thry cells [77]. Thus, IL-12p8o could prevent IL-12p70 and IL-23-mediated
immune diseases in different contexts by competitively binding to the IL-12R 31 subunit

of the receptor.



6. IL-23 cytokine

The IL-23 cytokine was discovered in 2000 by Oppmann et al., and its receptor was
identified two years later. IL-23 is a proinflammatory cytokine composed of the pr9 and
p4o subunits. Like IL-12p7o0, the heterodimers of p40 and p19 are formed with disulfide
bonds [78, 79].

6.1 Biological functions

IL-23 plays a major role in the differentiation of naive T cells into Thry cells. How-
ever, IL-23 alone cannot induce this differentiation. IL-6 and TGF-f3 are also required
as inducing factors for Thry cell differentiation, while IL-13 can enhance the prolifer-
ation of Thiy cells. IL-23 is necessary for the maturation of Thry cells and promotes
their pathogenicity through four main mechanisms which are (i) supporting Thiy sig-
nature gene expression, (ii) inducing effector gene expression, (iii) downregulating re-
pressive factors and (iv) amplifying its signaling pathway through the upregulation of
IL-23 receptor gene expression. Thry cells secrete several cytokines including IL-17A,
IL-17F, IL-22, IL-26, CCL20 and the chemokine receptor CCR6. Both IL-17A and IL-
17F are important for recruitment of neutrophils to epithelial cells. In addition, IL-17A
with IL-22 induces the production of anti-microbial peptides from numerous epithe-
lial cells [80, 81, 82]. Like IL-12p70, IL-23 also induces IFN+y expression in human Thry
cells. Nevertheless, in contrast to IL-12p70, IL-23 acts on memory T cells to promote
their proliferation. Firstly, it promotes IFN+ secretion in both CD4* and CD8" naive
and memory T cells and secondly, it induces IL-17 secreting memory T cells. The pro-
inflammatory cytokine IL-17A stimulates IL-1, IL-6, Tumor necrosis factor o (TNF),
nitric oxide synthase 2 (NOS-2) and inflammatory chemokines. Thus, as memory T cells
highly proliferate during disease, the role of IL-23 is particularly relevant forimmunologi-

cal responses during bacterial and viral infections and also chronic inflammation [83, 84].
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6.2 IL-23 production and signaling pathway

Activated monocytes, macrophages, DCs, keratinocytes and endothelial cells can secrete
IL-23. IL-23 production is stimulated by both Gram+ and Gram- bacteria and by the
activation of TLR2-8 receptors [37, 85, 86, 87]. Analogously to IL-12p7o, biologically
active IL-23 requires the production of both chains within the same cell and the pr9 sub-
unit needs co-expression of p4o for secretion. The /1234 gene islocated on chromosome
12. An important epigenetic mechanism regulating both IL-12p70 and IL-23 gene expres-
sion in DCs has been identified. The deubiquitinase trabid protein has been shown to be
essential to induce histone modifications at the /Lz24, IL12B and IL234 gene promoters,
which is necessary for gene transcription and thus inflammatory responses [88]. The IL-
23 receptor is composed of IL-23R and IL-12R 31, also shared with the IL-12p7o receptor.
IL-23R associates with JAK2 while IL-12R Srinteracts with TYK2. IL-23 binding leads to
phosphorylation and activation of JAK-STAT signaling molecules. STAT3 or STAT 4 are
phosphorylated and form homodimers that shuttle into the nucleus and bind to STAT
binding sites in the promoter. STAT4 is necessary to induce IFN+y gene transcription
whereas STAT3 phosphorylation is essential for Thry cell development and induces the
expression of IL-r7 and ROR~T genes (Figure. 6.1). IL-23 activates less STAT4 than
IL-12p70, and STAT3 is the predominant activated STAT upon IL-23 cytokine signaling

[30].

IL-17A, IL-17F, IL-22
T417 stabilization

Figure 6.1: Schematic representation of IL-23, its receptor and downstream signaling pathway
[46]. IL-23 is made up of the p35 and p4o subunits and signals through the IL-23 receptor comprised
of the IL-12R 51 and the IL-23R chains. IL-23 activates JAK2 and TYK2 molecules leading to the phos-
phorylation of mostly STAT?3 and the production of IL-17A, IL-17F and IL-22 cytokines inducing a Thry
immune response.
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6.3 IL-23 cytokine in disease

IL-23 imbalance can lead to autoimmune inflammatory disorders and pathogenesis. IL-
23 has been extensively used as a clinical indicator of immune-mediated diseases. Dereg-
ulated levels of IL-23 mainly affects barrier functions and leads to pathologies of skin,
gut and lung. Patients with psoriasis autoimmune disease present high levels of IL-23
in their lesions [89]. A new monoclonal antibody that selectively target the p19 subunit
named Guselkumab has been recently approved for the treatment of moderate to severe
plaque psoriasis [90]. Additionally, ankylosing spondylitis and inflammatory bowel dis-
ease such as Crohn’s diseases have been genetically associated with the IL-23 pathway
[46]. Targeting the cytokine itself, its receptor or signal transduction are potential ther-

apeutic approaches for these diseases.






7. Type I interferons

A few studies have highlighted a link between type I IFNs and IL-12p70 production.
Gautier et al., demonstrated that IL-12p70 production in response to TLR activation
was dependent on production of endogenous type I interferons (type I IFNs) that reg-
ulated IL-12p35 mRNA accumulation [53]. Moreover, Nagai et al., observed that IFNf
can trigger or inhibit Thr responses driven by IL-12p70 depending on the time of expo-
sure [91]. Thus, in addition to assess IL-12p7o secretion variability, we also investigated
inter-individual heterogeneity of type I IFNs and the potential role of type I IFNs in

variable IL-12p70 production.

7.1 Type I interferon subtypes

The term “interferon” (IFN) was defined for the first time in 1957 and described as a
substance produced by cells and which interferes with influenza infection [92]. In 1978,
two decades after the initial discovery of this cytokine, interferon was purified and its
properties were characterized [93]. This state of progress lead to the identification of a
family composed of distinct proteins rather than one single IFN molecule. In humans,
the type I IFN family includes several members and is composed of 13 type I alpha IFNs
(IFENA1, IFNAz, IFNA4, IFNAs, IFNA6, IFNA7, IFNAS8, IFNAro, IFNA13, IFNA14,
IFNA16, IFNAr7 and IFNAzr genes), one IFNS (IFNBr gene) as well as IFNe (/FNE
gene), IFNk (/FNK gene) and IFNw (IFN W1 gene). All genes are clustered on the short
arm of chromosome 9. DNA sequences show that the human /FNA gene family shares

70 to 80% sequence homology within the 13 subtypes and 35% identity with the /FNBr
sequence [94, 95].

7.2 Type I interferon production

Secretion of type I IFN is induced via stimulation of pattern recognition receptors
(PRRs) that detects bacterial and viral nucleic acids or compounds and endogenous lig-
ands. Stimulated PRRs induce signaling pathways that activate transcription factors that

are members of the interferon regulatory factor (IRF) family which in turn triggers the
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production of type I IFNs [96, 97]. In the context of LPS stimulation, IFN3 was shown
to be secreted by bone marrow derived macrophages as well as bone marrow derived DCs
using mouse cell lines [98]. In humans, primary purified monocytes expressed IFN 3
mRNA 1 hour after the beginning of the stimulation demonstrating the quick IFNf3
induction by monocytes [99]. The secretion of IFNa by pDCs after exposure to virus
has been well characterized [100, 101]. However, TLR 4 activation by LPS also induces
IFNo production [24]. It has been demonstrated that mouse cDCs as well as human
purified monocytes secrete IFNca upon LPS stimulation after IFN/3 priming, showing

that these two cell types are able to produce IFNo upon TLR 4 activation [102].

7.3 Type I interferon signaling pathway

Multiple signaling pathways are activated by type I IFNs and the cooperative functions

of these signaling cascades are important for the induction of biological responses.

7.3.1 Activation of classical JAK-STAT pathways

Both IFNa and IFN/3 bind to the same heterodimeric transmembrane receptor IFINAR
composed of two subunits: IFNAR1 and IFNAR2 which are associated with TYK2
and JAKT, respectively. IFNAR2 binds interferon molecules with high affinity while
the IFNAR1 subunit binds the proteins with low affinity. IFN/3 presents the highest
binding affinity among all type I IFNs [103]. In the canonical type I IFN signaling
pathway, IFNAR engagement leads to dimerization of the IFNAR subunits followed
by the autophosphorylation and activation of JAKr and TYKz2. The latent cytoplas-
mic signal transducers and activators of transcription STATT and STAT? are tyrosine-
phosphorylated and dimerize [104, 105, 106]. This heterodimer assembles with IRF9g to
form the IFN-stimulated gene factor 3 (ISGF3) complex [107, 108, 109]. ISGF3 translo-
cates to the nucleus and binds to IFN-stimulated response element (ISRE) sequences
to induce expression of several hundred genes. The majority of these interferon stimu-
lated genes (ISGs) are classical antiviral genes [110, 111] (Figure. 7.1). In addition to the
canonical pathway, IFNAR activates STATT and STAT3 homodimers to a minor extent
in the majority of cell types. STAT1 homodimers bind to gamma-activated sequences
(GASs) to induce the expression of pro-inflammatory genes [112, 113] whereas STAT?3
homodimers indirectly induce genes that suppress inflammatory responses through its

association with the co-repressor complex SIN3A [114]. IFNAR can also activate STAT 4,
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STATsand STAT6 in some cell types in a context-dependent manner. These other STAT
molecules form homodimer or heterodimer complexes or also bind with co-activators
(for example STAT's can associate with CRKL protein). These complexes translocate to

the nucleus and also bind GAS elements [115].
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Figure 7.1: Canonical type I interferon JAK-STAT signaling pathways [115]. Activation of the type
I IFN receptor composed of IFNAR1 and IFNAR2 subunits leads to the activation of Jaki and Tyka

molecules. These two proteins induce the activation, dimerization and nucleus translocation of STAT
proteins which in turn activate the transcription of genes involved in antiviral and inflammatory responses.

7.3.2 Activation of independent JAK-STAT pathways

The p38-signaling pathway has been shown to be activated by type I IFNs in cell lines.
Type I IFNs can activate mitogen-activated protein kinases (MAPK) that phosphory-
late p38 and several effector kinases such as MSK1 or MAPKAPK?2 are in turn activated
[116, 117]. These effector kinases have regulatory effects on gene transcription. This sig-
naling cascade has growth-inhibitory effects and is essential for the induction of antivi-
ral responses in patients infected by the hepatitis C virus (HCV) highlighting the func-
tional relevance of this pathway [118, 119]. In addition, type I IFNs can activate the PI3K-
signaling pathway which results in downstream formation of STAT1homodimers which
bind GAS elements as previously described [120]. Interestingly, it has also been demon-
strated in mice that IFN/3 can bind to the IFNAR1 subunit independently of IFNAR2.
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IFNB-IFNART1 association mediates specific and unconventional intracellular signals in-
dependently of Jak-STAT pathways and induces the expression of a distinct group of
genes independently of the canonical type I IFN pathway [121, 122].

7.4 Regulation

Type IIFNs play critical roles in host protection from pathogens. Dysregulation of type
ITFN production or responses can mediate immune pathogenesis such as autoimmune
diseases (named interferonopathies) and infectious diseases through aberrant inflamma-
tory responses or improper suppression of pathogens [123]. Thus, type I IFNs needs to
be tightly regulated to achieve both protective immunity and avoid toxicity of excessive

type I IFN responses.

7.4.1 Positive regulation

Production of type I IFNs is upregulated by a positive feedback loop. Type ITFNsinduce
IRF7 production through ISGF3 transcription factor activity. Then, IRF7 undergoes
nuclear translocation and in turn induces type I IFN secretion [124]. In addition, type
I TFNs induce STING (stimulator of interferon genes) expression via a STAT1 binding
site and the induction of STING leads to further interferon production. Also, IRF7-
dependent IFN« induction further amplifies STING expression [125].

7.4.2 Negative regulation

Elevated or persistent type IIFN responses are detrimental, causing increased levels of in-
flammation. Therefore, multiple layers of feedback mechanisms on the IFNAR receptor
and its mediated pathways exist. At the cytokine expression level, IRF2 and pso homod-
imers are negative regulators of IFN3 expression. Both are constitutively expressed and
attach to the IFN/3 promoter to act as repressors [126]. The inhibition of the type I IFN
pathway is mediated through protein-protein interaction, post-translational modifica-
tions as well as post-transcriptional regulation by non-coding RNA. The list of negative

regulators, their targets and the regulatory mechanism applied are reported in Table 1

(Table. 7.1).
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Negative regulator Target Mechanism

DCST1 STAT2 Ubiquitination

IRF2 IRFs Binding

PIAS1 STAT1 Binding

PIASy STAT1 Inhibition of STAT1-dependent transcription
PKD2 IFNAR1 Ubiquitination

PTP1B TYK2 Dephospholyration
RNF2 STAT1 Ubiquitination

S1PR1 IFNAR1 Lysosomal degradation
SHP1 JAK1, STAT1 Dephospholyration
SHP2 JAK1, STAT1, STAT2 Dephospholyration
SMAD2, SMAD3 STAT1 Binding

SMURF1 STAT1 Ubiquitination

SOCSs1 TYK2 Binding

SOCS3 JAK1 Binding
SPRY1,SPRY2,SPRY4 ERK1/2 Dephospholyration
TC-PTP JAK1 Dephospholyration
USP18 IFNAR2 Binding

Table 7.1: Negative regulators of Type I IFN response together with their target proteins and
mechanism of action [123].

7.5 Roles in disease - Biological functions

Type I IFNs are pleiotropic cytokines with beneficial or detrimental effects in infection
and cancer. These cytokines are also essential to link the innate and adaptive immune
systems. Dysregulation of the type I IFN response leads to a breakdown of immune

tolerance and autoimmune diseases.

=.5.1 Viral infections

The protective role of type I IFNs in early stages of viral infection and in the resolu-
tion of acute infections has been well characterized [127]. Upon pathogen-encounter,
type I IFNs are produced and trigger the expression of a diverse set of ISGs inducing
a potent antiviral response. Some ISGs are involved in antiviral activities while others
specifically target different classes of viruses. ISG-encoded proteins are composed of di-
rect effectors mediating the antiviral response through several mechanisms (inhibition
of viral replication, transcription and translation as well as degradation of viral genome
and alteration of cellular lipid metabolism) and factors which induce adaptive immune
responses. Nevertheless, the effects of prolonged type ITFN secretion are not well charac-

terized in chronic viral infections. In persistent infections such as HIV (human immun-
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odeficiency virus), elevated viral loads correlate with the level of type I IFNs and ISG
expression [128]. Whether prolonged type I IFN production leads to viral persistence or

chronic infection still needs to be investigated [129].

7.5.2 Bacterial infections

Unlike viral infections, the role of type I IFNs in bacterial infections is less clear. They can
be protective or detrimental during bacterial infection depending on the pathogen and
the stage of infection. As type I IFNs induce genes that modulate both the innate and
adaptive immune response, these genes can be beneficial for the formation of antibacte-
rial inflammatory responses while others can be detrimental [130]. As an example, type
I TFNs exacerbate bacterial infection during Listeria monocytogenes or Staphylococcus au-
reus infections. Different mechanisms of action have been highlighted, among them type
I IFNs can attenuate the expression of the IFN7y receptor and they can also inhibit the
expression of IL-17A by 0 T cells which suppress neutrophil recruitment. In contrast,
type I IFNSs are protective during Streptococcus pneumoniae or Helicobacter pylors infec-
tions through the induction of ISGs such as CXCLro. The impact of type I IFNs on
the outcome of bacterial infections is explained by different factors including virulence

factors, the bacterial replication strategy and the site of the infection [113].

7.5.3 Autoimmune diseases

As previously described, production of type I IFNs upon pathogen infection activates a
positive feed-forward self-amplifying loop to ensure rapid and efficient virus eradication.
However, this auto-amplification loop can be involved in the pathogenesis of certain au-
toimmune diseases due to aberrant activation of immune responses. First, autoimmu-
nity can be induced by type I IFN based immunotherapy [131]. This treatment is used
to treat chronic viral infections such as hepatitis C and B. However, this therapy has
been associated with the development of autoimmune diseases such as systemic lupus
erythematosus (SLE) or rheumatoid arthritis (R A) in some patients [132]. As this phe-
nomenon is rare and reversible, it is suggested that additional genetic and environmental
factors play a role to induce this autoimmunity associated with type ITFN based therapy.
Second, many studies have shown increased expression of ISGs in patients with autoim-
mune disorders such as SLE and interferonopathies [133, 134, 135]. For the majority of

patients, the expression was correlated with disease severity. Third, host genetic poly-
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morphisms in type I IFN pathways have been identified and linked with an increased
risk to several autoimmune diseases. As an example, genetic polymorphism in STAT4
protein, activated downstream type I IFNs pathway, have been linked with susceptibil-
ity to RA and SLE diseases [136]. Finally, in patients with SLE, it has been reported that
monocytes can differentiate into DCs in an IFNa-dependent manner. These matured
myeloid DCs activate in turn autoreactive T cells. pDCs and autoreactive T cells help
expand autoreactive B cells leading to the destruction of host tissues through the pro-
duction of autoantibodies [137]. All these findings highlight the potential of type ITFNs

for amplifying immunopathology in autoimmunity [138, 139].

7.6 Differences between IFN« vs IFN

Many published studies present results and conclusions about type 1 IFNs without dif-
ferentiating between IFNa and IFN 3. However, although they signal through the same
receptor and have functional overlaps, IFNa and IFN/ present distinct roles, and it
is likely that they are evolutionarily preserved for selective functions. Also, IFNa and
IFNQ are clinically used to treat different diseases. IFNc is used to treat hepatitis B and
C while IFNJ treatment is used to prevent relapses in multiple sclerosis, albeit with vari-
able success rates. The currently accepted view is that the different activities between
IFNa and IFNJ are related to the recognition chemistry and binding to the IFNAR
receptor. The separate roles of IFNa and IFNJ are supported by different studies sum-

marized in this section.

7.6.1  Unique role of IFN«

IFNo and IFNJ are both induced early after infections but they play different roles in
controlling viral infections. As an example, in the case of LCMYV (lymphocytic chori-
omeningitis) infection, IFNa is effective in managing viral spread whereas IFN/3 is not
important for early anti-viral activity [140]. This provides a potential explanation for the
effectiveness of IFN« therapy in decreasing HCV RNA. Moreover, IFN« and IFN3 are
not produced in the same proportion by the different cell types. As an example, upon
TLR7 and TLRg activation, pDCs produce 56 times more IFNa than IFNS (unpub-
lished data).
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7.6.2  Unique roles of IFN3

IFNg is implicated in a multitude of biological effects that have not been described for
IFNa. First of all, healthy organisms present constitutive IFN/3 production in the ab-
sence of infection. This constitutive secretion is essential to maintain appropriate antivi-
ral and antitumor responses as well as hematopoietic stem cell homeostasis. This has not
been demonstrated for IFNa, showing that IFN/ is a master regulator of type I IFNs
activities [141]. The timing of IFN/3 secretion has been shown to be crucial in determin-
ing whether its response is beneficial or detrimental. During maturation of DCs, IFN3
increases the capacity of DCs to promote Thi cells which secrete IFN~y. However, in the
presence of mature DCs stimulating naive T cells, IFN/3 inhibits Thr cell polarization
and promotes the secretion of IL-10 by T cells [o1]. This activity is clinically relevant in
MS disease in which increased production of IFN+ precedes clinical attacks, and Thr as
well as Thry cell migration leads to the formation of MS lesions from the periphery to
the central nervous system. Thus, IFN/3 therapy is used in MS disease for its immuno-
suppressive effect that reduces the T cell responses responsible for the progression of this
disease [142].

Interestingly, IFN/ contains an NGR sequence motif (Asn-Gly-Arg) placed in the
region involved in the IFNAR2 binding. The NGR motif can be deaminated into DGR
and iso-DGR which can then bind to integrins (av/33 and potentially others) [143]. Al-
though further investigations are required, this combination could be associated with
the described anti-cancer immune effect of IFN/. In cancer, IFN/ but not IFN« can
inhibit melanoma cell migration and in triple-negative breast cancer, high levels of IFN 3

correlates with improved recurrence-free survival [144, 145].

7.6.3 Potential explanations for the different biological outcomes
between IFN« and IFNJ

The implications of IFN« or IFNf in a specific infection can be explained by the selec-
tive production of one of the cytokines in these circumstances. For example, LPS toxicity
specifically triggers IFN3 secretion. Factors such as timing, signaling intensity and cell
source of the type I IFN subtypes play an essential role in coordinating the outcome of
type I IFN signaling. It has also been shown that the relative afhinity of IFNa and IFN 3
for the two IFNAR subunits and the resulting stability of the tertiary interferon-receptor

complex induce different biological outcomes [146, 103].



8. LPS - TLR 4 signaling pathways

To study IL-12p70 and type IIFNs inter-individual secretion variability, we used Tru-

Culture tubes pre-loaded with cell culture media and the LPS as an immune stimulant.

8.x LPS

8.1.1 Composition

The surface of gram-negative bacteria is composed of numerous ligands that are recog-
nized by TLRs of immune cells. Once such ligand, LPS is a structural component of
the outer membrane of gram-negative bacteria which contains two membranes in con-
trast to gram-positive bacteria. LPS is composed of three parts: the distal polysaccharide
O-antigen, the core oligosaccharide part and lipid A (or endotoxin) [147]. Lipid A is
the pathogen-associated molecular pattern (PAMP) of LPS that is recognized by TLR 4.
Interestingly, immune responses of humans to LPS varies depending on the source of
bacterial LPS. Indeed, LPS can be structurally different between gram negative bacteria

species and induce distinct immune signaling responses [148].

8.1.2 LPS in humans

The human colon contains approximatively 1 kg of bacteria which can produce LPS.
As, the outer membrane of bacteria is constantly renewed to maintain integrity, bacteria
continuously release LPS in their environment. In the gut of healthy individuals, LPS
is safely maintained and lipid A is detoxified by the intestinal phosphatase enzyme. Very
low amounts of LPS (up to 5 pg/ml) is normally present in the blood of healthy individ-
uals without inducing any side effects [149]. The human gut is the main reservoir of LPS
and an important place for LPS entrance into the blood circulation. During the pran-
dial state, the lipid part of LPS is integrated into chylomicrons and absorbed leading to
circulating LPS in the bloodstream [150]. The liver plays a central role in the elimination
of LPS through the activation of Kupffer cells [151]. Various liver diseases such as viral
hepatitis infections or alcohol-related diseases can lead to increased intestinal permeabil-

ity (dysbiosis) and thus endotoxaemia. The term endotoxaemia is used when endotox-
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ins are present in the bloodstream. Endotoxaemia has also been reported in individuals
with obesity, diabetes, chronic fatigue, stress and other conditions [152]. Humans are
extremely sensitive to LPS, even at low concentrations. Symptoms of sepsis occur fol-
lowing an exposure to 1-5 ng/kg of LPS and with the lethal dose (septic shock) of LPS
beingaslowas1to2g[153,154]. Despite being a strong immunostimulant that canlead to
inflammation, fever and septic shock, LPS is also used in the development of vaccines as
an adjuvant for its immunostimulatory effect. Low levels of biosynthetically engineered
LPS promote TLR activation and improve immunization while limiting its endotoxic

activity [155].

8.1.3 Endotoxin tolerance

Prolonged exposure of immune cells to LPS induces LPS tolerance which results in two
effects. Repeated administration of LPS leads to immunosuppression that protects the
body from cytokine-induced damage. Moreover, LPS-tolerated mice are more protected
against a second challenge with invasive pathogens showing that endotoxin tolerance

could protect against systemic infections [156].

8.2 TLR4

TLR 4 was the first TLR to be described. Using genetic evidence, TLR 4 was first pro-
posed as the receptor for LPS in 1998 by Poltorak et al [157]. TLR4 is composed of
an extracellular domain containing a hypervariable domain (HYP) and leucin-rich re-
peats (LRR), a transmembrane domain (TM) and a cytoplasmic domain named Toll-
interleukin-1 receptor (TIR). This domain contains three regions highly conserved across
species whereas the extracellular domains exhibit considerable sequence differences. In
human blood, TLR4 is mainly expressed on monocytes and polymorphonuclear cells
and its expression significantly increases after LPS stimulation in a dose-dependent man-
ner [158]. In contrast to pDCs which do not express TLR 4, immature monocyte-derived
human DCs express low levels of TLR 4. However, its expression is repressed in mature
DCs generated with LPS stimulation [159]. B cells also express low levels of TLR 4 [160].
TLR 4 induced signals are mediated through the sequential assembly of the myddosome
and the triffosome. However, inflammatory responses to LPS can also occur indepen-
dently of the TLR4 pathways through three cellular responses. This includes the LPS

response via CD14-dependent endocytosis, the LPS response through caspase 11 and the
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LPS detection by the brain-specific angiogenesis inhibitor 1 (BAIr) leading to reactive
oxygen species (ROS) production (Figure. 8.1). All these cellular responses induce in-

flammation to control bacterial spread.
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Figure 8.1: LPS response pathways promoting inflammation [161]. Schematic representation of the
five LPS pathways. LPS is initially sensed by LPS-binding protein (LBP). Next, CD14 delivers LPS to
TLR4-MD2 complex leading to the dimerization and activation of TLR4. This process activates the
myddosome assembly. Then, CD14 delivers dimerized TLR4 to endosomes which promote signaling
through the triffosome. Both pathways result in inflammation. BAIr protein can also detect LPS at the
plasma membrane and promote phagocytosis, inducing the production of reactive oxygen species and
inflammation. In the cytosol, LPS is bound by caspase 11 leading to the formation of the non-canonical
inflammasome and pyroptosis. In addition, caspase 11 also activates the formation of the canonical NLR P3
inflammasome which induces IL-1/3 processing and release.

8.3 LPS responses dependent of TLR 4

LPS-binding protein (LBP), CD14 and MD-2 are essential for the interaction of TLR 4
with its microbial ligand LPS. LBP is a soluble shuttle protein produced in the liver. It

circulates in the bloodstream where it detects lipid A and forms a high-affinity complex
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with LPS micelles. LBP alters the membrane to convert them to monomers for delivery
to CD14. Then, CDi4 concentrates LPS and transfers it to the non-covalently bound
TLR4-MD2 heterodimer complex. This results in crosslinking of two TLR4 pro-
teins. This homodimerization step sequentially activates two distinct signaling pathways
by recruiting adaptors through interactions with the TIR domain. An early MyD88-
dependent response controlled by the TIR AP-MyD88 proteins will initiate the inflam-
matory response followed by a delayed TRIF-dependent response controlled by TR AM-
TRIF adaptor proteins [162].

8.31 MyD88-dependent pathway (myddosome complex forma-

tion)

Dimerization of TLR4 induces the recruitment of both the sorting adaptor TIRAP
(toll/interleukin-1 receptor domain-containing adaptor protein) and the signaling
adaptor MyD88 (myeloid differentiation factor 88) to the receptor complex. TIRAP
contains TIR domains which allow its interaction with TLRs and thus acts upstream of
MyD88. TIR AP induces the assembly of an oligomeric complex called the myddosome
which is a supra molecular organizing center (SMOC). Briefly, MyD88 recruits and
activates IRAK-4 which in turn recruits and activates IRAK-1. Autophosphorylation
of IRAK-1 leads to the activation of TRAF-6 adaptor protein through the formation
of a complex with UBCr3 and UEVIA proteins. This complex induces the activation
of TAK-1 which acts as a common activator of both NF-xB and MAPK pathways.
Activation of these pathways leads to the nuclear translocation of the NF-xB and AP-1
transcription factors to control the gene expression of pro-inflammatory cytokines
(Figure. 8.2) [163, 164].
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Figure 8.2: The MyD88-dependent pathway [165]. Schematic representation of all the molecular actors
involved in the MyD88-dependent pathway induced following TLR 4 activation by LPS. This pathway
leads to the production of proinflammatory cytokines that contribute to eliminate the infection.

8.3.2 TRIF-dependent pathway (triffosome complex formation)

Once the early response to LPS is triggered, TLR4 is then internalized into the en-
dosome where a TRIF-dependent pathway is initiated. The sorting adaptor TRAM
containing TIR domains (TRIF-related adaptor molecule) is recruited followed by the
signaling adaptor TRIF (TIR-containing adapter molecule). TRIF recruits proteins
to form a SMOC called the triffosome. TRIF activates both RIPr and TRAF3. RIP:
mediates downstream nuclear translocation of AP-1 and NF-£B transcription factors
whereas TR AF3 associates with TANK, TBK1 and IKKi to trigger the dimerization and
translocation of IRF3 and consequently IFN 3 gene expression (Figure. 8.3) [162].
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Figure 8.3: The TRIF-dependant pathway [165]. Schematic representation of all the molecular ac-
tors involved in the MyD88-independent pathway triggered following LPS-induced TLR 4 internalization.
This pathway predominantly induces IFNS3 cytokine production.

8.4 LPS responses independent of TLR 4

8.4.1 LPS induced endocytosis by CD14

CDu4 is crucial for TRIF-mediated interferon production [166] as it regulates TLR 4 en-
docytosis [167]. However, recent studies have highlighted the capacity of CD14 to act
as a PRR triggering a TLR 4-independent signaling pathway. Endocytosis of LPS and
CDai4 proceeds in cells that lack TLR4. This pathway induces the activation of SFKs
(Src-family kinase) and PLCyz (phospholipase Cy2) as well as influx of extracellular cal-
cium leading to NFAT translocation [167, 168, 169]. This pathway is only active in DCs,
and not macrophages, and is necessary to induce terminal DC differentiation and apop-

totic death which is crucial to maintain self-tolerance and prevent autoimmunity [170].
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8.4.2 LPS-induced activation of ROS synthesis and phagocytosis
by BAIx

LPS can also be detected at the plasma membrane by BAIr. In contrast to other LPS re-
ceptors, BAIr detects the core part of LPS which induces the recruitment of the ELMO
and DOCK proteins. This complex activates the RACr enzyme which promotes phago-
cytosis and the assembly and activation of NADPH oxidase leading to ROS production

and inflammation [r71, 172].

8.4.3 LPS-induced assembly of inflammasomes by caspase 1

Detection of LPS can also occur in the cytosol especially when pathogens disrupt phago-
somal membranes or with the action of GBP (guanylate binding proteins) induced by
interferons which disrupt the vacuole membrane integrity [173]. Caspase 11 detects in-
tracellular LPS and cleaves GSDMD (gasdermin D) which leads to the formation of the
GSDMD pore. This pore promotes pyroptosis and the release of IL-1/3. In parallel, cas-
pase 11 also activates the assembly of the NLRP3 inflammasome. The active caspase 1

cleaves pro-IL-18 which induces inflammation [174, 175, 176, ?].

8.5 Regulation of TLR 4 signaling pathway

Improper regulation of the LPS-TLR 4 pathway can induce massive inflammation and
cause chronic inflammatory disorders or even sepsis. For instance, septic shock can be the
result of altered negative regulation of the pathway (leading to excessive inflammation)

as much as activating signals [177, 178].

8.5s.1 Positive regulation of TLR 4 signaling pathway

The integrin CDub has been shown to be a positive regulator of both TLR 4 signaling
pathways on DCs, but not on differentiated macrophages. DCs express lower levels of
TLR 4 receptor and CDi4 co-receptor than macrophages, thus CDub promotes the for-
mation of TLR 4 signaling pathways in DCs but not in macrophages. In the absence of
CDuib, LPS binding to TLR 4 is impaired leading to less induction of T cell responses.
CDuib promotes TIR AP enrichment of the MyD88-dependent pathway and facilitates
TLR 4 endocytosis of the TRIF-dependent response [179)].
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8.5.2 Negative regulation of TLR 4 signaling

Inhibition of the TLR 4 pathway is essential to protect the host from damage caused by
persistent inflammation. Many proteins which inactivate multiple levels of the TLR 4
pathway have been described and mechanisms of inhibitory action are diverse (Figure.
8.4). These regulators can inhibit the association between molecules by interacting with
one of the signaling proteins, they can also promote their degradation or downregulate
their activation. Some proteins can be produced after LPS stimulation providing a nega-
tive feedback loop to stop TLR 4 signaling pathways. Several of these negative regulators
are implicated in the process of endotoxin tolerance defined as a reduced responsiveness
to a second LPS challenge after a first exposition to endotoxin. LPS desensitization can
alter resistance to viral infection (by reducing the level of interferon production after
challenge) or increase resistance to bacterial and fungal infections (through the boost of

TNF production during LPS pre-treatment) [180].
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Figure 8.4: Negative regulation of TLR4 signaling pathways [163]. Negative regulators (in pink)
targets multiple levels of the TLR 4 signaling pathway through different mechanisms.



9. IL-12p70 and type I IFN cytokine
secretion in bacterial and viral in-

fection

9.1 Mycobacterium tuberculosis

Mycobacterium tuberculosis (M. tb) is an intracellular pathogen responsible for tuber-
culosis (TB) that mainly infects macrophages and affects the lung. TB germs are spread
between individuals through the air and the infection results in two different clinical out-
comes which include asymptomatic latent infection (LTBI) or active TB disease. LT BI
individuals cannot transmit the disease but 5 to 10% of them will develop active disease
[181]. Tuberculosis is a major global health threat as it is estimated that a quarter of the
world population is infected with A4. 6 and 10 million people progress into active TB
disease each year [182]. Tuberculosis is preventable in children with BCG vaccination
and curable with a 6-month treatment comprised of the combination of 4 antibiotics.
However, a significant number of drug-resistant cases arise due to inappropriate use of
drugs or premature treatment interruption [183, 184]. Two tests have been developed to
detect tuberculosis infection. The first one is the tuberculin skin test which require two
visits, intradermal injection and can lead to false positive results in people that are vac-
cinated with BCG. The other test is a blood-based test in which immune cells are stim-
ulated with M. b antigens and IFN+y production is measured by ELISA or ELISPOT
(QuantiFERON-TB Gold assay and T-SPOT TB test respectively) [185]. Both tests do
not allow to distinguish between asymptomatic latent infection and active TB disease
and additional tests are required such as microscopy or PCR to diagnose active TB dis-
ease. Thus, there is an urgent need for innovative or improved diagnostics to (i) identify
new biological markers that allow to discriminate LI BI from active TB, (ii) predict pro-
gression from latent to active TB disease and (iii) anticipate treatment success or failure.
In addition, new therapies are critically needed for drug-sensitive and multidrug-resistant

tuberculosis [186].



4—IL-12p70 and type I IFN cytokine secretion in bacterial and viral infection

9.1.1 Type I IFNs and IL-12p7o0 in M. tb disease

Several cytokines such as TNFa, IL-1, IL-12p70 and IFN+ contribute to host protection
against M. tb [187,188,189]. In the host, M. b triggers multiple cytosolic and cell surface
PRRs inducing type I IFNs including TLR4 and its downstream triffosome complex.
However, the role of type I IFNs in the immune response to M. tb has been very contro-
versial in the field [190]. Type ITFNs can display both protective or detrimental functions
depending on contextual factors and settings of the host-pathogen encounter. A type I
IFN gene signature was defined in the blood of patients with active TB disease and in 10
to 25% of latently infected individuals [191, 192]. Overexpression of ISGs occurs specifi-
cally in neutrophils, to a lesser extend in monocytes and is associated with disease severity
[191]. This suggests that high and sustained levels of type I TFNs has a detrimental role in
TB. This is supported by additional genetic studies. As an example, a genetic variation in
the human IFNAR1 gene leading to impaired type I IFN signaling was associated with
increased resistance to TB [193]. Thus, these results suggest a harmful role of high and
sustained production of type I IFNs and suggest that type I IFNs promotes both bacte-
rial proliferation and disease pathogenesis. The mechanisms of exacerbation of M. b by
type I IFNs are not completely understood yet but studies have shown that high levels
of type I IFNs are associated with a decreased production of proinflammatory cytokines
such as IL-12p7o which impairs the Thi response [194, 195]. Although the detrimental
functions of type I IFNs in TB has been widely studied, type I IFNs can also display a
protective role under specific conditions. Administration of IFN« with antimycobac-
terial treatment to recurrent active TB patients or patients who were not responsive to
standard therapy reduced bacterial burden and improved clinical symptoms [196, 197].
In addition, type I IFNs have been reported to increase host resistance against some avir-
ulent mycobacterial strains[198, 199]. Benefits of IFN« have also been shown in infected
patients and mouse models with IFNGR signaling deficiencies [200, 201]. The domi-
nant inhibitory effect of type I IFN on IFN+~ may hide some protective effects of type I
IFNG. Finally, early type I IFN production is important to control the infection as they
prime innate immune cells which enhance the secretion of proinflammatory protective
cytokines. Indeed, pretreatment of macrophages with type I IFNs before M. b infection
induces the production of IL-12p70 and TNFa [202]. Thus, the timing, the M. b strain
and the activity of the IFN+y pathway may be key for protective effects and effective im-
mune responses of type I IFNs in tuberculosis [203]. IL-12p70 and IFN~-mediated T

cell functions have an essential role in controlling M. #b infection. Patients who suffer
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from MSMD which resultin a defect in IL-12p70 or IFN signaling pathways, are highly
susceptible to mycobacterial infection including M. ¢b. IFN+y production mediated by
IL-12p70 activates macrophages to produce protective cytokines inducing intracellular

killing of M. b via the production of nitrogen species and reactive oxygen [190].

9.2 Hepatitis C viral infection

HCV is a positive single-stranded RNA virus that causes liver disease. HCV transmis-
sion typically occurs through direct exposure to infected blood and, the virus can induce
both acute and chronic infections. 15 to 45% of infected people spontaneously clear the
HCYV infection without treatment within 6 months post infection. However, the major-
ity of people infected with HCV (70% to 80% of individuals) develop chronic infection
[204]. Hepatitis C is a major public health problem as it is estimated that more than
71 million individuals are chronically infected with HCV. 10 to 20% of chronically in-
fected individuals develop complications leading to progressive liver damage which may
induce cirrhosis and hepatocellular carcinoma within 20-30 years resulting in more than
450,000 annual deaths. So far, 8 genotypes have been identified with genotypes 1, 3 and
4 being the most common ones [205]. Effective treatments exist to cure HCV infection.
For more than 15 years, IFN« associated with ribavirin were used to treat hepatitis C re-
sulting in 75 to 90% of cured patients [206]. Since 2014, highly effective direct acting
antiviral agents (DAAs) have been approved that can cure HCV in more than 95% of
the patients. However, it is estimated that only 20% of the persons are aware of their
infection and 15% of them are treated [205]. Universal access to both DA As therapy and
affordable diagnostics are key to achieve the elimination of the virus [207]. The infec-
tion can be diagnosed through the detection of hepatitis C antibodies which arise within
12 weeks of infection or with the detection of viral RNA. The detection of RNA at 12
weeks post exposure predicts the chronicity of the disease and indicates the necessity for
treatment [208]. The use of DAAs is unlikely to achieve complete HCV elimination
without an effective vaccine that can limit viral transmission and HCV reinfection. So
far, no safe and protective vaccine against HCV is available for clinical use. Only two
vaccine candidates have reached the phase I testing with one reaching phase II clinical
trials [209]. A better understanding of protective immune responses and is a crucial for

the development of a highly effective vaccine.
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9.2.1 Immune responses to HCV: role of type I IFNs and IL-12p70

cytokines

During acute infection, the elimination of the virus is associated with a rapid induc-
tion of type I and III IFNs that are produced by infected cells, macrophages and DCs
[210, 211]. HCV induces TLR pathways (TLR3, TLR4, TLR7 and TLRS) leading to
the activation of NF-xB, IRF3 and IRF7 transcription factors [212, 213]. TLR recog-
nition induces the production of type I IFNs in the early phase of acute infection and
then, NK cells, Thr and cytotoxic T cells produce type II IFN during the late phase of
acute infection [214, 215]. A broad CD4" T cell response and proliferation associated
with IFN+, IL-2 and TNFa production are observed in the acute phase of HCV infec-
tion of the patient who spontaneously clear the virus [216, 217, 218]. Thus, IFNs are the
essential cytokines for the innate immune response to HCV as they are responsible for
the activation of an antiviral state through the transcriptional activation of genes that
are predominantly ISGs [219]. However, HCV can escape IFN-mediated innate immu-
nity via an elaborate set of mechanisms that are not entirely fully understood but might
include blockade of ISG protein translation, viral replication in cell compartments that
are not accessible by IFN and viral protein antagonist mechanisms of action [220]. For
example, HCV produces a protease that cleaves and inactivates both mitochondrial anti-
viral signaling (MAVS) molecule and TRIF protein which induces IFNJ [221, 222]. In
the majority of infected individuals, HCV persists and the infection becomes chronic. A
delayed induction of adaptive immune responses is observed in chronically infected pa-
tients. It is proposed that a prolonged innate immune activation by HCV results in an
impaired development of an appropriate adaptive immune response [223]. In addition,
a chronic infection is characterized by altered NK and T cell responses which are unable
to clear the virus and a type I IFN signature that correlates with the severity of HCV
[224]. Of note, persistence of high ISG expression is the strongest negative predictor of
the response to the IFNa-based treatment suggesting that the constant activation of the
IFN response makes it refractory to additional stimulation [225, 226]. Levels of IL-12p70
in the context of HCV infection with and without treatment, have been investigated in
several studies. All studies highlight a significant elevation of IL-12p70 concentration
in the serum of HCV infected individuals compared to healthy subjects and IL-12p70
levels were significantly reduced following the co-administration of IFNa and antivi-
ral therapy [227, 228, 229]. Moreover, high levels of IL-12p7o0 in the serum of chronic

HCYV infected individuals have been linked with sustained virological response (SVR)



9.2. Hepatitis C viral infection 43

after treatment with IFN« showing the beneficial effect of IL-12p70 to cure HCV using

the interferon-based therapy [229, 228, 230].






Part 11

Objectives






10. Hypothesis and aims of the
project

Despite its essential role in combating both bacterial and viral infection, we have
observed highly variable IL-12p7o responses in the 1,000 healthy individuals of the MI
cohort, as well as in patients infected with Mycobacterium tuberculosis and hepatitis C
virus. Following whole blood LPS stimulation of 25 donors of the MI cohort, 24% of
these healthy donors failed to secrete IL-12p7o [23], butits production was restored with

interferon alpha (IFN«) co-stimulation (Figure. 10.1).
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Figure 10.1: IL-12p7o0 cytokine secretion in healthy individuals. Whole blood from healthy individuals was
stimulated for 22 hours in TruCulture tubes with no stimulus (null), LPS, IFN« or LPS+IFNa stimuli.
IL-12p70 cytokine levels from the plasma were measured using Luminex technology.

We hypothesize that dissecting this variance in the healthy MI reference population
will provide new insights into disease pathogenesis. Testing this hypothesis requires
first to characterise the IL-12p70 phenotype (Aim 1) and define (i) whether the healthy
donors for whom IL-12p70 was not detected by Luminex under LPS stimulation are low
or non-responders, (ii) if the phenotype is stable over time, (ii) which immune cell types
produce IL-12p70 and IL-23 cytokines in whole blood of healthy donors after LPS stimu-
lation For the second aim (Aim 2), we took advantage of data available in the MI LabKey
database for the 1,000 healthy donors that includes flow cytometry (including immune
cell counts and mean fluorescence intensity (MFI)), CpG methylation sites, genotyp-
ing of SNPs, and transcriptomic data. We analyzed these data sets to better understand

IL-12p7o0 inter-individual variability within healthy donors upon LPS stimulation. Fur-
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thermore, we investigated if this phenotype shows any environmental associations as
captured by the electronic case report form (eCRF). IL-12p70 production in response
to TLR activation is dependent on production of endogenous type I IFNs which reg-
ulate IL-12p35 mRNA accumulation [s3]. This finding explains why the co-stimulation
with LPS and IFN« induces secretion of IL-12p70 in healthy donors who do not re-
spond to LPS stimulation alone. Specifically, type I IFNs induce /L124 gene expression
(which encodes for the p3s subunit) allowing IL-12p7o0 secretion. Moreover, some stud-
ies have shown that a first wave of IFN7y is necessary to induce IL-12p70 [231, 232, 233].
Also, IFN7y induced by IL-12p7o further enhances IL-12p7o0 secretion creating a positive
feedback loop [so]. Thus, based on this literature, we aim (Aim 3) to better dissect the
relationship between type I and II interferons and IL-12p7o secretion in human whole
blood, and so better understand potential upstream regulators of cytokine variability.

Finally, we validated our findings in both HCV and TB cohorts.
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11. Results

1.1 Variation in the IL-12p70 response upon TLR 4 ac-
tivation in healthy population is altered in viral

and bacterial infection

We initially observed high levels of inter-individual variability in IL-12p70 cytokine re-
sponses after whole blood LPS stimulation in 25 healthy donors of the Milzeu Interieur
(MI) cohort [23]. To assess IL-12p70 cytokine secretion in viral and bacterial infec-
tions, ultrapure lipopolysaccharide (LPS) was used to stimulate whole blood from pa-
tients chronically infected with Mycobacterium tuberculosis (M. th) and hepatitis C virus
(HCV) using TruCulture tubes. IL-12p70 cytokine secretion was measured using a Lu-
minex assay. IL-12p7o secretion from patients infected with M. b or HCV was signifi-
cantly lower than in healthy donors, suggesting that the Thi response is altered in disease
(Figure. 1.1A). To further characterize potential reasons behind this cytokine variability,
we examined the 1,000 healthy donors of the MI cohort, for whom whole blood was
stimulated for 22 hours with LPS (TLR 4 agonist), Poly(I:C) (TLR3 agonist), and an
unstimulated control (null). Although an IL-12p70 response was detected for all donors
upon TLR3 activation, 28% of healthy donors did not exhibit detectable levels of IL-
12p70 upon TLR4 stimulation. This demonstrates that the variation observed for IL-
12p7o0 is specific to whole blood TLR 4 induced responses (Figure. 1m.1B). As IL-12p70
is a heterodimer composed of IL-12p3s and IL-12p40, which also forms IL-23 (with IL-
12p19), we examined whether these responses were also impacted after LPS stimulation.
Measurement of IL-12p40 (Figure. 11.1C) and IL-23 (Figure. 1r.1D) in LPS stimulated su-
pernatants revealed a normal distribution of responses suggesting that this observed vari-
ability was specific for the IL-12p70 heterodimer cytokine. To test whether the 28% of MI
donors secreted either low or no amounts of IL-12p70 upon LPS stimulation, we devel-
oped an ultrasensitive Simoa digital ELISA. This assay has a limit of detection (LOD of
o.o1 pg/ml), which is 1000 times more sensitive than Luminex (LoD: 18.5 pg/ml). Using
this novel assay, we re-defined the donors as low responders as IL-12p70 was detectable

for the 28% of healthy donors after LPS stimulation compared with the null condition
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(P < 0.0001) (Figure. 1.1E). To test if this phenotype was stable over time, we measured
IL-12p70 in s00 MI donors at a second time point, 2 to 6 weeks later. The IL-12p7o0 re-
sponses over the 2 timepoints showed a strong and significant correlation (R = 0.71, P
< 0.0001) (Figure. 11.51A), showing that our approach allows the study of stable and ro-
bust phenotypes. Moreover, the IL-12p70 response was also significantly different (P <
0.0001) between the two groups as initially observed (Figure. 1.1F). We also confirmed
that this difference was evident after E. co/s stimulation (Figure. 11.51B), and that results
for LPS and E. colz with Luminex (Figure. 11.51C) and Simoa (Figure. 11.51D), were con-
sistent and reproducible. Overall, these results indicate that inherent variability in the

IL-12p70 response after TLR 4 activation is consistent and prevalent.
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Figure 11.1 (previous page): IL-12p70 variability in healthy donors and in patients infected with M.
tb or HCV. (A) IL-12p70 measured using Luminex after stimulation of whole blood with LPS for 22h
from healthy donors (n=25), patients infected with active TB (n=24) or chronic HCV (n=100). P values
were determined by Mann-Whitney tests. (B) IL-12p70 measured by Luminex in healthy donors (n=1,000)
after null, LPS and Poly(I:C) stimulation. (C) (D) IL-12p40 and IL-23 measured by Luminex in healthy
donors (n=1,000) after null and LPS stimulation. (E) (F) IL-12p7o0 secretion measured by Simoa in the two
groups of Milieu Interienr IL-12p70 responders after null and LPS stimulation at two separate time points
(Vin=1,000; V2 n=500). Red lines indicate the median value for each group. P values were determined by
an unpaired Student’s t test on logro values. Empty symbols represent IL-12p70 low responders as defined
upon LPS 22 hours whole blood stimulation, full symbols represent IL-12p7o responders.

1.2 Low IL-12p70 responders have less activated

monocytes and DCs

To take advantage of existing cellular data sets [20], we first defined the immune cells
that produce IL-12p70 in whole blood after LPS stimulation. Whole blood of 10 healthy
donors was stimulated with LPS for 22 hours in the presence of a protein transport in-
hibitor 8 hours after the start of the stimulation. A combination of 10 surface antibodies
was used to characterize the major circulating immune cell populations. As the IL-23
cytokine shares the p4o subunit with IL-12p70, both IL-12p70 and IL-23 were assessed
intracellularly in the 8 studied cell types. The null condition was used to determine the
positivity threshold for IL-12p70 and IL-23 secretion (Figure. 1.2A). We observed that
CD14* monocytes were the main producers of IL-12p7o cytokine upon LPS stimulation,
followed by DCs (Wilcoxon test, FDR < 0.05). Interestingly, more than 30% of CD14*
monocytes secreted both IL-12p70 and IL-23 together, whereas around 7% of CDi4*
monocytes secreted IL-12p70 only at this time point. A similar observation was made
with conventional dendritic cells 2 (cDCz2) (Figure. 1.2B). Thus, the majority of cells
producing IL-12p7o0 also secrete IL-23. We then explored whether the low responders
of the MI cohort had less circulating CD14* monocytes or DCs than the responders at
steady state. Immunophenotyping of the 1,000 subjects was previously performed us-
ing ten flow cytometry panels and 166 distinct immunophenotypes were reported [20].
This includes 76 absolute counts of circulating cells, 87 expression levels of cell surface
markers and 3 cell ratios. No significant differences between the two groups regarding the
CD14" monocytes, cDCz2 and plasmacytoid dendritic cells (pDCs) absolute cell counts
were observed (Figure. 11.2C). However, applying an unbiased analysis to the entire im-

munophenotyping dataset, revealed significantly (FDR < o.05) lower cell surface expres-
sion of HLA-DR and CD86 on CD14* monocytesand HLA-DR on ¢DCz in the low re-
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sponders as compared to the responders (Figure. 11.2D). Collectively, our analysis shows
that CD14" monocytes and DCs produce both IL-12p70 and IL-23 upon LPS stimula-
tion, and these cells expressed less HLA-DR and CD86 activation markers in the low

responder group.
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Figure 11.2 (previous page): CD14" monocytes and dendritic cells secrete IL-r2p7o after LPS stimu-
lation. (A) Representative dot plots of IL-12p70 and IL-23 secretion upon null and LPS 22h stimulation
measured by flow cytometry in CD14" monocytes, cDC2 and pDCs. (B) Tukey box-whisker plots of the
percentage of IL-12p70 and/or IL-23 cytokine positive cells for the indicated immune cell populations in
null and LPS conditions. Q values were determined by the Wilcoxon test and false discovery rate corrected
for multiple comparison testing. (C) Numbers of CD14hi monocytes, cDCz, and pDCs for the responder
and low responder groups (n=1,000). (D) Expression levels of HLA-DR in CD14" monocytes and cDC2
populations, and CD86 in CD14* monocytes for the two groups. Red lines indicate the median value for
each group. Q values were determined by an unpaired Student’s t test (on logro values) and false discovery
rate corrected for 79 (C) and 88 (D) multiple comparison testing (n=1,000).

1.3 Five cis-acting single-nucleotide polymorphisms
impact IL-12p7o protein secretion but not gene ex-

pression

Next, we investigated whether genetic differences could explain this phenotype utiliz-
ing existing genome-wide DNA data sets [20]. Protein quantitative trait loci analysis
was performed to find associations between IL-12p70 secretion measured by Simoa af-
ter 22 hours LPS stimulation and 5,265,361 genotyped single nucleotide polymorphisms
(SNP). By mapping local cis-acting pQTLs (within 1 Mb of each gene coding for the
ILr2A4 and IL1zB genes), we found significant associations between five variable ge-
netic regions, SNPs at 1517753641, 1517809756, 1517810546 and rs76830965 and indel at
15143060887 and IL-12p7o levels (P < 4.32¢-6) (Figure. 11.3A). The group of donors hav-
ing homozygous major allele for these 5 genetic regions had a significantly higher pro-
portion of IL-12p70 low responders compared to the heterozygous genotype group (P
< 0.0004). These five SNPs are all located near the /L24 gene and found to be in link-
age disequilibrium in the human genome. We also performed a pQTL analysis using IL-
12p70 concentrations measured in the soo MI donors involved in the second visit and we
found that the variants rs177536 41 and 1576830965 remained significantly associated with
IL-12p70 secretion following LPS stimulation (data not shown). Importantly, none of
these SNPs impacted IL-12p40 or IL-23 secretion (representative example of 15143060887
shown in (Figure. 11.3B) and (Figure. 11.53A)). We also explored whether these variants
impacted the gene expression of the IL-12p7o, IL-12p40 and IL-23 subunits. The ex-
pression of 560 immune-related genes was measured using Nanostring for the 1,000 MI
donors after LPS 22 hours stimulation. We found that the allelic dosage of the five SNPs

did not impact the expression of /Lz2A4, IL1zB and IL234 genes coding for p3s, p40 and
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p1o subunits respectively ((Figure. 11.3C) and (Figure. 11.53B)). Together, our analysis
indicated that five cis-acting variants are associated with less IL-12p7o secretion but not

gene expression after 22 hours LPS stimulation in healthy donors.
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Figure 11.3 (previous page): LPS-specific cis-acting pQTLs on IL-12p7o production. (A) Local pQTLs
located near the /124 gene acting specifically on IL-12p70 protein secretion measured in the ,000 Milien
Interienr donors in response to 22h LPS stimulation. (B) IL-12p40 and IL-23 protein secretion after 22h
LPS stimulation according to the rs143060887 allelic dosage. (C) Dot plots show rs143060887 genotype-
stratified gene expression levels for the /Li24, IL1zB, and IL234 genes measured by Nanostring after 22h
LPS stimulation. Empty circles represent IL-12p70 low responders of the Milien Interieur cohort. Red
lines indicate the median value for each group. Q values were determined by an unpaired Student’s t test
using logro values and false discovery rate correction was performed to correct for multiple comparison
testing.

1.4 Variability in IL-12p7o is determined by upstream
variability in IFN

To investigate potential molecular mechanisms behind variable IL-12p70 responses we
performed differential gene expression analysis between the responder and low respon-
der groups. Nanostring analysis of the null condition, revealed s1 differentially expressed
genes (FDR < o.o1 with a maximum fold change value of 1). However, following LPS
stimulation 332 genes were significantly differentially expressed (Figure. 11.4A). We found
that gene expression of the three subunits was significantly lower (P < 0.0001) in the low
responder group compared with the IL-12p70 responders after LPS 22 hours stimula-
tion (Figure. 11.54A) showing that the levels of subunit transcripts is responsible for the
concentrations of cytokine observed. Interestingly, IFN~y was the most differentially ex-
pressed gene with higher expression in the responders (FDR = 7.34e-70 and fold change
= 1.s51). In addition, gene set enrichment analysis showed that 74 of the 332 differen-
tially expressed genes were involved in the IFN+y response pathway (FDR = 0.02) (Figure.
11.54B). Next, we performed proteomic analysis between the responder and low respon-
der groups to determine whether other proteins were differentially secreted between the
two groups following LPS stimulation. We found that the secretion levels of 16 pro-
teins (out of 25 measured), other than IL-12p70, were significantly different between the
low responders and the responders with CXCLs (ENA78) being the only protein sig-
nificantly more secreted in the low responder group (Q value < o.o1) (Figure. 11.4B).
Previous studies have reported that a first wave of IFNy is necessary to induce IL-12p7o,
which triggers IFN7y secretion furthering enhancing IL-12p70 through a positive feed-
back loop [231, 232, 233]. Moreover, IFNa induces /L124 gene expression, that codes for
the p3s subunit, in response to TLR activation [s3]. To assess the role of type I and II

interferons in IL-12p7o secretion upon LPS stimulation we performed a detailed kinetic
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analysis. Whole blood of s healthy donors was stimulated with LPS and IL-12p70 and
type I and IT interferons were measured at 14 different timepoints (o to 30 hours) using
Simoa. In 4 out of s donors, both IFN+y and IFN« were produced either simultaneously
or after IL-12p7o0, suggesting that these two cytokines are not responsible for IL-12p70
secretion. However, for all 5 donors, IFN/3 secretion began 30 minutes to 1 hour before
IL-12p70 induction (Figure. 11.4C). These combined observations suggest a link between
IFN and IL-12p7o0 secretion after LPS stimulation. To further test this, we performed a
time series analysis using a linear mixed-model approach which showed a significant asso-
ciation between IFN3 and IL-12p70 (FDR = 6.52¢e-9) whereas no significant associations
were found with either IFN7y or IFNa (FDR = 0.66) (Figure. 11.4D). In parallel, gene
expression was assessed for these 5 donors and the linear mixed-model approach was also
applied to explain /L124 and IL12B gene expression (Figure. 11.4C). While /L1258 gene ex-
pression was correlated with all type I and Il interferon genes /FNAz, IFNG and IFNBr
genes (FDR = 0.03), IL124 expression gene was significantly correlated with /FNG and
IFNBr (FDR = 0.02 and FDR = 0.04 respectively) (Figure. 11.4D). To determine if the
low responders of the MI cohort secreted less type I IFNs, we measured IFN« and IFNf
proteins in null and LPS TruCulture supernatants after 4 hours of stimulation in a sub-
set of 100 donors. Both IFN« and IFNJ3 proteins were significantly lower in the low re-
sponder group, although IFN3 was secreted to a much higher degree than IFNa (about
2 million times more) (Figure. 11.4E). Furthermore, early IFN3 secretion was positively
and significantly correlated with later induction of IL-12p70 (Pearson’s R value 0.63, P
< o.0001) (Figure. 11.4F). Together, our analysis indicates that low secretion of IFN/3
is responsible for the IL-12p70 low responder phenotype in whole blood of the healthy

donors after LPS stimulation.
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Figure 11.4 (previous page): Kinetic responses and interactions of type I and II interferons and IL-
12p7o. (A) Volcano plots displaying differentially expressed genes between Milien Interienr IL-12p70 low
responders and responders upon 22h null and LPS stimulation. Negative logz fold change represents genes
that are more expressed in low responders whereas positive logz fold change represents genes that are more
expressed in responders. The cut offs used to display gene names are Q value < o.01, log2 fold change >
0.0s in the null stimulation condition and loga fold change > 0.2 in the LPS stimulation condition. (B)
Heatmap representing the proteins for which the production was significantly different between the low
responders and the responders in the 1,000 Mlieu Interienr donors following LPS stimulation (Q values
<o.01). Qvalues were determined by an unpaired Student’s t test using logro values and false discovery rate
correction was performed to correct for multiple comparison testing. (C) Type I (IFN« and IFNf) and
II (IFN7y) interferons and IL-12p7o protein secretion and gene expression over time after LPS stimulation
for s healthy donors. (D) Table reporting FDR Q values of time series analysis on protein secretion and
gene expression. (E) Type I IFNs measured by Simoa after 4h LPS stimulation of whole blood for the
low responders and responders. The red lines indicate the median value for each group and stimulation
condition. P values were determined by the unpaired Student’s t test, n=100 MI donors. (F) Correlation
between IFNa or IFN/3 secretion after 4 hours of stimulation and IL-12p70 secretion upon 22 hours LPS
stimulation. Pearson correlation tests were performed on logio values; n=100 MI donors. Empty circles
represent IL-12p7o low responders of the Milien Interieur cohort.

1.5 The secretion of IFNS by monocytes is essen-
tial for IL-12p7o secretion/Thri response upon LPS

stimulation

To further confirm which type Iinterferon is crucial for LPS induced IL-12p70 secretion
we performed additional whole blood stimulations. Addition of both IFNo and IFN/3
to LPS stimulation resulted in a significant increase in IL-12p70, however the fold in-
crease was a log (x9.8) greater with IFN3 (Figure. 11.5A). Either cytokine given alone did
not induce IL-12p70, suggesting that type I IFNs can induce the production of only one
of the IL-12p70 subunit. In contrast, the addition of IFN3 and IFNa to LPS stimulation
did not induce IL-12p40 nor IL-23 secretion compared to the LPS stimulation suggest-
ing that type I IFNs regulate production of the p35 subunit (Figure. 11.5sA). We further
investigated the regulation of the p3s, p4o and p19 subunits by measuring their gene
expression following 4 hours stimulation with IFNc, LPS, LPS+IFN«o and an unstim-
ulated control (null) in 25 donors of the MI cohort. We observed that IFNa specifically
induced /Lr24 but not ILz2B nor ILz234 gene expression confirming that type I IFNs up-
regulate the production of the p3s subunit (Figure. 11.5B). Interestingly, we found that
the addition of IFNa to the LPS stimulation decreased both /Lz2B and 11234 gene ex-
pression suggesting an inhibitory role of type I IFNs in the production of IL-12p40 and

IL-23 cytokines. To determine whether type I IFNs were essential for IL-12p7o produc-
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tion, we blocked the type I IFN pathway. Neutralization of the IFNAR1 subunit in the
presence of LPS completely inhibited IL-12p70 secretion compared with IFNAR2 block-
ing antibody (Figure. 11.5C). IFN/3 can bind to IFNAR1 independently of IFNAR2 and
induce the expression of genes independently of the Jak-STAT pathways [121]. Thus,
when IFNAR2 is blocked, IFNf3 can still induce gene expression through an IFNAR«1
signaling pathway leading to IL-12p7o secretion. However, blocking of the IFNAR1 sub-
unit inhibits IFN3 signaling and IL-12p70 production. This result confirmed that IFN3
signaling through IFN type I receptor is crucial for IL-12p7o0 secretion.

We next investigated by intracellular flow cytometry which immune cells secrete
IFNg in whole blood of six healthy donors after TLR 4 activation. For all donors, we ob-
served IFN 3 secretion by CD14" monocytes upon LPS stimulation compared with the
null condition for which no IFN/3 secretion was detected (Figure. 11.sD and E). Because
of the high IFNf staining levels of unstimulated neutrophils and pDCs we wanted to
confirm the LPS monocyte phenotype with another technique. To do this, five cell pop-
ulations including CD14* monocytes were purified after 3 hours of whole blood stimula-
tion. IFN/3 was measured by Simoa in cell lysates. Again, IFN/3 secretion was detected in
CDi4" monocytes after LPS stimulation compared to the unstimulated control (Figure.
11.5F). To provide insight into variability of the IFN/3 response, we performed a protein
quantitative trait loci analysis after 4 hours LPS stimulation in MI donors. We found
significant associations between four genetic variants rs10757182, rsio811473, 1513291085
and rs7020908 and IFN/3 levels (P < 4.32¢-6) (Figure. 11.5G). These SNPs have been
shown to be in linkage disequilibrium and are located within 1 Mb of the /FNBr gene
coding for IFN/3 cytokine. For all SNPs, no significant differences were observed regard-
ing the proportion of IL-12p70 low responders between the 3 allelic dosages of each vari-
ant. Interestingly, these variants did not impact the /FNBr gene expression as measured
by Nanostring (Figure. 11.S5B). Overall, we found that the secretion of IFN3 by mono-
cytes is crucial to induce IL-12p70 production and, as a consequence the Thr response
upon bacterial infection. In addition, the production of IFN3, but not gene expression,

is associated with four cis-acting pQTLs.
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Figure 11.5 (previous page): Impact of LPS, type I IFNs and IFNAR inhibitors on IL-r2p70 produc-
tion. (A) IL-12p7o secretion measured by Simoa in whole blood after 22 hours stimulation with LPS,
type I IFNs, the combination of LPS and type I IFN (n=9) and an unstimulated control (null). The
red lines indicate the median value for each stimulation condition and Q values were determined using
the Wilcoxon test and false discovery rate correction was performed to correct for multiple comparison
testing. (B) /L1zA, IL1zB and IL234 gene expression upon 4 hours whole-blood stimulation with IFNa,
LPS, LPS+IFN« and an unstimulated control (null), n=25. The red lines indicate the median value for
each stimulation condition and P values were determined by the Wilcoxon test. (C) IL-12p70 secretion
measured by Simoa in whole blood after 22 hours stimulation with LPS, LPS with IFNAR neutralizing
antibodies and an unstimulated control (null). The red lines indicate the median value for each stimula-
tion condition and Q values were determined using the Wilcoxon test and false discovery rate correction
was performed to correct for multiple comparison testing. (D) Representative histograms showing intra-
cellular IFN/3 production measured by flow cytometry in T cells, CD14™ Monocytes, B cells, Neutrophils,
NK bright cells, NK cells, cDC2 and pDC cell populations after 6 hours of null or LPS whole blood stim-
ulation. (E) Tukey box-whisker plots of the percentage of IFNf3 cytokine positive cells for the indicated
immune cell populations in null and LPS conditions, n=6. (F) Intra-cellular IFN/ (LPS/null ratio) mea-
sured by Simoa after 3h null and LPS whole blood stimulation, cell sorting and lysis of purified cells, n=4
with a minimum of 100,000 purified cells per population. (G) Cis-acting variants significantly associated
with LPS-induced IFNJ3 protein secretion measured in the 1,000 Milien Interienr donors after 22h LPS
stimulation.

1.6 IKBKB and IRFs gene methylation impact the IL-
12p7o phenotype

Next, we assessed whether epigenetics may contribute to the IL-12p7o secretion variabil-
ity utilizing gene methylation data sets from MI donors. To focus our analysis, we only
selected genes implicated in the LPS response pathway which totaled 49 genes (listed in
Supp Table1). Of these selected genes we identified 29 probes (out of 1234 probes) corre-
sponding to 20 unique genes (Supp Table 2), that showed significantly different methyla-
tion levels between the low responders and the responders (FDR < 0.05s). Interestingly, 7
probes showing increased methylation in the responder group were associated to the /K-
BKBand IRFs genes (Figure. 11.6A). The IKBKB gene codes for the IKKb kinase which
phosphorylates and activates the transcription factor IRFs [234] which plays a role in
inducing IFN/3 expression [235, 236]. The methylation levels of these probes negatively
correlated with JKBKB and TR F§ gene expression in the LPS stimulation condition but
not in the null control condition (Figure. 11.6B). This result highlights the impact of
methylation on JKBKB and IRFs gene expression for downstream cytokine responses
to LPS.
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1.7 Integrative model to dissect respective contribu-

tions of variable IL12p70 and IFN{3 responses

To assess the relative importance of intrinsic and genetic factors identified in the differ-
ent analysis we utilized the feature selection algorithm Boruta [237]. Based on previous
studies highlighting the importance of age, sex, smoking, and CMV status to immune
variability, these variables were also included in the model. While CMV status and smok-
ing variables showed no importance for both IFN3 and IL-12p7o cytokines, sex appeared
to have importance for IFNf but not IL-12p7o0 secretion (Figure. 1.6C). IFNS secre-
tion, genetic variants and HLA-DR MFI in monocytes were the top 3 variables showing
high importance for variable IL-12p70 secretion whereas HLA-DR MFI in monocytes
and age were particularly important for IFN/3 secretion. Selected features from the algo-
rithm were integrated in a linear regression model to predict and explain the relationship
between IFN/3 or IL-12p7o secretion and the genetic and nongenetic independent vari-
ables (Figure. 11.6D). Age, monocyte HLA-DR expression levels, and genetic variants
showed the most significant association with IFNf secretion (P < o.001). HLA-DR
MFTI in monocytes was also significantly linked with IL-12p70 production in addition
to IFN/3 and genetic variants (P < o.001) confirming our previous analysis. Finally, we
quantified the contribution of intrinsic and genetic factors on IFN/3 and IL-12p7o re-
sponse variation (Figure. 11.6E). We found that the expression level of cellular activation
markers on monocytes and cDC2 had the strongest impact on IFN/3 secretion explain-
ing 4.4% of the variance, whereas sex explained only 1.1% of the variance. The impact
of IFN/3 production was particularly strong on IL-12p7o0 secretion as it accounted for
21.6% of the total variance whereas genetics, epigenetics, and cellular markers accounted
for less than 5% of the variance individually. In addition, age had a weak impact on IL-
12p7o0 secretion. This analysis also revealed that 67% of variance in IL-12p70 and 88% of

variance in IFN3 responses remains unexplained in these models.
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Figure 11.6 (previous page): Host genetics and non-heritable factors influence IFNS and IL-r2p70
secretion. (A) List of JKBKB and IRFs gene methylation probes significantly different between the A47-
lieu Interienr low responders and responders. (B) Correlation of one /JKBKB and IR Fs probe methylation
values with their respective gene expression measured by Nanostring after null and LPS 22h stimulations.
Pearson correlations were performed using gene expression logro values. (C) IFN/ and IL-12p70 Boruta
variable importance charts including all genetic and non-heritable factors selected from the exploratory
analysis as well as age, sex, CMV status and smoking. Red and green boxplots represent Z scores of re-
jected and confirmed attributes respectively. (D) Forest plots displaying the statistical significance of each
variable associated with IFN/3 and IL-12p7o resulting from the predictive linear regression models. (E)
Proportion of the variance explained by genetic and nongenetic factors regarding IFN3 and IL-12p7o0 se-
cretion following whole-blood LPS stimulation at 4h and 22h, respectively.

1.8 TLR4 — IFNS — IL-12p70 pathway is altered in
HCV-infected individuals who are clinical non-

responders to interferon therapy

To determine whether the IL-12p7o0 response is also associated with IFN/3 secretion in
disease settings, we examined secretion of type I IFNs and IL-12p70 in TB and HCV pa-
tients. These two diseases were chosen to have both bacterial and viral infections, and be-
cause IFN gene signatures have been implicated in chronic infections. Furthermore, the
HCYV patients were treated with 6 months of pegylated interferon plus ribavirin, which
was the standard of care treatment at the time of the clinical study. This provided the op-
portunity to test the relevance of our findings in a relevant therapeutic setting. Patient
cohorts were established as described in the methods and whole blood was stimulated
for 22 hours with LPS and an unstimulated control (null) using the same TruCulture
system as applied to MI donors. For tuberculosis infection no significant difference was
observed between latently infected controls (LTBI) and active TB patients regarding type
ITFNs and IL-12p7o secretion after LPS stimulation (Figure. 11.7A). In both latent M.£6
infection and active TB disease, IL-12p7o0 secretion was positively and significantly cor-
related with IFN/3 cytokine secretion (Pearson’s R value 0.76 and 0.86 respectively, P <
o.ooor) (Figure. 11.7B and C), showing that the IFN3 IL-12p7o pathway is not perturbed
in the latent or active TB individuals. Moreover, IL-12p70 secretion was also correlated
with IFN« secretion (Pearson’s R value 0.67 and 0.62, P < 0.001) but to a lesser extent
confirming the strong link between IFN and IL-12p7o secretion in TB disease setting.
For HCV infection, blood was stimulated with both LPS and a null control, after which

we measured IFN3 and IL-12p7o responses by Simoa. Patients were divided into those
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that were sustained virological responders (SVR +) or not (SVR-) after 6 months of treat-
ment with pegylated interferon plus ribavirin. No significant differences were observed
in IL-12p70 and IFNJ secretion between the SVR+ and SVR- patients for any of the
stimulation conditions (Figure. 11.7D). However, IFN3 positively and significantly cor-
related with IL-12p7o secretion after LPS stimulation in SVR+ patients (Pearson’s R
value 0.39, P = 0.005) but not in the SVR- patients (Pearson’s R value o.17, P = 0.37)
(Figure. 11.7E). These results show that the IFNS-IL-12p70 pathway is altered in a sub-

group of HCV infected patients who do not respond clinically to IFN-based treatment.
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Figure 1.7 (previous page): IL-12p70 response is associated with IFN/ secretion in bacterial and
viral infections. (A) Type I IFNs and IL-12p7o secretion measured by Simoa after 22h null and LPS
stimulation of whole blood in M. b latently infected individuals and active TB patients. The red lines
indicate the median value for each stimulation and group condition. Q values were determined by the
Mann-Whitney test and false discovery rate corrected for multiple comparison testing, n=25 donors per
group. (B)(C) Correlation between IFNc, IFNS or IL-12p70 secretion measured by Simoa after 22 hours
of LPS stimulation in latent M. #b individuals (B) and active TB patients (C). Pearson correlation tests
were performed using logro values. (D) IL-12p70 and IFNJ secretion measured by Simoa after 22h null
and LPS stimulation of whole blood in SVR+ (n=54) and SVR- (n=33) HCV infected patients defined
after 6 months of IFNa-based therapy. The red lines indicate the median value for each stimulation and
group condition. P values were determined by the unpaired t test. (E) Correlation between IFN/3 and IL-
12p70 secretion upon LPS stimulation in SVR- HCV patients (n=33 patients) and in SVR+ HCV patients
(n=s4 donors). Pearson correlation tests were performed on logro values.
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Figure 11.51: Supplementary Figure 1. (A) Correlation of IL-12p7o0 secretion after LPS 22h stimulation
at 2 separate time points. Pearson correlation was performed on logro values. (B) IL-12p7o0 secretion mea-
sured by Simoa in the two groups of Milieu Interienr IL-12p70 responders after null and E. colz stimula-
tion. Red lines indicate the median value for each group. P values were determined by an unpaired Stu-
dent’s t test using logro values. (C) Correlation of IL-12p70 secretion measured by Simoa after E. col and
LPS 22h stimulation. Pearson correlation was performed using logio values. (D) Correlation of IL-12p70
secretion after LPS 22h stimulation measured by Luminex and Simoa. Pearson correlation was performed
using logro values. In each plot, empty circles represent IL-12p70 low responders of the Milien Interieur

cohort.
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Figure 11.3 (previous page): Supplementary Figure 3. (A) IL-12p40 and IL-23 protein secretion in
the 1,000 Milieu Interienr individuals following 22 hours LPS stimulation according to the rs17753641,
1517809756, 517810546 and 1576830965 genotypes. (B) [L124, IL12B, and IL234 gene expression measured
by Nanostring after 22 hours LPS stimulation according to the rs17753641, rs17809756, 1517810546 and
1576830965 genotypes. Empty circles represent IL-12p7o low responders of the Milieu Interienr cohort.
Red lines indicate the median value for each group. Q values were determined by an unpaired Student’s t
test (on logro values) and false discovery rate correction was performed to correct for multiple comparison

testing.

Genes down-regulated by KRAS activation-

Interferon gamma response

Allograft rejection—

Figure 11.54: Supplementary Figure 4. (A) [L124, IL12B and 11234 gene expression measured by Nanos-
tring in the two groups of Milien Interienr IL-12p70 responders after null and LPS stimulation. Red lines
indicate the median value for each group. P values were determined by an unpaired Student’s t test on
logro values. (B) Gene set enrichment analysis bar plot displaying the significant pathways from the com-
parative analysis between the low responders and the responders following LPS 22 hours stimulation using
the Molecular Signatures Database Hallmark gene sets.
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Figure 11.Ss: Supplementary Figure 5. (A) IL-12p40 and IL-23 protein secretion measured by Simoa in
whole blood after 22 hours stimulation with LPS, type I IFNs, the combination of LPS and type I IFN
and an unstimulated control (null), n=6. The red lines indicate the median value for each stimulation
condition. (B) Dot plots show rs10757182, 1510811473, rs13291085 and rs7020908 genotype-stratified gene
expression levels for the JFNBr gene measured by Nanostring after 22h LPS stimulation. Empty circles
represent IL-12p7o low responders of the Milien Interieur cohort. Red lines indicate the median value for
each group. Q values were determined by an unpaired Student’s t test (on logro values) and false discovery
rate correction was performed to correct for multiple comparison testing.
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LPS pathway genes
CD14 REL
LBP JUN
TLR4 TRAMI1
LY96 TICAM1
TIRAP RIPK1
MYDS8S8 TRAF3
IRAK4 TANK
TRAF6 TBK1
MAP3K?7 IKBKE
MAP2K1 IRF1
MAP2K2 IRF2
MAP2K3 IRF3
MAP2K4 IRF4
MAP2K6 IRF5
MAP2K?7 IRF6
MAPK14 IRF7
MAPKI11 IRF8
MAPKS IRF9
MAPK3 UBE2V1
MAPK1 UBE2N
IKBKB NFKBI
CHUK NFKB2
NFKBIA RELA
NFKBIL1 RELB
IFNBI1

Table 11.1: Supplementary Table 1. LPS pathway genes used for the differential methylation level analysis.
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Probe Gene Q value
cgl2816198 IRF5 0,016
cgl2552744 IKBKB 0,016
cg21045241 RELB 0,021
cg01037764 TRAMI1 0,021
cgl13723989 IKBKB 0,021
cg01305270 IKBKB 0,021
cg21053741 NFKBIL1 0,021
cg16604658 TBK1 0,025
cg04666274 MAP2K2 0,025
cg05904013 IRF5 0,025
cg06392169 IRF4 0,025
cg19308985 IRF8 0,035
cg20567119 TRAF6 0,035
cg16289653 MAP2K?2 0,035
cgl1917175 IRF2 0,035
cg14622669 IRF5 0,035
cgl14456745 TANK 0,035
cgl6145324 MAPK14 0,035
cg24064264 IRF7 0,035
cgl13730105 TLR4 0,037
cg10080401 MAPK1 0,037
cg04639174 TRAF6 0,037
cg13092969 IKBKB 0,039
cg04123016 MAP2K1 0,041
cg09991769 TRAF3 0,043
cg12323063 MAP2K6 0,043
cg23044504 NFKB2 0,044
cg22819055 TRAF3 0,044
cgl12970512 TRAF3 0,046

Table 11.2: Supplementary Table 2. Probes showing significantly different methylation levels between
the low responders and the responders.



2. Additional hypothesis tested

12.1 Role of type II IFN in IL-12p7o0 secretion

Although it is well described in the literature that IL-12p70 induces IFNv [26, 238],
some studies have shown that a first wave of IFN7 is necessary to induce IL-12p70
[231, 232, 233]. IFN7y priming before LPS stimulation upregulates both p3s (/L724) and
p4o (IL1zB) gene expression [231] and IFN~y induced by IL-12p7o further enhances IL-
12p70 creating a positive feedback loop [so]. These findings highlight the importance
of IFN7 in IL-12p70 secretion. Moreover, Kraaij et al. observed that human mono-
cytes can produce IFN upon stimulation with LPS [239]. Based on these papers, we
hypothesized that monocytes and DCs can produce IFN7 following whole-blood LPS
stimulation and that the low responders of the MI cohort might have a defect in IFN~y
secretion that could be responsible for low IL-12p70 production. To test this hypoth-
esis, we performed three different experiments to (i) validate that monocytes and DCs
secrete IFN7y upon LPS whole-blood stimulation, (ii) measure early IFN+y secretion in
some low responders and responders of the MI cohort to examine whether there is any
significant difference between the two groups and (iii) assess the kinetics of IFN~y and

IL-12p70 using the ultrasensitive Simoa technology.

2..1  Assessing IFN~ secretion by monocytes and DCs following

LPS stimulation

To determine whether monocytes and DCs are able to secrete IFN7y as reported by Kraaij
etal. [239], the blood of 9 healthy donors was stimulated for 22 hours with Null and LPS
in the presence of brefeldin A 8 hours after the beginning of the stimulation. Intracellu-
lar staining for IFN+y cytokine was performed by flow cytometry. Although a clear IFN~y
secretion was observed in T cells and NK cells after 22h LPS stimulation, we did not ob-
serve IFN7 secretion in CD14" monocytes and cDCz (Figure. 12.1). To test whether
IFN7 secretion occurs in monocytes and DCs before 8 hours of stimulation, the blood
of 3 healthy donors was stimulated with Null and LPS in the presence of brefeldin A for
8h and IFNy secretion was studied by flow cytometry. Again, we could not detect IFN~y
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in monocytes and DCs of these 3 donors (data not shown).
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Figure 12.1: IFN"y secretion in monocytes, cDC2, T cells and NK cells upon Null and LPS stim-
ulations. Whole-blood from 9 healthy donors was stimulated for 22 hours with no stimulus (Null) and
LPS in the presence of brefeldin A (added 8 hours after the stimulus) and assessed for IFN+y cytokine pro-
duction using flow cytometry in different immune cell types After isolating the immune cell populations
of interest, the limit of positivity for IFNy secretion was defined using the Null condition and applied to
the LPS condition in order to see if LPS induces IFN7y secretion in these immune cells.
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12.1.2  Early IFN~ secretion in Milien Interienr low responders

and responders

Early protein secretion differences observed between the two groups after 4 hours of
stimulation may contribute to explain the IL-12p70 low responder phenotype observed
after 22 hours of stimulation. To define whether the low responders secrete less IFN~y
than the responders at an early timepoint of stimulation, we measured IFN+y by Simoa in
Null and LPS TruCulture supernatants of so low responders and so responders after 4
hours of stimulation. The 100 selected donors were all part of the 20-39 years old group
to avoid age impact on data analysis. IFN~y was not significantly more secreted in the
supernatant of the responders after 4 hours LPS stimulation compared with the low
responders (FDR threshold of o.o1) (Figure. 12.2). The difference was more important
between the two groups in the Null 4h stimulation condition with a higher baseline

level of IFN7 in the responders that could potentially help priming and induce IL-12p70
[240].
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Figure 12.2: IFNvy levels in 100 Milien Interienr donors after 4h of Null and LPS stimulations.
IFN7y cytokine concentration was measured in Null and LPS TruCulture supernatants of too MI healthy
donors (half responders and half low responders) using an IFN+y Simoa homebrew assay. Unpaired t tests
onlogged values were performed between the two groups for Null and LPS stimulations and p values were
corrected using the FDR method.
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12.1.3 Kinetic of IFN~ and IL-12p7o secretion using ultrasensitive

Simoa assays

To define whether IFNy is produced upstream or downstream of IL-12p7o, the blood of
five healthy donors was stimulated over time at 14 different timepoints from o to 30 hours
with LPS. IL-12p70 and IFN"y were measured using Simoa assays. Examining the data of
these two assays, we can observe that in 3 out of 5 donors, IFN~ is clearly induced after
IL-12p7o0 secretion under LPS stimulation (Figure. 12.3). In donor 2, the production of
the two cytokines was simultaneous whereas no clear result was obtained for donor 3.
Thus, in 4 out of 5 donors, IFN~y was not secreted upstream of IL-12p7o suggesting that
IL-12p70 induces IFN7 as reported in the literature [26, 238] and that IFN+y cannot be

responsible for less IL-12p7o secretion in the low responder group of healthy donors.
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Figure 12.3: IFNy and IL-12p7o secretion over time upon LPS stimulation in five healthy donors.
Whole blood of five healthy donors was stimulated in LPS TruCulture tubes at 14 different timepoints
from o to 30 hours. IFN~y and IL-12p70 were measured in the supernatant using Simoa homebrew assays.
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12.1.4 Conclusions

In summary, we could not confirm that monocytes and DCs secrete IFNy upon LPS
stimulation by flow cytometry as described in the literature [239]. Secondly, we did not
observe a highly significant difference in IFNy secretion between the responders and the
low responders after 4 hours of LPS stimulation. Finally, when measuring IL-12p70 and
IFN7y secretion over time in five healthy donors, we showed that IL-12p7o is produced
upstream of IFN~. Collectively, these results do not support our hypothesis that IFN~y
is a potential upstream regulator of IL-12p70 cytokine variability following LPS stimu-

lation.

12.2 Unbiased transcriptomic analysis

The Nanostring Human Immunology va gene expression panel allows the analysis of
a restricted number of genes. Thus, we decided to apply an RNA-sequencing (RNA-
seq) unbiased approach in 15 low responders and 15 responders to screen a wide number
of genes and potentially identify new biomarkers characterizing the phenotype. All se-
lected donors were part of the 20-29 years old group and equally distributed by sex. The
stimulated conditions that were sequenced included Null 4 hours, LPS 4 hours and LPS
22 hours. Globin and ribosomal RNA (rRNA) were removed and a2 minimum of 120

million reads of 101 base-pair (bp) were generated per sample.

12.2.1 Data pre-processing

12.2.1.1  Mapping and count assignment analysis

After performing all quality controls on the raw data files (data not shown), we con-
trolled for rRNA quantity as it has an effect on the usable number of reads. Although
both cytoplasmic and mitochondrial rRNA were removed during the library prepara-
tion, we observed that around 10% of the reads corresponded to rRNA with no signifi-
cant differences between the stimulation conditions (Figure. 12.4A). The proportion of
uniquely mapped read was around 80% for all stimulation conditions indicating that the
quality of the libraries as well as the data processing were good [241] (Figure. 12.4B). In

the end, 40 to 6o million reads were assigned to a gene (Figure. 12.4C).
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Figure 12.4: RNA-sequencing alignment and read quantification. Whole blood RNA of 15 low re-
sponders and 15 responders was sequenced. (A) Ribosomal RNA was quantified for each stimulation
condition and removed from the analysis. (B) Percentage of reads aligned to the human transcriptome.
(C) Number and percentage of assigned counts color-coded by stimulation condition.

12.2.1.2  Experimental variability

When performing RNA-seq, the main variability within the experiment is expected
to come from biological differences between the samples which corresponds to the
stimulation conditions. A variance stabilizing transformation (VST) was performed to
transform the dataset and make the variance independent of the mean generating ho-
moscedastic data. Then, we performed hierarchical clustering to check that samples
cluster by biological condition. As expected, the dendrogram grouped the samples by

stimulation conditions (Figure. 12.5).

The second way to visualize the experiment variability is to examine the first prin-
cipal components. We analyzed the data by principal component analysis (PCA). The
first three principal components explained s0% of the variability and again, this analysis
revealed stimuli-specific clusters confirming that the biological conditions were the main

source of variance in the data (Figure. 12.6).
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Figure 12.5: Cluster dendrogram of all sequenced samples. The Euclidian distance was computed

between each sample and the dendrogram was built based on Ward criterion.
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12.2.2 Differential gene expression analysis between stimulation

conditions

r2.2.2.x  Differential gene expression

We performed differential gene expression (DGE) analysis between all stimulation con-
ditions using DESeq2. We then generated MA-plots to have an overview of the results
with a two-group comparison (Figure. 12.7). The log2 fold change of each comparison
was plotted on the y-axis and the average of the counts normalized by the size factor was
shown on the x-axis. We observed that 38% of the genes were differentially expressed
(FDR < o.01) between the Null 4h and LPS 4h comparisons whereas 20.4% of the genes
were differentially expressed between the Null 4h and LPS 22h suggesting that a short
stimulation timepoint induces more gene expression differences than a longer stimula-
tion timepoint. In addition, 39% of the genes were differentially expressed in the 4h and
22h LPS two-group comparison indicating again that the stimulation timepoint is cru-

cial to observe gene expression differences.

Null 4h vs LPS 4h Null 4h vs LPS 22h LPS 4h vs LPS 22h

Log2 fold change

Mean of normalized counts

20351 genes with q value < 0.01 11094 genes with g value < 0.01 20611 genes with q value < 0.01

Figure 12.7: MA-plots comparing all stimulation conditions two by two. (A) MA-plot of the data
for the comparison Null 4h vs LPS 4h. (B) MA-plot of the data for the comparison Null 4h vs LPS 22h.
(C) MA-plot of the data for the comparison LPS 4h vs LPS 22h. Each dot represents one gene and red
dots represents significantly differentially expressed genes (FDR < o.o1).

We also constructed a heatmap of the 30 top differentially expressed genes color
coded by sex and stimulation condition using variance-stabilized transformed values and
all stimulation conditions clustered separately (Figure. 12.8). However, the males and fe-
males were not clustered separately suggesting that sex did not impact the DGE analysis

of these genes when comparing the stimulation conditions for these selected genes.
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Figure 12.8: Heatmap of the top 30 differentially expressed genes. Rows and columns were clustered
using hierarchical clustering using variance-stabilized transformed values.

12.2.2.2 Nanostring RNA—sequencing comparison

Next, we compared induced gene expression of Null 4h and LPS 22 hour conditions be-
tween RNA-seq and Nanostring. For this, we used the gene expression of 554 genes mea-
sured with both technologies. Nanostring data were available for 25 donors and RNA-
seq data of the 30 sequenced donors were used. Both technologies displayed a strong
positive correlation in the transcriptomic pattern of the comparable genes with a corre-
lation coefficient of 0.93 and a highly significant p value (P < 2.2x10-19) (Figure. 12.9).
This result demonstrates that both platforms are reliable and generate comparable re-

sults.
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R=0.93,P<2.2e10 .

Log?2 fold change RNA-Seq (Null 4h - LPS 22h)

5 0 5

Log2 fold change Nanostring (Null 4h - LPS 22h)

Figure 12.9: Comparison of RNA-sequencing and Nanostring data. Correlation plot of the loga fold
change Null 4h v5s LPS 22h conditions between RN A-seq and Nanostring gene expression data.

12.2.2.3 IFN gene expression

We observed the distribution of the normalized counts per stimulation conditions for
specific genes of interest, specifically type I IFNs genes (Figure. 12.10). JFNBr gene was
specifically induced with LPS 4h condition whereas /FNAz was induced both following
4h and 22h LPS stimulations. In addition, /FINBr gene (100 to 1000 counts) was 10 times
more induced than JFNAz gene (s to 15 counts) after LPS 4h stimulation showing the
specificity of LPS to induce IFN3, and supporting our results with protein data. Regard-
ing the gene expression of the type I IFN receptor, the expression of /FNARz was stable
between the three analyzed conditions while /FNARz gene expression was downregu-
lated in the LPS 4h condition. This observed downregulation of JFNARz expression
following early LPS stimulation suggests a mechanism to reduce type I IFN mediated

responses.

Our previous results revealed that IFNS drives inter-individual variability in IL-
12p7o secretion. As IFNf gene expression is induced following 4 hours of LPS stim-
ulation but not 22 hours LPS stimulation, we hypothesized that potential interesting
gene expression differences between the low responders and the responders would be

observable using the LPS 4h stimulation condition.
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Figure 12.10: Expression of type I IFNs related genes by stimulation condition. /FNBr, [FNAz and
type I IFNs receptor gene counts were normalized and plotted according to each stimulation condition.

12.2.3 Differential gene expression analysis between responders

and low responders

After performing DGE analysis between stimuli, we assessed whether genes are differen-
tially expressed between the 15 low responders and 15 responders sequenced within each

stimulation condition.

12.2.3.1 Null 4 hours stimulation condition

To assess whether the low responders and the responders cluster separately in the 4h
Null condition, we performed a PCA color-coded by response (Figure. 12.11A) and sex
(Figure. 12.11B). The first two principal components explained more than 60% of the
variability. Two distinct clusters are present on the PCA plots which were not associated
to the response factor but were explained by the sex factor. Thus, the principal cause
of variation in this stimulation condition is the biological factor sex rather than the

IL-12p70 response.
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PC2: 18% variance

PC2: 18% variance

PC1: 51% variance group
LowResponder

® Responder

PC1: 51% variance

group
female

® male

Figure 12.11: Null 4 hours condition principal component analysis (PCA) color-coded by IL-12p70
response (A) and sex (B). Plots represent the first two components of the PCA including percentage of
variance link to each axis.

We next performed DGE analysis between the two groups and visualized the results

ina MA-plot (Figure. 12.12). No genes were significantly differentially expressed between

the two groups out of more than 50,000 genes studied suggesting that the basal gene

expression levels do not explain the observed phenotype in these small number of donors

(FDR < o.01).

Log2 fold change

T T T
1e-01 1e+01 1e+03 1e+05

Mean of normalized counts

Figure 12.12: MA-plot of the Null 4 hours RNA-sequencing data comparing differentially ex-
pressed genes between the low responders and responders. Each dot represents one gene and red
dots represents significantly differentially expressed genes (FDR < o.01).
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12.2.3.2 LPS 4 hours stimulation condition

To visualize sample-to sample distances in the 4h LPS stimulation condition, we per-
formed a PCA and colored each sample regarding the IL-12p7o response (Figure. 12.13A)
and sex (Figure. 12.13B). From the PCA plots, we observed that 40% of the variability was
represented by the first two principal components. Similar to the Null condition analy-
sis, two clusters were present on the PCA plots and they were for the most part explained

by sex rather than the IL-12p7o response.

PC2: 11% variance
PC2: 11% variance

group group

LowResponder

® Responder

PC1: 29% variance PC1: 29% variance

Figure 12.13: LPS 4 hours stimulation condition principal component analysis (PCA) color-coded
by IL-12p70 response (A) and sex (B). Plots represent the first two components of the PCA including

percentage of variance link to each axis.

Next, we performed DGE analysis between the two low responder and responder
groups and found no significant differences for any of the genes (FDR< o.01) (Figure.
12.14). Of note, the /FNBI gene was not significantly different between the two groups
(data not shown) as observed at the protein level measured in the 4h LPS supernatants.
Therefore, we did not obtain any information explaining the observed IL-12p70

phenotype from this dataset as expected.

female

male
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Figure 12.14: Heatmap of the 30 most differentially expressed genes between low responders and
responders in the LPS 4 hours stimulation condition. Rows and columns were clustered using hier-

archical clustering using variance-stabilized transformed values.

12.2.3.3 LPS 22 hours stimulation condition

Finally, we performed PCA and DGE analysis between the low responders and the re-

sponders using the 22h LPS stimulation condition RNA-sequencing data. One more

time, samples clustered according to sex rather than the response condition (data not
shown). The DGE analysis revealed that 1287 genes were significantly differentially ex-
pressed between the two groups (FDR < o.o1) with IFN+y being the most differentially
expressed gene (FDR = 6.8¢-o5) (Figure. 12.15). This result was consistent with the

Nanostring DGE analysis and represents downstream effects of differential IL-12p70

production.
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Figure 12.15: Heatmap of the 30 most differentially expressed genes between low responders and
responders in the LPS 22 hours stimulation condition. Rows and columns were clustered using
hierarchical clustering using variance-stabilized transformed values.

12.2.4 Conclusions and new hypotheses

No significant differentially expressed genes were detected between the low responders in
the 4 hour Null and LPS conditions. Similar to the Nanostring data analysis, IFN~y was
significantly differentially expressed following LPS 22 hours stimulation. These results
did not allow us to explain variability in IFN3 and IL-12p70 responses. From this analy-
sis we can make two hypotheses. The first hypothesis is that the stimulation timepoint is
not appropriate and more precisely that a 4 hour LPS stimulation is too long to observe
gene expression differences upstream of IFN3 production between the low responders
or responders. The second explanation is that the small number of donors sequenced
could explain the lack of result obtained and we conclude that sequencing 15 donors in

each group was not enough to observe differences. This last hypothesis is supported by
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the following analysis. We subsampled the reads of 10 donors equally distributed regard-
ing the IL-12p70 response to 120, 100, 80, 60 and 40 million reads. We performed DGE
analysis and compared the significant number of differentially expressed genes between
subsampled conditions. To analysis the impact of the number of donors sequenced, we
also reported the significant number of differentially expressed genes using all 30 indi-
viduals (Figure. 12.16). First, we observed that 40 to 80M reads already capture most
of the differentially induced genes between Null and LPS as compared to 100 to 120M
reads. The 120 million read condition allowed to detect only 485 more genes differen-
tially expressed than the 40 million read condition. We also noticed that the number of
differentially expressed genes using all available reads (> r20M) of the 30 donors allowed
to detect twice more genes differentially expressed than the analysis performed using 10
donors. This analysis suggests that the number of subjects highly impacts the number of
detected genes and that increasing the number of donors sequenced might lead to iden-
tification of differentially expressed genes between the low responders and responders in

the 4 hours LPS condition.

15000

-©- Total number of differentially expressed genes (10 donors)
Up-regulated genes (10 donors)

Down-regulated genes (10 donors)

Total number of differentially expressed genes (30 donors)

Up-regulated genes (30 donors)

o0 09

Down-regulated genes (30 donors)

—-©
©

Differentially expressed genes - Null 4h vs LPS 22h
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0 20 40 60 80 100 120 allreads
Number of reads (Million)

Figure 12.16: Differential gene expression analysis based on different number of reads and number
of donors. Sequencing data were randomly subsampled for 10 donors (5 low responders and 5 responders)
and differential gene expression analysis was performed between Null 4h and LPS 22h conditions. Total
number of differentially expressed genes, up-regulated genes and down-regulated genes were reported ac-
cording to the number of reads used for the analysis (FDR < o.o1). Significant number of differentially
expressed genes were also reported using all reads available of the 30 sequenced donors.
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In this study we aimed at dissecting immune response variability and more specifi-
cally explain naturally occurring variability of IL-12p70 cytokine in the context of bacte-
rial infection among healthy European individuals. These 1,000 healthy donors are part
of the Milieu Interienr project which aims to identify genetic and environment factors
that contribute to the observed diversity of the immune responses. The main findings
presented in this manuscript include:

i) The characterization of a consistently low IL-12p7o response upon LPS whole blood
stimulation in a quarter of the healthy population using an ultrasensitive immunoassay.
ii) The finding that IL-12p7o secretion by monocytes and dendritic cells is dependent on
monocyte IFN/3 production both in health and disease settings.

iii) The identification of a novel genetic associations with both IL-12p70 and IFN/3 pro-
tein secretion specific to LPS stimulation.

Based on these findings we were able to test our principle hypothesis, namely that
dissecting this natural variance in a healthy MI reference population will provide new
insights into disease pathogenesis. To do that, we examined available patient cohorts
from TB and HCV studies, which confirmed the importance of IFN/3 production for
IL-12p70 secretion in both diseases. Furthermore, this perturbed response was observed

at significantly higher frequencies in patients chronically infected with TB or HCV.






13. Strengths and limitations of our

approach

13.1  Whole-blood TruCulture assay

The determination of cytokine secretion in health and disease conditions was performed
using whole blood stimulated in TruCulture tubes. TruCulture tubes for healthy indi-
viduals and chronically infected TB or HCV patients were generated in three different
centers. Comparison of induced immune responses across several centers was previously
assessed using this whole-blood syringe assay system [17]. This study revealed that Tru-
Culture tube is a pertinent immunomonitoring tool as high reproducibility across cen-
ters and reduced background cytokine secretion were observed. Thus, human whole
blood stimulation in TruCulture tubes minimize technical variations between centers, is
a good model to mimic 7z vzvo infections and allows robust analysis of induced cytokine
secretion. Different approaches can be used to characterize immune responses including
animal models, single-cells, PBMCs or whole blood. Although whole blood stimulation
does not necessarily provide information at the single cell level, the advantages of using
whole blood are multiple. Blood collection is non-invasive and it contains all immune
cells that circulate through all the body tissues. Unlike PBMCs, whole blood includes
granulocytes and erythrocytes and its serum also contains all soluble factors that impact
cell activation. As a consequence, whole blood stimulation is more biologically relevant
reflecting 7z vivo conditions as it captures gene expression and protein secretion result-
ing from interactions of all circulating immune cells that occur during infection. The
manipulation of whole blood also leads to more reproducible data as it minimizes sam-
ple manipulation required for single-cell, PBMCs isolation or cell culture. Lastly, animal
studies might not always reflect human reactions to exposures [242]. Although whole
blood stimulation is a good model, we acknowledge that using whole blood has some
limitations and does not reflect the entire picture of a human immune profile. Perform-
ing research with other human tissues is also necessary to understand healthy human

immune responses.
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13.2 Cutoff used to define the responder and low re-

sponder groups

Waurfel etal., used seven different cytokines to define LPS low responders and responders
identifying only 3 donors in each group. The classification was made based on seven
cytokine concentrations all below the 4oth percentile (LPS low responders) or above
the 6oth percentile (LPS responders) [243]. Here, we used the limit of detection of the
Luminex assay (18.5 pg/ml) to define the two groups in the healthy MI cohort based on
one single cytokine secretion which is IL-12p7o. Using this cutoft, every donor of the MI
cohort was assigned as a responder or a low responder and this classification was used as
a qualitative variable for all subsequent analysis. This cutoff was also relevant to detect

significant differences in 16 proteins out of 25 measured between the two groups.

13.3 Luminex versus Simoa immunoassay

Following from these initial observations made with Luminex, we measured IL-12p70
in all MI individuals using the ultrasensitive Simoa technology to define whether
the donors for whom we did not detect any IL-12p70 were low responders or non-
responders. Using the same antibody pair as used for the Luminex assay, we were able
to detect induced IL-12p7o0 in LPS samples compared with the null condition, allowing
us to define the donors as low responders. So far, the quantification of protein secretion
was made by conventional immunoassay methods such as ELISA or Luminex. These
techniques do not always provide sufficient sensitivity to fully detect cytokine produc-
tion especially for baseline measurements. Indeed, cytokines are often present in low or
sub pg/ml concentrations in human blood and are challenging to detect using these tra-
ditional assays [244]. The development of digital ELISA addresses this limitation [245].
This is clearly evidenced by our homebrew IL-12p70 Simoa assay being 1ooo-fold more
sensitive than the Luminex IL-12p7o0 assay and allowed the characterization of IL-12p70
in all 1,000 MI donorsin LPS and Null control tube supernatants. The comparative eval-
uation of IL-12p7o secretion between Luminex and Simoa showed a highly positive and
significant correlation between the two techniques (R= 0.86, P < 0.0001). The measure-
ment of IL-12p7o0 in the same 1,000 samples by two different technologies and machine
operators permitted to validate the “veracity” of the observed phenotype. Although IL-

12p7o secretion was close the LOD of the Simoa assay in the null condition, the enhanced
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sensitivity of the IL-12p70 Simoa assay allowed the detection of IL-12p70 in 672 donors
in the null condition compared to only 2 donors detected using Luminex. Statistical
analysis did not show any significant difference between the low responders and the re-
sponders in the null condition. Thus, we can hypothesis that baseline IL-12p7o levels
do not differ between the two groups and that the observed phenotype is only present
upon LPS stimulation. This is also supported by the gene expression results. In the null
condition, the expression of both IL-12p70 subunit genes was not significantly different

between the two groups.

13.4 Limitations of transcriptomic analysis using

Nanostring

Transcriptomic analysis using Nanostring showed that the low responders significantly
expressed less /L12A, IL12B and 11234 genes which encode for the p3s, p40 and pr19 sub-
units respectively. The Nanostring platform is based on direct digital quantification of
the mRNA. The main benefit of Nanostring is to avoid bias as it does not require en-
zymatic amplification and library construction. In addition, it does not require high
RNA quality (RIN > 3) compared with next generation sequencing (NGS) (RIN > 7).
It also shows high reproducibility and robustness between data measured at different
timepoints and using different facilities [246, 247]. However, the Nanostring technol-
ogy presents some limitations. First, several immune pathways remain unexplored due
to the restricted number of genes that can be measured. This introduces bias when per-
forming gene set enrichment analysis and pathway analysis. While NGS allows identi-
fication of novel transcripts, the Nanostring platform does not provide information on
splice variants and non-coding RNA induced after whole blood stimulation. The /128
and /1234 genes induce only one transcript coding for their protein however, the /L124
gene can produce three different transcript variants coding for three isoforms of the p3s
subunit (Ensembl and NCBI websites). Using Nanostring, we were not able to distin-
guish the different /Lz24 transcripts and define whether one of the phenotypes or one
of the genotypes express more specifically one of the transcripts. This limitation can
be overcome with high throughput sequencing which can be used as a complementary

technique to Nanostring to validate our findings.






14. Other studies assessing cytokine

secretion variability in humans

Several other studies investigated inter-individual cytokine secretion variability in
healthy donors. As mentioned in the introduction, some large-scale studies focused on
basal circulating cytokine levels in the blood whereas other studies assessed cytokine se-
cretion variability following whole-blood stimulation. Enroth et al., measured 92 pro-
teins including IL-12p7o0 in whole blood of 1,005 Swedish healthy individuals. As com-
pared to the MI cohort, this cohort was not stratified by age and sex and the minimal age
eligibility criteria was 15 years and did not include any maximal age. Two significant asso-
ciations were found with IL-12p7o plasma levels. First, a local cis-QTL association was
found. The rs10045431 SNP, located in the intergenic region of /Lz2B gene, was signifi-
cantly associated with IL-12p7o secretion. Second, smoking aftected IL-12p70 secretion.
Smokers had less circulating levels of IL-12p70 than non-smokers in this cohort [6]. In
the MI cohort, smoking was not found to be associated with IL-12p7o secretion follow-
ing Null 22h stimulation (result not shown). This could be explained by the small num-
ber of donors for whom IL-12p70 was detected (n=672) or, most likely that the protein
levels measured in the Null 22h TruCulture supernatants cannot be compared to base-
line circulating levels from fresh whole blood. The MI cohort does not include children
and teenagers and does not allow the study of cytokine variability below 20 or above 69
years of age. One recent study assessed cytokine secretion in 271 children from 1 month
to 13 years old both in unstimulated and stimulated whole blood with phytohaemagglu-
tinin (TLR4 agonist) for 24 hours [248]. IFN~ was found to be significantly increased
with age in this cohort. Using our model, we determined that age explained 0.5% of the
IL-12p70 variability with a significant decrease of IL-12p70 secretion with age following
LPS stimulation. As IL-12p7o0 secretion reflects IFN~y production, we can hypothesis
that IL-12p70 and IFN7y production following TLR 4 activation reaches adult levels in
the teenage years and slowly decline after 30 to 40 years old. This age-dependence of TLR
induced Thr responses was also summarized and illustrated by Kollmann et al [249].
The “Human Functional Genomics Project” (HFGP) large-scale study (n= 489 healthy

subjects) evaluated host and environmental factors that impact human cytokine produc-
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tion variability. This study assessed variability in IFN+ secretion upon whole blood LPS
stimulation but did not assess IL-12p7o responses and its related members [13]. The MI
cohort includes 200 individuals per decade split equally by sex (1:1 ratio). This balanced
experimental design provides a large statistical power as well as homoscedasticity. Al-
though the HFGP study included a large number of healthy volunteers, the cohort was
not well stratified by age and sex. A smaller study (n=102 healthy donors) previously
defined LPS low responders and LPS responders based on cytokine responses follow-
ing whole blood LPS stimulation [243]. Again, this study did not investigate IL-12p70
cytokine secretion. In addition, none of these studies used standardized immunomoni-

toring tools to investigate cytokine secretion variability in healthy individuals.



15. Potential Biological and Clinical

significance of our findings

15.1 Extrapolation of the observed phenotype to gram

negative bacterial infection

We also observed that the low responders secrete significantly less IL-12p7o than the re-
sponders following E. colz stimulation. LPS which was used to define the phenotype, is
a compound of the outer membrane of the gram-negative bacteria E. co/z. Of important
note, E. coli infection is more complex than just LPS stimulation as it includes a pepti-
doglycan layer, membrane proteins and flagellin which triggers inflammation through
its interaction with TLRs [250]. In addition, the use of E. coli reproduces the clinical
situation of infection more closely than LPS stimulation. As an example, LPS and E. coli
show differences in the activation of microglial cells in the brain with E. co/i mimicking
better the clinical situation [251]. Here, we found a positive and significant correlation
for IL-12p70 production between LPS and E. coli stimuli (R= 0.78, P < 0.0001). As
a consequence, even if LPS stimulus is more simplistic than E. co/7 stimulation, we can
consider that our LPS model simulates the 772 v7vo situation and reflects the Thi response

induced with an E. col7 infection in human whole blood.

15.2 Endotoxin tolerance

To assess if the phenotype was stable over time, we measured IL-12p7o in null and LPS
supernatants of soo donors of the MI cohort who participated to visit 2 that occurred 2
to 6 weeks after visit 1. We found that the phenotype was persistent as the low respon-
ders secreted significantly less IL-12p7o than the responders upon LPS stimulation and
IL-12p70 levels measured in visit 2 samples, which strongly correlated with the visit 1
IL-12p70 concentrations. One potential explanation for the observed phenotype could
be that the immune cells of 28% of the healthy donors have been exposed to LPS pre-

viously to blood collection leading to endotoxin tolerance. Upon exposure to endo-
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toxin, myeloid cells become refractory to subsequent LPS challenge. This phenomenon
is named endotoxin tolerance and is associated with immunosuppression. On one hand,
this reduced responsiveness to LPS protects against a lethal challenge of LPS and endo-
toxin shock. On the other hand, endotoxin tolerance is associated with immune dys-
function mediating sepsis pathogenesis [252]. Sepsis induces an initial inflammatory re-
sponse which is then followed by an anti-inflammatory response acting as negative feed-
back. Endotoxin tolerance was investigated in humans and its duration was estimated at
between two to five weeks [253, 254]. As visit 2 samples were collected two to six weeks
after visit 1, we cannot completely exclude the hypothesis of LPS tolerance occurring in
28% of the cohort. Indeed, if the low responder donors were exposed to LPS prior to
blood collection for the MI project, whole blood LPS stimulation both in visit 1 and
visit 2 could have led to endotoxin tolerance and a decrease of IL-12p70 secretion. Sev-
eral studies have demonstrated that endotoxin tolerance leads to a decreased production
of pro-inflammatory cytokines including TNFe, IL-6, IL-1cr, IL-13, CXCLio and IL-
12p7o and an increase secretion of anti-inflammatory cytokines such as IL-10, TGF3 and
IL-1R A in LPS-tolerized monocytes as compared with monocytes from healthy donors
[255]. A decreased IL-12p7o0 secretion was associated with impaired Thu cell proliferation
and a shift toward a Th2 immune response [256]. In the MI cohort, TNFa, IL-6, IL-10v,
IL-1/3 and IL-12p70 cytokines were significantly less secreted in the low responder group
following LPS stimulation supporting the LPS tolerance hypothesis. However, the anti-
inflammatory IL-IR A cytokine was significantly less secreted in the low responders. In
addition, the IL-10 cytokine was not significantly different in either group (Q = 0.0s).
Although TGF 3 was not investigated in the project, the anti-inflammatory cytokines
were not highly produced in the low responder group and this is not in accordance with
results reported in LPS tolerance studies. Future human studies, investigating cytokine
variation upon bacterial infection, should ensure that the second blood collection oc-
curs at least two months after the first sampling to study cytokine profiles overtime and

exclude a potential role for endotoxin tolerance.

15.3 IFNS and IL-12p7o0 secretion in HCV and TB

We sought to apply our findings to relevant clinical cohorts, namely stimulated whole
blood samples from both HCV and TB patient cohorts. Both of these diseases have pre-

viously been shown to have ISG signatures in the blood that are negatively correlated
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with clinical outcome. In HCV infected patients, LPS significantly induced both IL-
12p70 and IFN/3 compared to the null condition. However, no significant difference
between the SVR- and the SVR+ patients were observed for these two cytokines nei-
ther in the null nor the LPS stimulation condition. Although IFNo and ISG transcrip-
tional activity were not measured, this result suggests that IFN3-induced signaling and
potentially ISG induction by IFN 3 were not different between the two groups in whole-
blood. Type ITFN signature has been investigated both in liver biopsies and PBMCs pre
and post treatment with IFNa in HCV infected patients. Patients who poorly respond
to the therapy showed preactivation of their type I IFNs system before the treatment
which was specifically observed in the liver biopsies but not in PBMCs [257]. Thus, lev-
els of IFNf and IL-12p70 in whole-blood following null and LPS stimulations are not
predictors of the response to the IFNa therapy. However, we observed that following
LPS stimulation, IFN 3 and IL-12p70 were positively and significantly correlated specif-
ically in the SVR+ patients but not in the SVR- patients. We can hypothesize that the
induction of IL-12p70 by IFN/3 through TLR4 activation is altered in SVR- patients.
We did not observe any significant difference in the null condition between the 1,000
MI donors and the 100 HCV infected patients. This is not in accordance with the lit-
erature describing that HCV infected individuals have higher levels of IL-12p7o in the
serum compared to healthy donors [229, 228]. Nevertheless, IL-12p70 was significantly
more secreted in the MI donors compared to the HCV infected individuals following
LPS stimulation (P < o0.0001) suggesting that healthy donors have a greater ability to in-
duce a Thi response upon bacterial infection than HCV infected subjects. It would have
been interesting to measure IFNa to see how it correlates with IL-12p70 as compared to
IFNg in HCV patients, as well as other interleukins. Indeed, IL-10 was shown to be
associated to a non-response to the IFNa treatment or IL-18 which, like IL-12p70, was
also associated with a sustained virological response [228]. In addition, IL-6 and IL-8
were also shown to be significantly higher in the serum of infected patients compared to
healthy controls [230]. In TB infected individuals, we observed a significant difference
in IFNJ and IL-12p7o secretion between active TB and latent TB subjects in the Null
condition. Both cytokines were more secreted in the latent TB group compared to the
active TB group. These observed differences might be explained by technical challenges
as we did not have access to the same volume of samples between latent and active in-
dividuals for cytokine measurements in the null condition. Therefore, they were tested

at different dilutions which may affect the final concentration especially when close to
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the LOD. These results are also not consistent with the literature. Wang et al., measured
27 cytokines including IL-12p70 in 28 active TB patients and 34 latent TB individuals
and showed a significant increase of IL-12p7o0 in the active TB group compared to the
latent group and TB uninfected controls [258]. Following LPS stimulation, both latent
and active TB groups showed a significant and positive correlation between IFN/ and
IL-12p70 secretion. The correlation of IL-12p70 with IFN3 was higher than the corre-
lation between IL-12p70 and IFNe in the two groups confirming the IFN/IL-12p70
relationship observed in the MI healthy donors. As these results showed that IFN3 and
IL-12p70 secretion correlate in the two TB groups, we can hypothesize that the TLR 4
pathway leading to both IFN3 and IL-12p7o0 secretion is not altered in any of the groups
and that these two cytokines might not be potential biomarkers for discriminating be-

tween active TB patients and latent TB individuals.



16. Systems biology to integrate mul-

tiple diverse data sets

Complex networks allow the healthy immune system to maintain tissues homeosta-
sis and to eliminate pathogens while avoiding tissues destruction. Systems immunology
includes methods to measure and understand human immunity and obtain causal and
predictive explanations of the observed immunes responses in the context of health and
disease. Systems immunology aims at discovering unknown relationships among vari-
ables to understand the immune system as a whole. These variables include environmen-
tal factors, clinical descriptors, genetic variants, immunophenotyping data, epigenetic
states and others. The objective is to identify the most critical factors and interactions
that drives immunity. This is made possible with the integration of clinical research, the
development of innovative high throughput technologies, immunological expertise and
advances in bioinformatics to analyze large data sets. These inter-disciplinary collabora-
tions allow considerable progress in human translational medical research and aims to
develop new tools in the clinic to both monitor and predict immune responses in health

and diseases [259, 260].

16.1 Genetic influence on cytokine responses

Protein or cytokine quantitative trait loci analysis (pQTL and cQTL respectively) analy-
sis can greatly help us understanding how genetic factors control human inter-individual
variation in cytokine secretion. The role of genetic variation on inter-individual variabil-
ity in cytokine responses in healthy subjects was previously investigated in several studies.
Genetics can explain variability in baseline plasma cytokine abundance in healthy indi-
viduals. However, the inter-individual variability in plasma concentration of cytokines at
baseline is for the most part driven by non-heritable factors with age and body weight af-
fecting a large number of proteins [7, 6]. In contrast, the HFGP project has shown that
genetic variation plays a major role in inter-individual variability of cytokine secretion
in response to pathogen stimulation. After whole blood or PBMC stimulation with mi-

crobial stimuli, they demonstrated that genetic variants impact the production of six dif-
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ferent cytokines [14, 261]. So far, none of these comprehensive genome-wide association
studies has measured and investigated the impact of host genetics on IL-12p70 and type I
IFN responses at the proteomic level. Using the genotyping data of the 1,000 MI donors,
we performed a pQTL analysis to identify potential SNPs that could impact both IFN3
and IL-12p70 protein secretion upon LPS stimulation. We detected 5 novel cis-acting
SNPs associated with IL-12p7o secretion and 4 novel cis-acting SNPs significantly as-
sociated with IFN/3 production. These two groups of SNPs are in strong linkage dise-
quilibrium (Ensembl website). First, we found a very significant association between the
variants 1s17753641, rs143060887, rs17810546, 1576830965, 1517809756 and IL-12p70 secre-
tion (Q < 4.32¢-6). These SNPs did not impact IL-12p40 or IL-23 cytokine secretion. In-
terestingly, they also did not aftect /Lz24, IL1zB and 11234 gene expression as measured
by Nanostring. These variants are all located upstream of the /Lz24 gene and inside the
antisense /L124-ASt gene. IL124-ASris an antisense long non-coding (IncRNA) that can
bind to the /Lzz4 mRNA and inhibits its translation into functional protein. IncRNA
can control nearly every level of gene regulation through DNA-RNA, RNA-RNA or
protein-RNA interactions [262]. Four of these SNPs are intron variants and non-coding
transcript variants that overlap with 8 different /L124-ASr transcripts. They are also lo-
cated in a promoter flanking region and within the H3K27Ac histone mark (acetylation
of lysine 27 of the H3 histone protein) (UCSC website). This mark is thought to en-
hance transcription possibly by blocking the repressive histone mark H3K27Mes. The
last SNP, 1517809756, overlaps only 3 transcripts of /L124-ASr and is defined both as an
intron variant and as a non-coding transcript exon variant. It remains to be established
how the SNPs impacts IL-12p7o secretion mechanistically. As /Lr24 and ILz2B subunit
gene expression are not impacted by the SNPs, the most probable hypothesis is that these
variants might affect the p3s subunit translation. As the p3s subunit is not secreted on
its own in contrast to p40, p3s production cannot currently be assessed in human cell
culture supernatant. However, p3s is also a constituent of the IL-35 cytokine. The de-
velopment of an IL-35 Simoa assay and measurement of IL-35 in the supernatant of the
1,000 MI donors would allow us to assess whether the SNPs are also associated with IL-
35 secretion. Second, we observed that rs10757182, rs10811473, rs13291085 and rs7020908
cis-acting SNPs were significantly associated with IFN/3 secretion. These four variants
are intergenic SNPs located between the JFNBr and IFNTW/ P4 genes on chromosome
9. As for the IL-12p70 associated SNPs, none of the IFN/3 associated SNPs impacted

IFNBr gene expression measured by Nanostring upon LPS stimulation, which may be
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due to kinetic differences between protein and RNA expression. Experimental mecha-
nistic studies should be performed to understand how these 4 variants specifically impact
IFNf secretion. The results of our model showed that the identified factors impacting
IL-12p70 secretion explain 32.8% of the variability; with IFN/3 secretion alone explain-
ing 21.6% of the observed variability. This highlights the need to study upstream im-
mune pathways when dissecting variability in cytokine responses. Using our model, we
could also determine that the five IL-12p70 associated SNPs explain 4.2% of IL-12p70
secretion variability following LPS stimulation. Applied to IFN/3 secretion variability,
the model revealed that, out of 11.8% of the total variability explained, the four SNPs
only explain 2.3% of the variability. These values are lower than the median variability
(10%) that we explained by genetics for induced gene expression in the MI cohort [21].
This approach showed that host genetics did not predominantly influence cytokine se-
cretion variability following LPS stimulation. This is not in accordance with Schirmer
et al, who discussed the impact of genetic and non-genetic factors on cytokine secretion
and concluded from reviewing several studies that genetic factors explain a major part
of cytokine secretion variability upon pathogen stimulation whereas non-heritable fac-
tors mainly drive cytokine variations in baseline condition [15]. We have to keep in mind
that we might have missed some genetic influence on the cytokine secretion variability
as the performed genotyping experiments did not capture insertions/deletions. Future
analysis using whole-genome sequencing data will help to complete conclusions regard-
ing the influence of host genetics on IL-12p70 and IFNJ3 cytokine variability upon LPS

stimulation.

16.2 Other proteins significantly differentially se-

creted between the two groups

Upon LPS stimulation, the transcriptomic analysis of the p4o and p19 subunits showed
significant differences between the low responders and the responders suggesting that at
the protein level, IL-12p40 and IL-23 cytokine secretion are also impacted. An expanded
differential analysis of protein secretion between the low responders and the responders
revealed that, out of 25 tested proteins, 17 proteins showed significant differences be-
tween the two groups (including IL-12p7o0, IL-12p40 and IL-23). Interestingly, we ob-
served some associations between interferons and the majority of these cytokines in the

literature. ENA-78 (also named CXCLs) is the only protein upregulated in the low re-
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sponder group as compared with the responder group. Both IFN« and IFN+y down-
regulate ENA-78 in LPS stimulated human monocytes [263]. The secretion of ENA-78
may be upregulated in the low responders as they secrete less IFN3 leading to less IL-
12p7o0 resulting in less IFN7y secretion than the responders. IL-13, IL-1RA and TNF«
cytokines, which are more produced in the responders, can be enhanced by IFN3 in hu-
man monocytes activated by LPS [264]. However, the same study did not observe any
impact of IFN/ on IL-1cr and IL-6 cytokines for which we observed an upregulation
of their secretion in the responder group. This might be due to different models used:
purified monocytes versus whole blood. The induction of IL-6 might not be directly
linked with IFN3 but with IFN+y as Fujisawa et al., showed that IFNy induces IL-6 pro-
duction in a dose dependent manner in human keratinocytes [265]. Regarding the IL-15
and the BDNF cytokines, mouse DCs produce IL-15 following stimulation with type I
IFNs [266] and IFN/3 has been shown to upregulate BDNF levels in PBMCs of multi-
ple sclerosis patients [267]. These papers are also consistent with our results showing a
higher secretion of IL-15 and BDNF in the responder group. Finally, a relationship be-
tween type I IFNs and the SCF complex was also previously described in the literature.
The regulation of cellular responses to type I IFNs is mediated through the degradation
of the IFNARI receptor subunit which is dependent on SCF complex activity [268].
The VEGEF protein seems to have the same effect as SCF. It promotes the degradation of
IFNRu1 to attenuate type I IFN signaling [269]. However, the literature does not support
our results highlighting higher secretion of the MMP-9 protein in the responder group.
In human astrocytes and astroglioma cell lines, both IFN/3 and IFN+y inhibit MMP-9
gene expression [270]. In conclusion, this analysis means that the level of IFN/3 secre-
tion might not only impact IL-12p70 but several other cytokines and this hypothesis is

strongly supported by the literature.

16.3 Cellular analysis

To define which cell types produce IL-12p70 and IL-23 in whole blood following LPS
stimulation we utilized intracellular flow cytometry as the most sensitive cell based ap-
proach. Regarding the IL-23 cytokine production following LPS stimulation, 41% of
monocytes and 19% of cDCz secreted IL-23. In comparison, 7% of monocytes and 11.5%
of ¢cDCz2 specifically secreted IL-12p70. As human blood contains 10 times more mono-

cytes than cDCz2, we can deduce that monocytes are the main producers of the IL-12p70
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cytokine in whole blood upon LPS stimulation. In addition, similar percentages of
monocytes and cDCz (25%) secrete both IL-12p70 and IL-23 simultaneously. These ob-
servations mean that monocytes are the main producers of both IL-23 and IL-12p70 in
whole blood and that the majority of cells that secrete IL-12p7o0 also produce IL-23 at the
same time. The co-expression of both cytokines in the same cells might lead to compe-
tition between the p35 and p19 subunits for binding to p4o. Indeed, even though sev-
eral residues of the p4o chain are used specifically for each subunit interaction to form
the heterodimers, the majority of p4o residues that are in contact with p19 are also in
contact with the p3s subunit [271]. However, knowing that the IL-12p40 cytokine is
produced in excess and that the p35 subunit is the limiting factor for IL-12p7o secretion
[272], we can assume that pr9 and p35 may not compete for binding to p4o. It remains
to be established by future studies if one of the subunits has a higher affinity for p4o.
Following from this observation, we extended our analysis to all the immunophenotyp-
ing data available for the 1,000 MI donors to investigate whether the low responders had
less circulating monocytes and DCs than the responders at basal state. We did not ob-
serve any significant differences excluding the hypothesis that the phenotype is driven by
differences in monocyte and DCs cell numbers. We also performed in parallel an un-
biased comparison between low responders and responders of all MFI and cell number
phenotypes. The results of the unbiased comparison revealed that the monocytes and
cDC2 of the low responders had significantly less HLA-DR expression on their surface
than the responders. The CD86 co-stimulatory marker was also less expressed at the sur-
face of the CD14" monocytes of the low responders. HLA-DR is an MHC class II cell
surface receptor mainly present on APCs. APCs use HLA-DR to present peptide anti-
gens to the T cell receptor to induce an appropriate adaptive immune response. CD86
is also constitutively expressed on the surface of APCs and provides co-stimulatory sig-
nals for T cell proliferation and generation of cytotoxic T cells through its interaction
with CD28 on T cells [273]. HLA-DR and CD86 are both necessary for interactions
between APCs and T lymphocytes to induce specific immune responses to a foreign
antigen. Low HLA-DR levels are associated with immunosuppression and have been
linked with immune failure. HLA-DR marker is an independent predictor of mortality
in human septic shock [274]. The expression of CD86 on monocytes has also been re-
ported to be decreased in critically ill patients with sepsis compared to control subjects
leading to impaired antigen presentation and altered immune responses [275]. From the

literature, we can hypothesize that either the low responders have been exposed to in-
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flammatory mediators previous to blood collection leading to immunosuppression and
a decreased HLA-DR and CD86 levels as previously discussed in regards endotoxin tol-
erance. Alternatively, this basal low level of HLA-DR and CD86 is not due to endotoxin
tolerance and might increase susceptibility of the low responder individuals to complica-
tions in the context of septic shock due to a hypo-inflammatory response. It might also
increase the incidence of infection and affect immune responses during pathogen infec-
tion. Indeed, low expression of HLA-DR and CD86 have been associated with impaired
cellular functions of monocytes including a reduction of their pro-inflammatory prop-
erties and a decrease of their ability to induce T cell responses through reduced antigen
presentation [276, 277]. In addition, both IFN3 and IFN+ upregulate the expression of
CD86 on human monocytes and DCs [278, 279, 280]. Also, the inactivation of CD86
on human monocytes significantly reduces IFN+ secretion by T cells [281]. The low re-
sponders already have low levels of CD86 and secrete less IFN3 upon LPS stimulation.
This feedback loop probably maintains low levels of CD86 co-stimulatory marker and
does not enhance immune functions such as T cell activation comparable to the respon-

ders.



7. Importance of kinetic studies for
determining the roles of type I and
II IFN on the low cytokine re-
sponse phenotype

Upon LPS stimulation, 332 differentially expressed genes were identified between
the two donor groups (Q < o.o1). JFENG was the most differentially expressed gene with
a higher expression in the responder group. This observation was consistent with the
protein data analysis as IFN~y was significantly less secreted in the low responder group
following 22 hours of LPS stimulation. It is well known that IL-12p7o induces IFN~y
production [26, 238]. Nevertheless, it has also been reported that optimal expression of
p3s and p4o subunits in purified human monocytes by LPS requires specific priming by
IFN7 [231] and IFN7y by itself induces gene expression of both subunits [24]. Moreover,
Kraaij etal., demonstrated using both real-time PCR and flow cytometry that upon stim-
ulation with LPS, monocytes secrete IFN7 [239]. Thus, we investigated whether IFN~y
could be secreted upstream of IL-12p70 by monocytes and DCs and be responsible for
the observed phenotype. To test this hypothesis, we first checked that monocytes and
DCs could secrete IFN+y using intracellular flow cytometry after whole blood LPS stim-
ulation. Although we tested two brefeldin A timepoints (at the stimulation time and
8 hours post stimulation), we did not observe any IFN+ secretion and could not con-
firm the results of Kraaij et al. We also measured IFN7y protein after 4 hours of LPS
stimulation in so low responders and so responders and did not observe any significant
differences between the two groups suggesting that IFN+ was not responsible for the
phenotype observed after 22 hours of stimulation. These results did not support our ini-
tial hypothesis and indicate that the differential gene expression analysis performed using
Nanostring after 22 hours of LPS stimulation reflects downstream consequences of IL-
12p70 secretion. As such they helped us to refine our hypothesis and lead us to conduct
the kinetic studies of IL-12p70 and interferon responses both at the mRNA and protein

levels. This approach allowed us to confirm that IFN+ secretion was downstream of IL-
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12p70. Although the number of donors was limited, 3 out of 5 donors showed IFN~y
secretion downstream of IL-12p7o secretion and for one donor (#2) both IL-12p70 and
IFN7y secretion began at a similar timepoint. The transcriptomic kinetic analysis showed
that JFNG gene expression was also downstream of /L124 and IL1zB gene expression.
The peak for I/FNG gene expression was observed at 16 hours post stimulation for all
donors whereas the highest expression for /L124 and IL1zB genes was observed at 4 hours
post stimulation. All things considered, these results do not support the hypothesis that
upon LPS stimulation, in the low responder phenotype, monocytes secrete less IFN7y
than the responders inducing less IL-12p7o0 secretion in the low responders. IFNa secre-
tion was also detected downstream of IL-12p7o secretion for 3 out of 5 donors (donors
1, 4 and 5) whereas the induction of IL-12p7o in all s donors began 30 minutes to 1 hour
after IFN/3 secretion. The time series analysis showed that IFNJ is highly significantly
associated with IL-12p7o secretion in contrast to IFNc and IFN+. This analysis was also
performed using the transcriptomic data of interferons and IL-12p7o subunits. /FNBr
and /FNG genes were significantly associated with /124 and IL12B gene expression and
IFNAz was significantly associated with the /128 gene. This investigation did not allow
us to find any clear association of one interferon with IL-12p70 subunit gene expression
highlighting that mRNA expression does not always reflect protein secretion. The as-
sociation of IFN/3 with the phenotype was confirmed by measuring IFN« and IFNJ
in null and LPS TruCulture supernatants after 4 hours of stimulation. Furthermore,
blockade of IFNARI type I IFN receptor subunit but not IFNAR2 completely abol-
ished IL-12p7o0 secretion. Here, with three independent experiments, we demonstrated
that IFN/3 induced by LPS is necessary for IL-12p7o secretion and is responsible for the
IL-12p70 low responder and responder phenotype. De Weerd et al., showed that IFNf3
can signal through IFNAR1 independently of IFNAR2 and induce a particular set of
genes that do not require STATT activation. More than 100 genes are specifically induced
by the complex formed by IFN/3 and IFNART1 in the absence of IFNAR2 [122, 121]. Gau-
tier et al., stimulated human monocyte derived DCs (moDCs) with LPS in the presence
of IFNAR2 blocking antibodies and observed a significant decrease but no inhibition
of IL-12p70 production [53]. Our findings are in accordance with these two studies and
highlight that specific IFN 3 signaling through IFNARu is essential for IL-12p70 produc-
tion following LPS stimulation. Other published studies contradict the enhancing role
of type I IFNs on IL-12p70 or IFN7y production concluding an inhibiting role of type I
IFNs on IL-12 production by DCs and Thr responses [282, 283, 280, 284]. This discrep-
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ancy is likely due to the models used (moDCs were used in most of these studies) as well
as the time of exposure. Indeed, IFN/3 mediates opposing effects on IL-12p70 and IFN~y
production depending on the DC maturation stage. In the presence of immature DCs
and during DC maturation, IFN/3 promotes IL-12p70 production and Thr responses.
However, exposure of mature DCs to IFN3 inhibits Thr responses and promotes the se-
cretion of the anti-inflammatory IL-10 cytokine [91, 285]. In addition, some studies based
their conclusion on the ability of type I IFNs to suppress IL-12p7o secretion based on
the IL-12p40 subunit behavior [286, 287, 282] for which the production does not always
follow IL-12p7o0 secretion as discussed in the subunit regulation part below. Proteomic
measurements also revealed that IFN3 and IFN on their own do not induce IL-12p7o0,
IL-12p40 and IL-23 secretion. However, both type I IFNs amplify IL-12p7o cytokine
secretion when combined with LPS with IFN/3 inducing significantly more IL-12p70
than IFNa. In contrast, the addition of type I IFNs to LPS did not amplify neither IL-
12p40 nor IL-23. The enhanced IL-12p70 production by addition of both type I IFNs
to LPS was also observed by Gautier et al., and by Heystek et al., in a dose dependent
manner in moDC:s [s3]. This protein analysis strongly suggests that type I IFNs induce
specifically one of the IL-12p70 subunit. Following from this observation, we extended
our research about IL-12p7o secretion regulation at the subunit level. Except for the p40
subunit, the study of the p35 and p19 subunits regulation cannot currently be performed
at the proteomic level, but only at the gene expression level. Unfortunately, IFN stim-
ulation at 4 hours was not included in the original panel of stimuli of the MI study. We
demonstrated that IFN3 was induced following IFN« whole blood stimulation and vice
versa. In addition, both IFN« and IFN/ in combination with LPS enhance IL-12p70
secretion and none of these type I IFNs induce IL-12p7o0 secretion on its own. Thus, we
believe that IFNa stimulation reflects IFN3 stimulation and examined the expression of
P35, p4o and p19 subunits after IFNc, LPS and LPS+IFN« 4 hours stimulation. IFNa
stimulation induced /L124 but not /L2B and IL234 gene expression showing that type
I IFNs induce specifically the p3s subunit. This is also in line with Gautier et al., who
demonstrated a reduced expression of the p3s subunit gene expression in IFNAR-/- mice
showing the role of type I IFN in the transcriptional activation of the p3s gene [s3]. In-
terestingly, the co-stimulation of LPS with IFNa enhanced /L124 gene expression but
reduced both /L2B and L1234 gene expression as compared with the LPS stimulation.
This was also observed at the proteomic level where IL-12p40 and IL-23 secretion was de-

creased following LPS+IFNa stimulation in contrast to LPS stimulus. It seems that type
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I TFNs inhibits p4o and p19 transcription. This observation is consistent with previous
studies showing that the addition of type I IFNs to LPS stimulated human monocytes
reduces IL-12p40 production [287]. Whether p4o and p19 subunits are directly or indi-
rectly induced by LPS still remains to be determined. Taken together, these results allow
to better dissect and understand IL-12p70 production under LPS whole blood stimula-

tion in healthy donors.

r7.1  Could the low responders be slow responders?

An alternative hypothesize is that the low responders are just slow responders and that
they require more stimulation time to produce similar quantities of cytokines as the re-
sponders. Testing the hypothesis whether low responders are slow responders, would
require to measure IL-12p70 and other differentially secreted cytokine in the MI cohort
with a stimulation time longer than 22 hours. However, no stimulations were performed
beyond 22 hours for the MI cohort so this cannot currently be performed to test the hy-
pothesis. Our kinetic study included a timepoint of 30 hours of LPS stimulation. Al-
though data are available for only 5 donors, we can clearly observe that, except for donor
1, all measured cytokines reached their plateau at 22 hours of stimulation and that 8 more
hours of stimulation does not increase any cytokine concentration. This is also observed
at the transcriptomic level. As previously mentioned, the peak for /FNG gene expression
was observed at 16 hours post stimulation for all donors whereas the highest expression
for IL12A4 and IL12B genes was observed at 4 hours post stimulation. Although we cannot
completely exclude that the IL-12p70 low responders are slow responders, it is unlikely
that a quarter of the healthy population take longer time to produce the IL-12p7o cy-
tokine in their blood as the mRNA expression for both subunits occurs early after the
LPS stimulation. This conclusion is also supported by the literature. Hayes et al., as-
sessed p4o and p3s gene expression by Northern blot at different time points (from o
hours to 8 hours) following monocyte stimulation with LPS. Although the timepoint
did not exceed 8 hours, p3s and p4o mRNA accumulated very quickly. The p4o chain
started to be expressed at 2 hours and continued to accumulate up to 8 hours whereas the
p3s mRNA reached a plateau at 2 hours which was maintained over the time course [231].
This study also indicates an early induction of the expression of both IL-12p70 subunits.
Regarding the HFGP project, Horst et al., stimulated whole blood for 48 hours before as-
sessing all cytokine secretion by ELISA. Similar to the MI project, the IFN+y cytokine was
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measured following whole blood LPS stimulation. The study presents IFN+y secretion
according to oral contraceptive and gender using boxplots. From this data we can observe
IFN7y secretion varies from 100 to 1000 pg/ml in average [13]. In comparison, IFN7y se-
cretion data of the MI study measured by Luminex after 22 hours of stimulation varies
from 100 to 4000 pg/ml on average. This timepoint comparison for IFN7 secretion
suggests that 22 hours of stimulation is a reasonable timepoint to capture cytokine se-
cretion induction and that a later stimulation timepoint would not lead to higher IFN~y
production. We acknowledge a direct comparison using both datasets would be more
precise to make any conclusions but it remains a good indicator that one additional day

of stimulation will not necessarily leads to higher cytokine concentrations.
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Conclusion and perspectives






18. Concluding remarks

The aim of this PhD project was to dissect the natural IL-12p70 occurring variance in
the immune response at the level of population-based studies. This work has been per-
formed in the context of the MI project that aims to assess the determinants underlying
human immunological heterogeneity within the healthy population. We observed that
a quarter of the healthy population consistently secreted low levels of IL-12p7o cytokine
produced by monocytes and dendritic cells upon LPS stimulation. Although genetic fac-
tors and cellular stimulatory markers contributed to explain the IL-12p7o secretion vari-
ability, we found that 21.6% of the variance was determined by upstream monocyte IFN3
secretion. From this work, we could extrapolate that specific IFN/3 signaling through
IFNART1 is key for triggering a Thr immune response in bacterial infection. This depen-
dent relationship between IFN/3 and IL-12p7o is of particular interest in the clinic. In-
deed, we observed a perturbed IFN3/IL-12p70 association following whole-blood LPS
stimulation of HCV infected patients who did not respond the IFNa-based therapy. In
immunosuppression-associated pathologies, IFN3 which induces the p35 subunit of IL-
12p70 could be used in combination with a specific p4o subunit inducer to activate IL-
12p70 secretion in patients showing deficient Thr response. Novel genetic associations
with both IL-12p70 and IFNJ protein secretion specific to LPS stimulation were found
in this study in which we also demonstrated that both cytokines were mainly produced
by monocytes. It has been shown that monocyte-derived cQTLs are linked to suscepti-
bility to infections whereas T cell-derived cQTLs are associated to autoimmune diseases
[14]. Thus, we can hypothesize that the healthy MI low responder individuals might be
more susceptible to infections. This hypothesis could be evaluated with the next stage
of the Milieu Interienr project in which the majority of the MI donors will be resam-
pled more than 10 years after the first project. This will allow to check the consistency of
the IL-12p70 phenotype and to potentially assess the long-term impacts of this pheno-
type on their health by screening their immunological memory and risk of disease. Some
determinants remain to be identified as all the variance was not explained according to
our model. Our systems immunology approach should be enlarged using whole genome
sequencing, RNA-sequencing and microbiota composition datasets. Whole genome se-

quencing might allow to identify new insertions deletions genetic associations with the
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phenotype that were not investigated in the genotyping dataset. Using the 4 hour stimu-
lation timepoint, RNA-sequencing should be extended to more donors. A power analy-
sis performed to determine the sample size required to detect the IFNy effect with a 95%
degree of confidence highlighted that1os donors in each group were required to observe a
difference between the low responders and responders. We performed RNA-sequencing
for only 15 donors per group giving us a 14,7% chance to detect difference between the
two groups. In addition, investigating the impact of small non-coding miRNA on the
phenotype might also give more insights on the observed variance as they regulate gene
expression post-transcriptionally by binding to target mRNA that is then silenced or
degraded. Finally, it would be interesting to test the impact of microbiome variation on
the phenotype as it plays a key role in the education of the immune system and the estab-
lishment of immune tolerance against gut microorganisms. Overall, our work allows to
classify healthy subjects in two groups regarding their Thr response to TLR 4 activation
and provide new finding about how IL-12p70 is produced and regulated upon bacterial

infection both in health and disease settings.
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19. Milien Interieur cohort — data

analysis

To initially study variability in IL-12p70 cytokine responses, we took advantage of
data previously established as part of the Milieu Interieur (MI) study. Relevant infor-

mation regarding how these data was generated is described.

19.1 Donor recruitment, clinical and biological collec-

tions

The 1,000 healthy donors of the Milien Interieur cohort were recruited by BioTrial
(Rennes, France) from September 2012 to July 2013. This cohort is stratified by age and
sex. It is composed of 500 women and soo men, including 200 individuals per decade
of life, between 20 and 69 years of age. The donors were selected based on inclusion and
exclusion criteria comprising biological and socio-demographic parameters [19]. The re-
cruitment was restricted to individuals from metropolitan French origin for three gener-
ation to maximize statistical power for genetic analysis. Donors were defined as healthy
according to medical history, clinical examination, laboratory results, and electrocar-
diography. Moreover, general information about socio-demographic, health-related life
habits, childhood disease, vaccination history and family health history were reported in
an electronic case report form (eCRF). Whole blood, nasal swabs and stool samples were
collected for the 1,000 donors during visit 1 (v1). Half of the individuals, stratified by sex
and age, were randomly selected to return for a second visit (v2) for repeat sampling to
provide biological replicates for the validation of phenotypic studies. Visit 2 took place
between 2 to 6 weeks after visit 1. Blood sampling included i) 20 mL of whole blood into
heparin tube for flow cytometry study, PBMC isolation and plasma collection, ii) s mL
of whole blood into EDTA tubes for DNA extraction and banking, iii) 60 mL of whole

blood to study the induced immune response using TruCulture tubes (Figure. 19.1).



128 19 — Milien Interieur cohort — data analysis

4 -14 days 14 - 42 days
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« Biological § clinical screening * Nasal swabs * Nasal swabs
* ECG + Stool « Stool
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n=1,238 n=1,012 n = 504
226 non-eligible 12 withdrawn V1 (n = 1,000) 4 withdrawn V2 (n = 500)
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20-29 100 100 20-29 50 50
30-39 100 100 30-39 50 50
40 -49 100 100 40-49 50 50
50 -59 100 100 50 - 59 50 50
60 - 69 100 100 60 - 69 50 50

Figure 19.1: Schematic representation of donor recruitment for the Milien Interienr study. To
include 1000 healthy persons stratified according to sex (500 men, soo women) and age (200 donors per
decade of life, 20-69 years of age), we enrolled a total of 1238 individuals at visit o (Enrollment). Of those
screened, 226 donors were considered non-eligible for reasons of consent withdrawal (n = 54), past medical
history (n = 67), identification of an exclusion criteria during the onsite physical examination (n = s4),
or during laboratory testing (n = s1). An additional 16 donors withdrew consent in the course of the
study. During visit 1, whole blood, fecal samples and nasal swabs were collected. Punch biopsies of the
skin were obtained from 340 of these donors. Half of the subjects were randomly selected (stratified by
age and sex) to return for a visit 2, when repeat sampling of whole blood, fecal samples and nasal swabs
was performed. Detailed medical histories and questionnaires were completed from all donors, recorded
by medical personnel using an electronic case report form [19].

19.2 Whole blood Immunophenotyping

Whole blood was collected from the 1,000 healthy fasting subjects and delivered to Paris
within 6 hours of blood draw and maintained at a temperature between 18°C and 25°C.
Ten flow cytometry panels of eight-colors each were developed in order to enumerate and
phenotype the major circulating leukocyte populations (T cells, Treg, Th cells, B cells,
MAIT/NKT cells, NK cells, ILCs, PMNs (polymorphonuclear leukocytes), monocytes
and DCs). Premix of antibodies were made manually every day and staining protocol
was performed using the Freedom Evo 150 liquid handling system (Tecan). Samples were
acquired using two MACSQuant analyzers. Panel antibodies and gating strategies were
done as previously reported [288]. Converted FCS format files of 313 immunopheno-
types were analyzed using Flow]Jo software version 9.5.3, from which a total of 166 flow

cytometry measures were retained including 87 MFI, 76 cell counts and 3 cell ratios [20].
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19.3 Genome-wide DNA genotyping

DNA genotyping of 719,665 SNPs was performed using the HumanOmniExpress-24
BeadChip (Illumina) for the 1,000 Milien Interieur donors. To improve coverage of
rare SNDPs, 966 of the 1,000 donors were also genotyped at 245,766 exonic SNPs using
the HumanExome-12 BeadChip (Illumina). Data were removed from the data set when:
- The SNP call rate was lower than 97%

- SNPs were unmapped on the public database dbSNP138

- SNPs were duplicated

- SNPs had a low genotype clustering quality

- SNPs had a call rate <99%

- SNPs were monomorphic or on sex chromosomes

- SNPs were in Hardy-Weinberg disequilibrium

A final dataset of 5,265,361 SNPs was obtained.

19.4 Whole genome DNA methylation profiling

Extracted genomic DNA was treated with sodium bisulfite. Methylation levels of
bisulfite-converted DNA were measured using the Infinium MethylationEPIC Bead-
Chip (Illumina, California, USA), using the manufacturer’s standard conditions. The
MethylationEPIC BeadChip measures single-CpG resolution DNAm levels at 866,836
CpGssites in the human genome. Raw IDAT files were first pre-processed with the minfi
R package to perform quality controls. One sample showed high genotype discordance
with the genome-wide SNP array data and was excluded and a total of 2,930 probes with
> 1% missingness were also excluded. Using the irlba R package, Principal Component
Analysis (PCA) of M values identified nine outlier samples which were also excluded.
Batch effect was also corrected and outlier DNAm values were removed. Finally, we ex-
cluded (i) 83,380 non-specific probes that share > 90% sequence identity with several
genomic regions, (ii) 118,575 probes that overlap a SNP with MAF > 1% in the Milieu In-
terieur cohort or in European populations from the 1,000 Genomes project, and (iii) 558
probes that were absent from the Illumina annotations version ‘ilmrob4’. As a result, the
final, quality-controlled data was composed of 969 donors profiled at 661,393 CpG sites.

In order to identify methylation level differences between responders and low respon-
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ders, a multiple linear regression approach was performed where cell proportions from
the lineage panel (leukocytes, B cells, T cells, NK cells, monocytes, neutrophils) were
used to regress out any methylation level differences due to cell population differences
between donors. The analysis was implemented using the R package “broom” vo.s.2.

Multiple testing correction was then applied to select the significant genes.

19.5 Whole blood TruCulture stimulations

TruCulture tubes (Myriad RBM) containing 2ml of buffered media and stimulant were
thawed at room temperature and 1ml of fresh blood was distributed into each tube pre-
viously labelled. Tubes were mixed by inverting them and incubated at 37°C for 4 or 22
hours in a dry block incubator. After the incubation time, a valve was manually inserted
into the tube to separate the supernatant from the cells. Supernatant was collected into
2D barcoded tubes (Matrix ScrewTop tubes, ThermoFisher) and immediately stored at
-80°C for protein secretion analysis. Cell pellets of the TruCulture tubes were resus-
pended in 2ml of Trizol LS (Sigma) and tubes were vortexed for 2 min at 2000 rpm and

stored at -80°C for gene expression analysis.

19.6 Protein quantification using Luminex

Supernatants from whole-blood TruCulture supernatants were analyzed by Myriad
RBM using the Luminex xMAP technology. Samples were analyzed according to the
Clinical Laboratory Improvement Amendments (CLIA) guidelines. TruCulture super-
natants were added to wells of a plate containing a mixture of color-coded beads con-
jugated with protein-specific capture antibodies that bind to the analytes of interest.
Biotinylated detection antibodies that are also specific to the proteins of interest were
added to each well followed by PE-conjugated streptavidin that binds to the detection
antibodies. Finally, beads were read with the LX200 instrument. The lower limit of
quantification (LLOQ) was defined based on the standard curve for each analyte. It
corresponds to the lowest concentration of a protein in a sample that can be reliably de-
tected. The lower assay limit (LAL) is the lowest value displayed after application of the
standard curve and use of curve-fitting algorithms. For data mining, individual values
below the LAL were replaced with a value that is 50% of the lowest value measured in

the data set. This calculation was used as the limit of detection (LoD) for this project.
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generation

To further study variability in cytokine responses we utilized samples from the A47-
lieu Interienr study to generate new data sets. Relevant information regarding how this

data was generated is described.

20.1 Gene expression assays

20..1  High-throughput standardized RNA extraction

A random selection of 96 tubes was performed before each round of extraction as sam-
ples were extracted in groups of 96. Cell pellets in Trizol LS of TruCulture tubes were
thawed on ice for 1 hour and then vortexed at 2000 rpm for 5 min. All pellets were de-
tached from the bottom of the tubes by hitting each tube individually on a hard surface.
Then a second round of vortex was performed (2000 rpm for § min) and samples were
centrifuged twice at 3500g for 5 min at 4°C. The barcode of each tube was scanned for
sample traceability before placing it in the rack module of the Freedom EVO workstation
(Tecan) integrating a vacuum system. RNA extractions were performed using Nucle-
oSpin 96 miRNA kit (Macherey-Nagel): 6ooul of clear phase were mixed with 9ooul of
ethanol absolute in a deep-well plate. This binding mixture was transferred to the 96 well
silica membrane plate and vacuum aspiration was applied to make the RNA bind the
membrane. After that, membranes were washed with 6oopl of MW1 bufter and 7oopl
of MWz buffer (X2) with a vacuum aspiration in between. The silica membrane plate
was dried (10 min, 10,000 g at RT) and RNA was eluted using 6oul of RNase-free water
into 0.5 ml 2D barcoded tubes (Thermo Fisher). To avoid unnecessary RNA freeze and
thaw, aliquots for quality and quantity controls were prepared and RNA samples and

aliquots were frozen at -80°C until use.
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20.1.2 Manual individual RNA extraction

To improve mRNA RIN or concentration for RNA-sequencing experiment, to-
tal mRNA was extracted from TruCulture cell pellet using Nucleospin miRNA kit
(Macherey Nagel). The “RNA purification in combination with TRIzol lysis: small
and large RNA in one fraction (total RNA)” protocol was used. TruCulture tubes were
thawed, vortexed, centrifuged and 6ooul of clear phase was mixed with r2opl of chloro-
form into a microfuge tube. The tube was vortexed, stayed 3 min at RT and centrifuged
12,000¢ for 15 min at 4°C. The clear phase (around 4ooul) was mixed with 1ml of EtOH
100% into a new microfuge tube and transferred into a blue column for RNA binding.
The column was centrifuged at 11,000g for 30 sec and washed twice with 6oopl of MW1
and 7ooul of MW2 buffers respectively with a centrifugation step of 11,000g for 30 sec
in between. A final washing step was performed using 250opl of MW2 buffer followed
by a round of centrifugation for 2 min at 1,000g. Finally, 6oul of RNase-free water
was added to the column which was incubated for 1 min at room temperature. mRNA
was eluted into a clean microfuge tube by centrifuging the column at 11,000g for 30 sec.

mRNA was aliquoted for quality controls and stored at -80°C until use.

20.1.3 RNA quality controls

RNA concentrations were measured in 96 well plates using Quantifluor RNA system
kit (Promega) following the multi-well plate quantitation high standard curve proto-
col. Dye was diluted 1:400 in 1X TE buffer in order to make the dye working solution.
This solution was mixed and 7 standards (from 0,78 to so ng/ml) were prepared by seri-
ally diluting the Quantifluor RNA standard (100 ng/ml) with 1X TE buffer. After that,
200pl of dye working solution was distributed into each well of a Nunc Fo6 plate (Ther-
moFisher) and 1oul of standards, ropl of 1X TE buffer (used as blank) and 1l of RNA
were pipetted into the plate. Plates were mixed for s sec on a plate shaker and incubated
for s min at RT protected from light. Fluorescence was measured using the plate reader
Tecan Infinite F200 Pro (excitation wavelength of 485 nm and emission wavelength of
535 nm). RNA concentrations were calculated by subtracting the fluorescence of the
blank to all standards and RNA samples. Concentrations were extrapolated using the
standard curve of fluorescence measured associated with the concentrations. Finally, ob-
tained concentrations were multiplied by the appropriate dilution factor to get the final

concentrations.
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RNA integrity numbers (RIN) were defined using the Agilent RNA 6000 Nano kit
(Agilent Technologies). All reagents were placed at RT atleast 30 min before use. Gel was
filtered and 6spl of it was mixed with 1ul of dye in a new microfuge tube. This mix was
vortexed for 10 sec and centrifuged at 13000g for 10 min at RT. In the meantime, 1pl of
RNA sample and ladder were denatured for 2 min at 70°C and stored on ice. Thereafter,
oul of gel dye mix was loaded and pressurized for 30 sec in the appropriate wells. After
loading sul of markers in the 13 other wells of the chip, rul of denatured RNA and ladder
were distributed. The chip was vortexed for 1 min at 2000 rpm and inserted in the Agilent
2100 bioanalyzer within § min after its preparation. RNA quality was analyzed using the
Eukaryote total RNA Nano assay of the 2100 Expert software. Samples with a RIN

greater than s were processed for gene expression analysis.

20.1.4 mRNA quantification using Nanostring

20.1.4.1 Direct mRNA hybridization assay

Total RNA samples were analyzed using the Human Immunology v2 panel profiling 594
immunology-related human genes including 15 internal reference genes. For every gene
of the panel, a colour-coded probe pair was created. It is composed of

- A capture probe that carries a biotin molecule used for immobilization of the mRNA
in a streptavidin-coated cartridge during data acquisition

- A reporter probe carrying the molecular barcode for detection and identification of the
mRNA. The color codes carry 7 positions and each position can be one of 4 different
colors. Thus, thousands of barcodes combinations are possible.

The target specific region on both the capture probe and the reporter probe are 35-s0
bases long. Samples were processed twelve by twelve. Total mRNA was diluted to 20
ng/ul and sul was hybridized with excess of both capture and reporter probes for 16 to 30
hours at 65°C with hybridization bufter into 12-strip tubes. After the hybridization step,
excess probes and non-target cellular transcripts were washed away using a two-step mag-
netic bead-based purification on the nCounter Prep Station. Magnetic beads derivatised
with short nucleic acid sequences complementary to the capture probe and the reporter
probes were used sequentially. The purified specific formed complexes were eluted and
immobilized in the cartridge for data collection. Data collection was performed by the
nCounter Digital Analyzer using the highest standard data resolution. sss fields of view

(FOV) were collected per flow cell with a microscope objective and a CCD camera yield-
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ing data of hundreds of thousands of target molecule counts (Figure. 20.1). The barcodes

were counted and tabulated in a comma separated value (CSV) format.

Step 1 - Hybridization
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Figure 20.1: Scientific principle of gene expression quantification using Nanostring. Total RNA is
hybridized overnight with capture and reporter probes. The magnetic bead purification step is then per-
formed to isolate probes that have bound to targeted RNA. The capture probes of the hybridized complex

bind to the surface of the cartridge coated with streptavidin and finally, the reporter probes are aligned for
image collection and barcode counting.
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20.1.4.2 Quality controls and data normalization

Raw Nanostring data are provided by the nCounter instrument in Reporter Code

Count (RCC) file format. Each file contains the data for one sample.

*Read RCC data

To start Nanostring data pre-processing, all RCC files were imported into R
using the developed “read. RCC” function. This function was developed to work for
NanoString CodeSets containing 608 probes (including positive and negative control

probes).
* Quality controls

Before any analysis, the quality of the data was assessed according to the Nanostring
analysis guidelines. The following metrics were checked:
- Field of view counted (flag if < 0.75)
- Binding density (flag if not between o.05 and 2..25)
- Linearity of positive controls (flag if R2 < 0.95)
- Limit of detection for positive controls (flag if o.stM positive control < 2 standard
deviations above the mean of the negative controls)

- Total counts (flag if not between 120k and 1910k)

* Probes control

Nanostring provides 6 positive and 8 negative control probes in order to control
for differences between experimental variables (e.g. hybridization, purification or
binding efficiency) and to detect non-specific binding (so called background level),
respectively. Counts of control probes are expected to vary between samples, but
independently of the stimulus. However, significant differences in counts of negative
probes NEG_B and NEG_H were observed between conditions. Most probably this
was due to cross-reactivity of these two probes with bacterial nucleic acid present in
TruCulture stimulation systems. Thus, the negatives probes NEG_B and NEG_H
were removed from the analysis. Also, for all positive control probes more counts in the

non-stimulated condition were observed when compared to the stimulated conditions.
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This might have been due to higher expression of the targeted genes in the stimulated
conditions than in the non-stimulated one, which resulted in an increased competition
between positive control probes and gene probes to bind to the slide surface. More
importantly, the differences in binding of positive control probes in non-stimulated
and stimulated conditions were specific to the control RNA concentration (i.c., the
difference in binding was the strongest for probe POS_A (128), and the weakest for
probe POS_F (o0.125)). As, the normalization method recommended by Nanostring
does not correct for the last issue, an alternative method called “linear” was developed
(based on linear regression between counts of positive control probes and the reference

values).

* Gene expression data normalization

Gene expression of 25 donors of the MI cohort aged 30-39 and stratified by gender
(13 women, 12 men) was measured for all stimuli with the Legacy batch [24]. This batch
was also used to assess gene expression of the 1,000 donors upon Null condition. How-
ever, gene expression of the LPS and Poly(I:C) stimulation for the 975 remaining donors
was measured using a different batch of CodeSet (XT batch). As gene expression of
TruCulture cell pellet mRNA upon Null stimulation was determined using a different
batch of Nanostring CodeSets than LPS stimulation, data normalization was performed
to be able to compare the two datasets.For this, nRNA of the 25 donors upon LPS and
Poly(I:C) stimulations was measured again using the XT batch as well as 25 Null mRNA

samples randomly selected in the cohort across whole age span and between sexes.

Data normalization was performed in two steps. In the first step, the 75 samples
run with both legacy and XT batches were used for positive control normalization and
calibration between chemistries. Positive control normalization was performed using
the linear method (normalization by fitting regression lines) as described in the “Probes
control” part. Then, calibration factor for the XT chemistry was calculated by fitting a
linear model for each gene separately. For the second step, positive control normalization
using the linear method was performed for all samples that were run with the XT chem-
istry. Finally, differences in RNA sample input was corrected using the “local.geo.mean”
method. This method calculates the geometric mean of all gene probe counts for each
sample. A scaling factor for each sample was calculated as the difference between the

average across the means within the conditions to which the sample belonged and the
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mean of the sample. For each sample, its corresponding scaling factor was added to each
gene count. This approach is based on the assumption that the total count is the same

between samples within one condition, but might be different between conditions.

20.1.4.3 Differential gene expression analysis

In order to identify gene expression differences between responders and low responders,
a multiple linear regression approach was performed where cell proportions from the
lineage panel (leukocytes, B cells, T cells, NK cells, monocytes, neutrophils) were used
to regress out any gene expression differences due to cell population differences between
donors. The analysis was implemented using the R package “broom”™ vo.s.2. Multiple

testing correction was then applied to select the significant genes.

20..5 RNA-sequencing

20.1.5.1 Experimental methods and workflow

Library preparation and sequencing were performed by Macrogen Inc. (South Korea).
Libraries were prepared using TruSeq stranded total RNA with ribo zero globin kit (Li-
brary protocol: TruSeq Stranded Total RNA Sample Prep Guide, Part 15031048 Rev. E)
starting with an initial quantity of 1ug total RNA. Cytoplasmic and mitochondrial ri-
bosomal RNA as well as globin mRNA were removed in a single step with a bead-based
depletion. RNA was then fragmented and cDNA synthesis was performed to reverse
transcribe the cleaved RNA fragments. RNA template was removed during the second
strand cDNA synthesis and 3’ ends were then adenylated. During this step an “A” nu-
cleotide is added to the 3” end of the fragments to prevent the cDNA strands from lig-
ating to each other during the following step: the adapter ligation reaction. This step
ligates indexing adapters to the 5” and 3’ ends of the double-stranded cDNA to prepare
them for the hybridization onto the sequencing flow cell. Finally, adapter-ligated frag-
ments were PCR amplified and gel purified. cDNA was paired-end sequenced using the
Novaseq Illumina system. More than 120M reads of 101bp per sample were generated

and sequencing raw data files were delivered in fastq format for data analysis.

20.1.5.2 Analysis pipeline

The quality of the raw fastq files was assessed using FastQC (vo.r0.1) and MultiQC

(vi.7). Ribosomal RNA was removed from the forward and reverse fastq files using
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the SorMeRna tool (v2.1b) and quality assessment of this pre-processing step was
performed using MultiQC. To perform differential gene expression analysis, reads
were aligned to the reference genome hgro using STAR (v2.5.0a). For this, genome
indexes were first generated using the genome reference sequences hgro fasta file and
the release 29 of the human comprehensive gene annotation GTF file from Gencode.
Then mappings to the reference genome were run using STAR generating binary
alignment map (BAM) files. Sequence alignment data in BAM format were sorted
by reference coordinates and indexed using Samtools (vo.r.19). Quality assessment of
the mapping step was performed using the produced log files with MultiQC. Mapped
reads were counted using the featureCounts function of the subread tool (v1.6.1). The
number of reads assigned to each gene were reported in a text file for each sample. In
parallel, pseudoalignments to the human transcriptome were performed using post
SorMeRna fastq files with Kallisto (vo.43.1) to perform differential transcript analysis.
Transcriptome index was build using the release 30 of the human transcript by Gencode.
Then, pseudoalignment and transcript quantification were performed with Kallisto
for each sample. Alignment scores were assessed using MultiQC. Tab separated value
(tsv) files were imported into R (v3.5.3) using the tximport package. In both analyses,
count data transformation to stabilize the variance across the mean, visualization and
normalization of the data as well as differential expression analysis were performed using

the DESeq2 package in R (Figure. 20.2).
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Figure 20.2: RNA-sequencing experimental and data analysis workflow. Total RNA was extracted
from the cell pellets of TruCulture tubes and libraries were prepared for RN A-sequencing using Novaseq
Illumina sequencer. Quality of the raw sequences was assessed before removing ribosomal RNA reads.
Sequences were mapped to the human genome or transcriptome using STAR or Kallisto tools respectively
and count tables for each sample were then imported into R for differential gene or transcript analysis using
the DESeq2 package.

20.2 Protein quantiﬁcation using ultrasensitive Simoa

To quantify protein cytokines at ultrasensitive concentrations, we utilized Single
Molecule array (Simoa) technology. This is based on counting enzyme-labeled immuno-
complexes of protein of interest captured on paramagnetic beads in single-molecule ar-
rays. Briefly, the diluted protein is captured on magnetic beads attached with a specific
antibody. The biotinylated detector antibody coupled with streptavidin-/3-galactosidase
also binds to the protein of interest and the immunocomplex is isolated in a reaction
chamber that can only hold a single bead. Finally, 3-galactosidase substrate is added and
fluorescence imaging is used to detect the single protein molecule. The protein concen-
tration is determined by calculating the ratio between the number of wells that contain a
fluorescent bead and the total number of wells that contain beads (AEB: average enzymes

per bead).
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20.2.0  Homebrew capture antibody beads conjugation

20.2.1.1  Capture antibody buffer exchange

An initial quantity of 130ug of capture antibody was added to an Amicon Ultra o.sml
filter (Merck Millipore) and bead conjugation buffer (Quanterix) was added to reach
sooul. The filter was centrifuged at 14,000g for s min and the flow-through was dis-
carded. The filter was washed twice by adding 450l of bead conjugation buffer followed
by centrifugation at 14,000g for 5 min. The filter column was then placed into a clean
microfuge tube upside down and the antibody was collected by centrifuging at 1,000g
for 2 min. The membrane was washed and centrifuged twice at 1,000g for 2 min with
sopl of bead conjugation bufter. The concentration of the antibody was measured using
the Nanodrop. The antibody was diluted to 0.5 mg/ml with bead conjugation buffer
and stored on ice. The total volume of antibody was referred to as 2 volumes (2V) and

all the following reagents volumes were adapted accordingly.

20.2.1.2 Paramagnetic beads preparation

2.8 x 10® homebrew carboxylated paramagnetic beads (1V) (Quanterix) were transferred
into a microfuge tube and placed on a magnetic separator. Buffer was discarded and
the tube removed from magnet. Beads were washed three times with bead wash buffer
(Quanterix) (2V) and twice with bead conjugation bufter (2V). Between each wash, the
tube was placed on a magnetic separator for 1 min and diluent was removed. For 1V of

beads, 19opl of bead conjugation buffer was added to the beads.

20.2.1.3 Bead activation

10 mg of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC)
(Thermo Fisher Scientific) was dissolved with 1ml of cold bead conjugation buffer.
Once the solution was homogeneous, 1opl of cold diluted EDC was added to 1V of the
washed beads. The solution was vortexed for 10 sec and directly placed in a shaker at

1,000 rpm for 30 min at room temperature.

20.2.1.4 Conjugation of the bead with the antibody

The tube containing the beads was places on a magnetic separator, diluent was removed

and beads were washed with 2V of bead conjugation buffer. After removing the buffer
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using the magnet, the cold buffer-exchanged antibodies were quickly added to the acti-
vated beads. The tube was vortexed for 10 sec and directly placed in a shaker at 1,000 rpm

for 2 hours at room temperature to keep beads in suspension.

20.2.1.5 Bead blocking and final clean-up

The tube was placed on magnetic separator for 1 min and diluent was discarded. Beads
were washed twice with bead wash buffer (2V). Between each wash, the tube was placed
on magnetic separator for 1 min and diluent was removed. Bead blocking buffer (Quan-
terix) (2V) was added to the tube that was vortexed for 5 sec and incubated in the shaker
at 1,000 rpm for 30 min at room temperature. Finally, the beads were washed with 2V
of bead wash buffer and with 2V bead diluent (Quanterix). Between each wash, the
tube was placed on a magnetic separator for 1 min and diluent was removed. Coated and

blocked beads were stored in 2V bead diluent at 4°C until use.

20.2.2 Homebrew detector antibody biotinylation

20.2.2.1  Detection antibody buffer exchange

An initial quantity of 130pg of detection antibody was added to an Amicon filter and
biotinylation reaction bufter (Quanterix) was added to reach sooul. The filter was cen-
trifuged at 14,000g for 5 min and the flow through was discarded. The filter was washed
twice by adding 4soul of biotinylation reaction buffer followed by centrifugation at
14,000g for s min. The filter column was then placed into a clean microfuge tube upside
down and the antibody was collected by centrifuging at 1,000g for 2 min. The mem-
brane was washed and centrifuged twice at 1,000g for 2 min with soul of biotinylation
reaction buffer. The concentration of the antibody was measured using Nanodrop and

the antibody was diluted to 1 mg/ml with biotinylation reaction buffer.

20.2.2.2 Detection antibody biotinylation

N-hydroxysuccinimide-polyethylene-glycol4-biotin  (NHS-PEG4-Biotin)  (Thermo
Fisher Scientific) was placed at room temperature and resuspended with a total of 383
uL of distilled water to achieve a 3.4 mM concentration. The detection antibody was
mixed with the diluted biotin at the desired ratio (40x ratio = 1o0opl of antibody with
3wl biotin; 60x ratio = 1oopl of antibody with 4.sul biotin). The mix was vortexed and

incubated for 30 min at room temperature.
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20.2.2.3 Purification of the biotinylated detection antibody

The biotinylation reaction was transferred to an Amicon filter and the biotinylated anti-
body was purified by performing three washing steps as described in the buffer exchange
part of this method using 400, 450 and 4sopl of biotinylation reaction bufter respec-
tively. The antibody was collected and the membrane was washed twice with soul of bi-
otinylation reaction buffer. The volume and concentration of the purified biotinylated

detection antibody was assessed and the tube was stored at 4°C until use.

20.2.3 Simoa homebrew assay

All homebrew assays (Table. 20.1) were performed using a 2-step configuration in
which capture and detection antibodies are incubated simultaneously with the diluted

plasma/sample.

20.2.3.1 Reagents and samples preparation

The number of measurements (n) was calculated by adding the number of sample mea-
sures to the number of standard measures used for the calibration curve. The volume
of diluted beads to declare to the machine was calculated by multiplying n to 35ul (vol-
ume of capture beads used per measurement including dead volume). The volume of
diluted beads to prepare was calculated by adding 6ooul to the volume of beads to de-
clare. The volume of beads to use was calculated in order to reach r2ul of beads per ml of
volume to prepare. Beads were washed with homebrew detector/sample diluent (Quan-
terix) (12.5ul of diluent/pl of beads) in a 1.sml microfuge tube. The tube was placed on
magnetic separator for 1 min and diluent was discarded. Beads were then diluted into
the calculated volume of homebrew detector/sample diluent (volume to prepare). The
volume of detector to declare to the machine was calculated by multiplying n to 3oul (vol-
ume of biotinylated detector antibodies used per measurement including dead volume)
and the volume of detector to prepare was calculated by adding 6oopl to the volume
of detector to declare. Detector was diluted into homebrew detector/sample diluent to
reach the optimized concentration. The enzyme conjugate streptavidin-/3-galactosidase
(SBG) was diluted to sopM or 150pM using SBG diluent (Quanterix). Standards were di-
luted with homebrew detector/sample diluent according to the developed assay. Plasma
supernatants were centrifuged at 10,000 rpm at 4°C for 15 min and distributed in a 96

well plate with a dilution factor of minimum 1:3 into homebrew detector/sample diluent.
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When performing the IFN/3 assay, standards and samples were prepared using Home-
brew sample diluent B (Quanterix) to reduce non-specific interactions observed when

using the regular homebrew detector/sample diluent.

20.2.3.2 Simoa sample processing and analysis

Diluted beads, detector and SBG were loaded and the appropriate volume to declare
was notified to the machine. Then, fluorogenic enzyme substrate, resorufin-{3-D-
galactopyranoside (RGP) bottles (Quanterix) were loaded (one bottle per 96 measures).
Finally, 96 well plates containing the standards and samples were loaded and the appro-
priate homebrew protocol was associated to each well that required to be analyzed. After
the run, the AEB data for each sample were exported and samples concentration extrap-

olation as well as the LoD were determined using GraphPad Prism 8.3.0.
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Homebrew Capture Detector Standard Optimized Limit of
assay antibody antibody conditions detection
IL-12p70 BD BD R&D 2 steps
ref. 555065 ref. 554660 ref. 219-IL-005 Detector 0,3 pg/ml 0.01 pg/ml
SBG 150pM
IL-23 eBiosciences BD R&D 2 steps
ref. 14-7238 ref. 554660 ref. 1290-1L-010 Detector 0,3 pg/ml 0.04 pg/ml
SBG 150pM
1L-12p40 BD BD R&D 2 steps
ref. 551227 ref. 554660 ref. 309-1L-002 Detector 0.07 pg/ml
SBG 150pM
IL-17A Biolegend Mabtech R&D 2 steps
ref. 512702 ref. 35206 ref. 317-ILB Detector 0,3 pg/ml 0.04 pg/ml
SBG 150pM
IL-17F ImmunoQure ImmunoQure R&D 2 steps
17E3 9A2 ref. 1335-IL/CF Detector 0,5 pg/ml 0.0006 pg/ml
SBG 50pM
IL-22 ImmunoQure ImmunoQure R&D 2.4 pg/ml
51G4 30G1 ref. 782-IL/CF
Pan-alpha ImmunoQure ImmunoQure PBL 2 steps
8H1 12H5 ref. 11150 Detector 0,3 pg/ml 0.05 fg/ml
SBG 150pM
IFNb PBL PBL PBL 2 steps
ref. 710322-9 ref. 710323-9 ref. 11415-1 Detector 1 pg/ml 0.07 pg/ml
SBG 50pM
IFNg Biolegend R&D PBL 2 steps
ref. 507501 ref. MAB285 ref. 11500 Detector 0,3 pg/ml 0.005 pg/ml
SBG 150pM

Table 20.1: Homebrew Simoa assays antibodies, standards and running condition details.



21. Healthy human fresh whole blood

To test specific hypotheses generated from Milieu Interieur results, we recruited ad-
ditional healthy donors for experimental validation. Relevant information regarding

how this data was generated and analyzed is described

211 Recruitment

For intracellular flow cytometry staining, isolation of cell populations and identifica-
tion of low IL-12p7o responders, fresh blood was collected into sodium heparin tubes
from healthy donors enrolled at the Clinical Investigation and Access to BioResources
platform (ICAReB) at the Institut Pasteur. These donors are part of the CoSImmGEn
cohort. The biobank activity of this platform is certified ISO 9oor and NFS 96-900.

Written informed consent was obtained from all study participants.

21.2  Whole blood stimulation assays

To mimic the whole blood stimulation performed with TruCulture tubes, fresh whole
blood was diluted 1:3 with RPMI medium 1640 (1X) + GlutaM AX into sml Polystyrene
round-bottom tube. Diluted whole blood was either left without any stimulant to
mimic the Null condition or stimulated with LPS (LPS-EB ultrapure InvivoGen) at
the final concentration of 10 ng/ml, Poly(I:C) (HMW VacciGrade InvivoGen) at the fi-
nal concentration of 20 pg/ml, R848 (Vaccigrade InvivoGen) at the final concentration
of tuM, IFN« (IntronA interferon alpha-2b Shering-Plough) at the final concentration
of 1000 IU/ml, IFN3 (Betaferon interferon beta-1b Bayer) at the final concentration of
1000 IU/ml, IFNARI1 blocking antibody (Abcam) at the final concentration of 15 pg/ml
or IFNAR2 neutralizing antibody (PBL clone MMHAR-2) at the final concentration
of 15 pg/ml. Tubes were vortexed and incubated at 37°C, 5% COx2 for the required time.
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21.3 Flow cytometry intracellular cytokine staining

Fresh whole blood of healthy donors was collected from healthy volunteers recruited at
the Institut Pasteur ICAReB Platform. Blood was diluted 1:3 with RPMI + GlutaM AX
(Gibco, Life Technologies) without any stimulant (null condition) or with LPS at the
final concentration of 10 ng/ml (LPS-EB ultrapure InvivoGen). Diluted blood was vor-
texed and incubated at 37°C and brefeldin A (GolgiPlug, BD Biosciences) was added 8
hours after the beginning of the stimulation (diluted 1:1000). After 22 hours of stimu-
lation, whole blood was centrifuged at soog for s min at room temperature (RT) and
supernatant was removed. 2mM final concentration EDTA was added to each tube and
samples were placed at 37°C for 10 min in order to detach cells from the tubes. Red blood
cells were lysed during 1o min on ice using Pharm Lyse solution (BD Biosciences). Tubes
were centrifuged soog for s min at 4°C and supernatants were discarded. Leukocytes
were washed with PBS 1X (Gibco, Life Technologies), centrifuged soog for s min at 4°C
and, after removing the supernatant, cells were resuspended into fresh PBS. Live dead
fixable green (Thermo Fisher Scientific) was added 1:1000 into the cell suspension and
samples were incubated for 30 min at 4°C protected from light. Cells were washed once
with fresh FACS bufter (PBS + 2% FBS + o0,mM EDTA) followed by a centrifugation
at soog for s min at 4°C. FcR blocking reagent (Miltenyi) was added to the resuspended
cells followed by 1o min incubation at 4°C in the dark. Surface antibody premix to assess
IL-12p70 and IL-23, IFN/3 or IFN~y secretion (Tables. 21.1, 21.2 and 21.3 respectively) was
prepared and distributed to each sample. Cells were incubated in the dark for 30 min at
4°C. Thereafter, cold PBS was added to the tubes which were centrifuged at soog for s
min at 4°C and the supernatant was removed. Cells were resuspended and 250oul of Fixa-
tion/Permeabilization solution (Cytofix/Cytoperm, BD Biosciences) was added to each
tube and samples were incubated at 4°C for 15 min protected from light. After that, cells
were washed with cold PBS followed by centrifugation at soog for 5 min at 4°C and su-
pernatant was discarded. Cells were resuspended, washed in 1ml of 1X Perm/Wash buffer
(Cytofix/Cytoperm, BD Biosciences) and centrifuged at soog for 5 min at 4°C. Super-
natant was removed and a second FcR blocking step was performed on resuspended cells
for 10 min at 4°C in the dark prior to performing the intracellular staining. IL-12p7o0
and IL-23 antibodies were added with 1X Perm/Wash buffer (1ooul total volume) and
samples were incubated for 1h at 4°C in the dark. Samples were vortexed once half way

through the incubation. Cells were washed in cold PBS and centrifuged at soog for §
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min at 4°C. Supernatant was removed and samples were resuspended in ool of cold
PBS and immediately acquired on the cytometer. Flow cytometry data were generated
using LSR Fortessa (BD Biosciences) and fcs files were analyzed using FlowJo software
version 10.4.2 (gating strategy described in (Figure. 21.1)). Statistical graphs were done

using Prism 8.
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Figure 21.1: Flow cytometry gating strategy used to isolate immune cell populations. (A) Live leuko-
cytes were first identified. Doublets were excluded using forward scatter height (FSC-H) and forward
scatter width (FSC-A) followed by side scatter height (SSC-H) and side scatter area (SSC-A). Dead cells
were removed using a live/dead marker. (B) Expression of CD66b was used to identify neutrophils. T
cells and B cells were identified within the CD66b- cells based on CD3 and CD19 expression respectively.
Within the CD66b-, CD19- and CD3- cells, NK CDs6+ CD16+ cells and NK bright cells CDs6+ CD16-
were identified. Within the CD66b-, CD19-, CD3-, CDs6-, CD16+ cells, monocytes were gated based on
the expression of CD14 and dendritic cells were identified among HLA-DR+, CD14- cells. pDCs were
analyzed for their expression of BDCA-2 and BDCA-4 markers whereas cDCz2 were analyzed based on
BDCA-1 expression.
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Marker Color Clone Company Reference Dilution used
(/100ul of blood)
CD3 APC-H7 SK7 BD 560176 1/40
CD19 BV711 SJ25C1 BD 563036 1/40
CD56 Pe-Cy7 B159 BD 557747 1/20
CD14 V500 MS5E2 BD 561391 1/20
CDl16 PE-CF594 3G8 BD 562293 1/40
CD66b BV421 G10F5 BD 562940 1/50
HLA-DR PerCP-Cy5.5 L243 BD 339216 1/10
BDCA1 (CDlc) BUV395 F10/21A3 BD 742751 1/20
BDCA2 (CD303) AF700 201A BioLegend 354228 1/40
BDCA4 (CD304) BV605 U21-1283 BD 743130 1/20
IL-12p70 APC REA123 Miltenyi 130-103-673 1/40
1L-23p19 PE 23dcdp eBioscience 12-7823-42 1/40
Table 2r.1: IL-r2p70 and IL-23 intracellular staining panel.
Marker Color Clone Company Reference Dilution used
(/100p1 of blood)
CD3 APC-H7 SK7 BD 560176 1/40
CD19 BV711 SJ25C1 BD 563036 1/40
CD56 Pe-Cy7 B159 BD 557747 1/20
CD14 V500 MSE2 BD 561391 1/20
CD16 PE-CF5%4 3G8 BD 562293 1/40
CD66b BV421 G10F5 BD 562940 1/50
HLA-DR PerCP-Cy5.5 L1243 BD 339216 1/10
BDCA1 (CDlc) BUV395 F10/21A3 BD 742751 1/20
BDCA2 (CD303) AF700 201A BioLegend 354228 1/40
BDCA4 (CD304) BV605 U21-1283 BD 743130 1/20
IL-12RB1 PE 69310 R&D systems FABS839P 1/20
IFNg FITC B27 BioLegend 506504 1/40
Table 21.2: IFNvy intracellular staining panel.
Marker Color Clone Company Reference Dilution used
(/100ul of blood)
CD3 APC-H7 SK7 BD 560176 1/40
CD19 BV711 SJ25Cl1 BD 563036 1/40
CD56 Pe-Cy7 B159 BD 557747 1/20
CD14 V500 MS5E2 BD 561391 1/20
CD16 PE-CF59%4 3G8 BD 562293 1/40
CD66b BV421 G10F5 BD 562940 1/50
HLA-DR PerCP-Cy5.5 L1243 BD 339216 1/10
BDCAL1 (CDlc) BUV395 F10/21A3 BD 742751 1/20
BDCA2 (CD303) AF700 201A BioLegend 354228 1/40
BDCA4 (CD304) BV605 U21-1283 BD 743130 1/20
IFNb FITC MMHB-3 PBL 21400-3 1/40

Table 21.3: IFN3 intracellular staining panel.
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21.4 Time series experiment and analysis

Whole blood of s healthy donors was stimulated into 14 TruCulture tubes during 14
timepoints (0-30 hours) with null and LPS stimulants. RNA was extracted from the cell
pellet and gene expression measured using Nanostring. In parallel, protein secretion was
measured in the supernatants using Simoa. Time series analysis on the protein secretion
and gene expression measurements, across s different donors, was conducted using a lin-
ear mixed-model approach. The time dependency was modelled by incorporating the
parameter time as a continuous linear predictor, alongside the other protein predictors,
and the donors were modelled as a random effect. The model was implemented using

the R package nlme v3.1.140.

21.5 Linear regression model to predict IFN3 and IL-

1270 secretion

Variable selection was performed using the feature selection algorithm Boruta package of
R [237]. All selected variables were tested for multicollinearity by computing the variance
inflation factor using the caret package in R. IFN and IL-12p7o selected variables were
included in a linear regression model. To confirm that the model was appropriate for the
data, patterns of residuals diagnostic plots were checked. Finally, the proportion of the
variance explained by each category of variable was determined by averaging the sums of
squares in all orderings of the variables in the linear model using the Img metric in the

relaimpo package of R [289].






22. Disease cohorts

22.1 Hepatitis C cohort

Patients infected with hepatitis C virus were recruited by four different hospitals/centers
in Paris Ile-de-France. The cohort included 100 donors from 18 to 7o year old infected
with the genotype 1 or 4 of the virus. Blood of the hepatitis C infected patients was
collected prior to interferon treatment initiation. All patients were treated for 6 months
with a combination of pegylated interferon and ribavirin which was the standard of care

therapy at the time. Written informed consent was obtained from all study participants.

22.2 Tuberculosis cohort

Patients with Tuberculosis disease were recruited by the South African Tuberculosis
Vaccine Initiative (SATVI) in Worcester, South Africa. The cohort included 24 indi-
viduals with active TB disease and 24 latently Mycobacterium tuberculosis intected pa-
tients. Age and sex of the latent group was comparable to the active TB group. Blood of
the TB active patients was collected prior to treatment initiation. The TB clinical study
protocols and informed consent forms were approved by the Human Research Ethics

Committee of the University of Cape Town (ref: 234/2015).
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Summary:

Tuberculosis (TB) remains a major public health problem. Host-directed therapeutics
are proposed as novel treatment strategies. However, their successful development still
requires a comprehensive understanding of how Mycobacterium tuberculosis (M.tb) in-
fection impacts immune and metabolic responses. To address this challenge, we applied
standardised immunomonitoring tools to compare induced immune responses between
individuals with latent AM.zb infection (LTBI) and active TB disease. This revealed
distinct responses between TB and LTBI groups at transcriptomic, proteomic and
metabolomic levels. We observed dysregulated IL-1 responses to BCG in TB patients,
which could be explained through differences in granzyme B and TNFa. At baseline,
we identified pregnane steroids and the PPAR~y pathway as novel immune-metabolic
drivers of IL-1ra secretion. These findings improve our knowledge of how A1.£5 alters
immune responses, and may support design of improved diagnostic, prophylactic and

therapeutic tools.

23.2 Systems biology demonstrates the predominant
role of circulating interferon-alpha in primary

Sjogren’s syndrome and a genetic association with
the class I HLA DQ locus
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Summary:

Primary Sjogren’s syndrome (pSS) is the second most frequent systemic autoimmune
disease affecting 0.1% of the general population. No specific inmunomodulatory drug
has demonstrated efficacy for this disease, and no biomarker is available to identify
patients at risk of developing systemic complications. To support a precision medicine
approach, we integrated transcriptomic, proteomic, cellular and genetic data sets with
clinical phenotypes in a cohort of 351 pSS patients. Transcriptomic analysis showed
a strong IFN gene signature that enabled patient stratification matching clinical
assessments, and was replicated in three independent cohorts. As gene expression
analysis did not discriminate between type I and II interferons, we applied digital
ELISA to demonstrate that the IFN transcriptomic signature was driven by circulating
IFNa protein levels. This cytokine, detectable in 75% of patients, was significantly
associated with clinical and immunological features of disease activity at enrollment,
and with more frequent systemic complications during the s-year follow-up. Genetic
analysis revealed a significant association between IFN« protein levels and a MHC-II
HLA-DQ locus and anti-SSA antibody. Additional cellular analysis revealed that the
polymorphism acts through upregulation of HLA II molecules on conventional DCs.
Therefore, our systems biology approach enabled patient stratification and identified
the role of IFN« in pSS through an association with HLA gene polymorphisms that

results in systemic complications.
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The contribution of host genetic and nongenetic factors to immu-
nological differences in humans remains largely undefined. Here,
we generated bacterial-, fungal-, and viral-induced immune tran-
scriptional profiles in an age- and sex-balanced cohort of 1,000
healthy individuals and searched for the determinants of immune
response variation. We found that age and sex affected the tran-
scriptional response of most immune-related genes, with age effects
being more stimulus-specific relative to sex effects, which were
largely shared across conditions. Although specific cell populations
mediated the effects of age and sex on gene expression, including
CD8* T cells for age and CD4* T cells and monocytes for sex, we
detected a direct effect of these intrinsic factors for the majority of
immune genes. The mapping of expression quantitative trait loci
(eQTLs) revealed that genetic factors had a stronger effect on
immune gene regulation than age and sex, yet they affected a
smaller number of genes. Importantly, we identified numerous
genetic variants that manifested their regulatory effects exclusively
on immune stimulation, including a Candida albicans-specific master
regulator at the CRT locus. These response eQTLs were enriched in
disease-associated variants, particularly for autoimmune and inflam-
matory disorders, indicating that differences in disease risk may result
from regulatory variants exerting their effects only in the presence of
immune stress. Together, this study quantifies the respective effects
of age, sex, genetics, and cellular heterogeneity on the interindividual
variability of immune responses and constitutes a valuable resource
for further exploration in the context of different infection risks or
disease outcomes.

human immune variation | gene expression | genetics | sex | age

U nraveling the contributions of host and environmental factors
to interindividual variability in immune responses is crucial to
understand immune pathology (1). Immunological research has
largely neglected the concept of interindividual heterogeneity,
but there is now growing biomedical interest in studies of the
variation of the immune response and its determinants in healthy
populations (2)—a strategy known as systems or population im-
munology (1, 3, 4). Recent cohort-based studies have shed light on
how host genetic and nongenetic factors, including environmental
variables (e.g., annual seasonality, nutrition, latent infections) and
variation of the commensal microbiota, drive the plasticity of im-
mune responses. For example, intrinsic factors, such as age and
sex, have an impact on cellular and molecular phenotypes, such as
immune cell and protein levels (5-12), and genetic variants also
account for a significant fraction of the observed variation of these
immune traits (5, 6, 8, 13-16).

E488-E497 | PNAS | Published online December 27, 2017

In terms of gene expression, immune responses vary markedly
between individuals and populations (17-22), but the extent of
this variation and its drivers are only beginning to be clarified (1,
3, 23). Recent whole-blood studies have shown that age and sex
strongly affect gene expression in the basal state (12, 24, 25).
Likewise, genetic variation is an important source of variability in
gene expression (20, 26-28). The mapping of expression quan-
titative trait loci (eQTLs; genetic variants that affect gene expression
variation) has become an important approach in translational
medicine (29), as regulatory variants are increasingly recognized
as contributing to complex disease risk (22, 23, 26-28, 30, 31).
eQTLs are particularly informative in studies of immune phenotypes,

Significance

Identifying the drivers of the interindividual diversity of the
human immune system is crucial to understand their conse-
quences on immune-mediated diseases. By examining the tran-
scriptional responses of 1,000 individuals to various microbial
challenges, we show that age and sex influence the expression
of many immune-related genes, but their effects are overall
moderate, whereas genetic factors affect a smaller gene set but
with a stronger effect. We identify numerous genetic variants
that affect transcriptional variation on infection, many of which
are associated with autoimmune or inflammatory disorders.
These results enable additional exploration of the role of regu-
latory variants in the pathogenesis of immune-related diseases
and improve our understanding of the respective effects of age,
sex, and genetics on immune response variation.
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in which interactions between genetic and environmental factors,
such as infection, may be required for phenotypic manifestations
(23, 32). In this context, thousands of eQTLs that only appear
after immune challenge (i.e., response eQTLs) have been iden-
tified over the last years (17-19, 21, 22, 33, 34), establishing
putative functional links between expression phenotypes and
organismal traits, such as immunity to infection (23, 26, 32).
Furthermore, recent data suggest that immune-related response
eQTLs play an important role in the genetic architecture of
human diseases (35).

Despite the major contribution of systems immunology studies
to the increased comprehension of human immune system var-
iation (4), important questions remain to be systematically ex-
plored. The investigation of how intrinsic factors impact gene
expression variation on infection is missing, yet this is critical to
understand the observed inequalities among individuals of dif-
ferent ages and sexes in immune responses and disease risk (36,
37). Furthermore, most studies have focused on isolated cell
types treated with single agonists and have not quantified jointly
the influence of the genetic and nongenetic drivers of gene ex-
pression variation on immune stimulation or infection in a multi-
cellular environment.

In this study, we adopted an integrative approach, combining
genetic, transcriptomic, and cytometric data. We generated 7,000
immune transcriptional profiles for whole-blood samples, after
stimulation with a wide range of microbes, from 1,000 healthy
individuals of European ancestry stratified by age (20-69 y old,
200 per decade) and sex (500 women, 500 men). This balanced
experimental design (Fig. S1) provided a unique opportunity to
delineate the respective effects of age, sex, and genetic factors
and of inherent variation in immune cell populations on the
interindividual variability of immune responses to infection. In
doing so, our study lays the foundations for future precision
medicine clinical strategies that may stratify patient groups based
on age, sex, or genetic background.

Results

Distinctive Transcriptional Responses to Bacterial, Fungal, and Viral
Challenges. We stimulated whole blood with three bacteria,
Escherichia coli, Staphylococcus aureus, and Bacillus Calmette—
Guérin (BCG); a fungus, Candida albicans; a live virus, influenza
A virus (IAV); and a superantigen, staphylococcal enterotoxin B
(SEB) (Fig. S1). To limit the burden of multiple testing, we quan-
tified the expression of 560 immune-related genes before and after
immune stimulation in the 1,000-donor cohort using NanoString
hybridization arrays, which produce highly reproducible transcrip-
tional data (38). Furthermore, we measured the proportions of eight
major immune cell types (i.e., neutrophils, CD19* B cells, CD4"
T cells, CD8" T cells, CD4"CD8" T cells, CD4 CDS8™ T cells,
natural killer (NK) cells, and CD14* monocytes) in all individuals by
standardized flow cytometry.

Immune stimulation altered the expression of 87-92% of the
genes tested (Dataset S1), with most genes being up-regulated
[paired ¢ test; false discovery rate (FDR) < 0.01] (Fig. 14 and
Dataset S2). The direction of expression changes was globally
shared across stimuli, with IAV inducing the most distinctive re-
sponse (Fig. 1B). Principal component analysis confirmed these
observations (Fig. 1C); principal component 1 (PC1) was driven
mainly by genes induced by all stimuli other than IAV, reflecting a
bacterial signature, whereas PC2 was driven by IAV-induced genes,
reflecting a strong type 1 IFN signature (Fig. S2 4 and B).
PC2 further distinguished C. albicans-induced genes from those
stimulated by E. coli and SEB, whereas PC3 separated the genes
induced by E. coli from those stimulated by C. albicans and SEB
(Fig. 1C and Fig. S2C). Thus, all stimuli, except BCG and .
aureus, triggered distinguishable transcriptional responses, the
largest differences being observed between viral and bacterial/
fungal challenges.

Piasecka et al.

A >, 560-
T © 500- i PN
B 5 100. 0 L0008
D ©400- 4 R
273 X
= D 300-
53
S 2 200-
@ X
9 @ 100-
£
O,
z =
-
» 9
(]
B
g. NEET ey A 221
= OO I 67
L EERY I 37
© K}
Q W WY — 21
c l EEE 20
L R0 I 15
SH NN -4
O 00X I 11
S EEE00 N9 _ no change
XN EEE |7 )X downregulated
= <X i1 M upregulated
e o2
s %
(@]
C
\ \PC3(7%)
-
Q
S
2

PC2 (18%)

= | saureus _
E C.albicans

Fig. 1. Distinct transcriptional responses to bacterial, viral, and fungal in-
fections. (A) Number of genes presenting differential expression on immune
stimulation. (B) Number of genes presenting common patterns of expression
changes across stimulation conditions. Only expression patterns common to
at least five genes are presented. (C) Principal component analysis of im-
mune gene expression profiles in the nonstimulated state and on immune
simulation. NS, nonstimulated control.
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Widespread Effects of Age and Sex on Gene Expression Variation on
Immune Stimulation. We investigated the effect of age on transcrip-
tional responses to immune activation. For each gene, in each
condition, we regressed its expression on age, while adjusting for
sex, blood cell composition, and technical variables. The expression
of 473 genes was linearly correlated with age in at least one con-
dition (FDR < 0.01) (Dataset S3 and Table S1), with 267 being
affected by age only on immune stimulation, highlighting the im-
portance of examining induced transcriptional profiles. Unlike
previous reports of increased gene expression variance with age in
different species (39-41), we found no statistical support for age-
dependent changes in expression variance in our age-balanced co-
hort (Breusch-Pagan test; FDR < 0.01).

To test for nonlinear associations between gene expression
and age, we used ANOVA and stratified the cohort into five age
groups. The results obtained were similar to those for the re-
gression analysis for all conditions, except for IAV (Fig. 24). The
20- to 29-y-old age group displayed a response to IAV that was
different from all other groups, this difference being most
marked relative to the 30- to 39-y-old age group (Fig. 2B). The
relevance of the age groups selected was confirmed by testing
alternative age stratification strategies (SI Materials and Methods
and Fig. S3). We found 87 and 119 genes displaying increased
and decreased expression, respectively, in the 20- to 29-y-old age
group compared with 30- to 39-y-old individuals (Tukey Honest
Significant Differences test; P < 0.05) (Fig. 2B and Dataset S4).
Genes with increased expression were enriched in functions re-
lating to innate immune responses as annotated in the innateDB
database (P = 6.5 x 1073 e.g., type 1 IFNs), whereas genes with
decreased expression included genes with known roles in
antibody-associated responses (e.g., FCGRT, CRI). Interestingly,
the detected age differences echo a recent study that reported
similar gene expression differences in HIN1 vaccine recipients
under the age of 35y old (42).

We then explored the stimulus specificity of age effects for
each of the 467 genes presenting age-dependent expression
(FDR < 0.01, except for IAV because of the nonlinear effect).
We found that the effect of age was often stimulus-specific, with
40% of genes presenting age-dependent expression in only one
or two conditions (Fig. 2C and Dataset S3). An example is shown
for SEB stimulation, which displayed increased IL-13 expression
and a parallel decrease in /L-4R (IL-13 receptor) expression as a
function of age (Fig. 2D).

As age is associated with increased pathogen infection, in par-
ticular with CMV that is known to have a broad influence on im-
mune variation (5), we tested whether CMV seropositivity could
explain the detected age-dependent expression changes. When
comparing the proportions of variance explained by age in two linear
regression models with and without CMV as an independent vari-
able, no significant differences were detected between the models
(Fig. S4). Although we cannot rule out that infection with other
pathogens could mediate, at least partially, some age-specific effects,
our results indicate that infection with CMV does not explain the
widespread effects of age on microbial-induced gene expression.

Next, we investigated the influence of sex on immune response
variation by regressing gene expression on sex, while adjusting
for age, blood cell heterogeneity, and technical variables. We
found 509 genes with expression that was sex-dependent in at
least one condition (FDR < 0.01) (Dataset S3 and Table S1),
with 181 being affected by sex only after stimulation. More genes
displayed higher expression in women than in men across all
conditions, this difference being significant for BCG, S. aureus,
SEB, and C. albicans (test for one proportion; P < 0.01). Fur-
thermore, 33 genes displayed differences in expression variance
between the sexes in at least one condition (Levene test;
FDR < 0.01) (Dataset SS5). When assessing the stimulus speci-
ficity of sex effects, we found that these were often shared across
stimuli; 45% of genes presented sex-specific differences in expres-
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sion in more than six conditions (Fig. 2E and Dataset S3). Two key
examples are CDI4 (encoding the LPS coreceptor), which was
more strongly expressed in men, and ICOS (encoding CD278,
which down-regulates T-cell activation), which was more strongly
expressed in women, for all stimuli (Fig. 2F).

Together, our findings suggest an important contribution of
age and sex to immune response variation, with the effects of age
on transcriptional variability being highly dependent on the in-
fectious stimulus used and those of sex being largely shared
across microbial challenges.

Unraveling the Direct and Indirect Effects of Age and Sex on Gene
Expression. As both age and sex influence blood cell composition
(43), we next investigated whether their effects on gene expres-
sion are mediated by the eight major cell populations studied
using structural equation modeling (44). For each gene with an
age-related expression pattern, we built a model with eight in-
direct effects (one for each cell type) and one direct effect of age,
while adjusting for sex, the genetic factors identified below, and
technical variables (Fig. S54). An analogous model was built for
sex (Fig. S5B). The outcome of these models is such that, for any
given gene, direct and/or indirect effects of age and sex may be
observed simultaneously.

We found that, in the absence of stimulation, the expression of
85% of genes was directly affected by age (Fig. 3 A and B and
Dataset S6) and that this was the only (i.e., total) effect observed
for 53% of genes (Fig. 3B). The expressions of 44 and 17% of
genes were influenced by age through a decrease with age in the
proportions of CD8" and CD4~CD8™ T cells, respectively (the
mediation of the other cell types was not statistically significant).
These indirect, cell-mediated effects were often coupled with
direct effects of age (Fig. 3B). Thus, only for a very small number
of genes could the total effect of age on expression be explained
by cellular composition. On immune stimulation, age affected
expression through the same cell populations, but the CD8*
T-cell mediation was generally less marked than in the absence
of stimulation (Fig. 3B).

Similarly, the expression of 76% of genes was directly affected
by sex in the absence of stimulation (Fig. 3.4 and C and Dataset S7),
this being the only effect observed for 55% of genes (Fig. 3C). The
expressions of 26 and 21% of genes were indirectly affected by sex
because of a decrease in the proportion of CD4* T cells in men and
a decrease in monocytes in women, respectively. After stimulation,
sex effects were also mediated by CD4* T cells and monocytes, and
the mediation effect of monocytes was observed for a larger pro-
portion of genes (29-49%) compared with nonstimulated cells
(21%), reflecting that many of our stimuli activate monocytes.

Overall, although specific cell populations can mediate the
effects of age and sex on immune-related gene expression, our
analyses detected a direct effect of these intrinsic factors for the
majority of immune genes affected, suggesting that age and sex
effects are often mediated by mechanisms other than those af-
fecting blood cell heterogeneity.

Mapping the Genetic Basis of Transcriptional Responses to Microbial
Challenges. To investigate the contribution of genetic factors to
immune gene expression variation, we mapped eQTLs through
tests for associations between genome-wide SNPs (minor allele
frequency >0.05) and 560 expression traits. Individuals were
genotyped using the HumanOmniExpress and the HumanExome
BeadChips that, after imputation using the 1,000 Genomes refer-
ence panel (45), yielded a final dataset of 5,265,361 SNPs. We used
a linear mixed model to account for possible relatedness and pop-
ulation structure in our cohort, which was further adjusted for age,
sex, blood cell heterogeneity, and technical variables.

We first mapped local, likely cis-acting eQTLs (within 1 Mb of
each gene) and detected 239 genes presenting an eQTL in at
least one condition (P < 2.3 x 10~%, Bonferroni-adjusted P < 0.05)
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(Fig. 4, Datasets S8-S14, and Table S2). A large proportion of
eQTLs was either detected in all conditions (28%) or specific to a
single condition (27%) (Fig. 5A4) as illustrated by the shared eQTLs
at CTSC and [FIT2 and the condition-specific €QTLs at TRAF4,
IL7R, and TLR3 (Fig. 5 B and C). Notably, the latter cases represent
response eQTLs, of which a total of 104 were identified, indicating
gene-environment (G X E) interactions.
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expression across conditions. Numbers in the
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We then searched for master regulatory regions by mapping
trans-eQTLs (i.e., variants regulating the expression of distant
genes or gene networks; >1 Mb away from the transcriptional
start/end site). We further verified that the detected frans-effects
of each eQTL did not result from heterogeneity in immune cell
subpopulations (SI Materials and Methods). In the absence of
stimulation, we identified four frans-eQTLs (P < 1.7 X 1071,
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Bonferroni-corrected P < 0.05), the strongest of which was located
in the FCGR3A/HSPAG6 region and regulated GBPS5, STATI,
FCGRIA, GBPI, and IRFI. We found that frans-regulation had a
stronger effect after stimulation, particularly with E. coli, BCG,
C. albicans, and SEB (Fig. 4, Datasets S15-S21, and Table S2). The
strongest trans-eQTL was detected for the TLR1/6/10 locus, which
regulated 105 genes after stimulation with E. coli, 80 genes after
stimulation with BCG, 7 genes after stimulation with S. aureus,
and 13 genes after stimulation with SEB. On E. coli stimulation,
individuals with the TT genotype (rs4833095, T-allele fre-
quency =0.79) displayed lower expression for many inflammatory
response genes (e.g., ILIB, IL6, IL12B) and higher expression for
regulatory response genes (e.g., TGFBI, TGFBI, ILIRAP) (Dataset
$22). This variant is in strong linkage disequilibrium (# = 0.89) in
Europeans with an SNP detected as a trans-eQTL after the stimu-
lation of monocytes with Pam;CSK, (19).

We also identified a strong trans-eQTL located near the CRI
locus, which regulated 34 genes specifically on C. albicans stim-
ulation (Figs. 4 and 6). Individuals with the CC genotype
(1512567990, C-allele frequency =0.81) (Fig. 6C) had lower levels
of expression for 16 genes, including genes involved in the IFNy-
related response (IFNG, STATI, JAK2, CXCLI10), and higher
expression of 18 genes, including several encoding cell surface
proteins (CLECL5A, FCGRT, CD14, IL-13RAI) and signaling
molecules (e.g., DUSP4).

As previous studies have reported that genetic variants can
impact gene expression at the steady state in an age- or sex-
specific manner (46, 47), we explored how these intrinsic factors
affect eQTLs on immune stimulation. We included in the linear
mixed model an interaction term, separately for sex (SEX x SNP)
and age (AGE x SNP), and screened all variants within 1 Mb of
each gene. We detected only one significant AGE x SNP in-
teraction affecting the expression of SPPI after stimulation with
E. coli (1s28628889; P = 1.3 x 1078, Bonferroni-corrected P < 0.05)
(Fig. S64) and no significant SEX x SNP interaction. Our analysis
had sufficient power to detect loci displaying strong interactions with
sex and age but limited power to detect intermediate and weak
interactions (Fig. S6 B and C), suggesting that there are no major
differences in the genetic control of immune gene expression be-
tween subjects of different ages and sexes.

Collectively, our eQTL analyses revealed that a substantial
fraction of the interindividual variation in gene expression can be

BEEERRNAS -~ PN AS _PDNAS

E492 | www.pnas.org/cgi/doi/10.1073/pnas.1714765115

Downloaded by guest on July 5, 2020

attributed to local or trans-acting genetic factors, many of which
manifest their effects only in the presence of an immunological
challenge.

Immune Response eQTLs Are Enriched in Disease Risk Variants. Be-
cause a functional role of regulatory variants in disease risk is in-
creasingly recognized (22, 23, 26, 27, 30, 31, 35), we examined the
extent to which the detected eQTLs were enriched in genome-wide
association study hits (Dataset S23 and Table S3). We found that
local and trans-eQTLs in the nonstimulated and response states
were enriched in disease-associated variants with respect to random
sets of SNPs sampled from all variants tested in local eQTL and
trans-eQTL mapping, respectively (resampling P < 0.05). For ex-
ample, in the absence of stimulation, we confirmed that NOD2
genetic variation, which has been associated with leprosy (48, 49),
affects mRNA levels for this gene (50). We also found that a
TNFSF15-TNFSFS8 variant, contributing to inflammatory bowel
disease risk (51), strongly affects TNFSF§ mRNA levels (P = 3.7 x
107'%), while having only a moderate effect on TNFSFI5 (P = 6.5 x
107%), identifying TNFSFS as the probable causal gene.

Remarkably, the observed enrichment in disease-causing variants
was stronger for response eQTLs than for eQTLs in the absence of
stimulation (4.0-7.3x vs. 3.5%, respectively) (Table S3). Several re-
sponse eQTLs at IRFS5, ITGAM, and IKZF1 have been associated
with systemic lupus erythematous, the pathogenesis of which is
linked to an aberrant regulation of innate and adaptive immune
response genes (52). Likewise, three loci associated with self-
reported allergy and other immune diseases (51, 53) were re-
sponse eQTLs (Dataset S23), controlling the expression of SMAD3,
PTGERA4, and IKZF3 after stimulation with BCG, C. albicans, and
IAV, respectively. The strong frans-eQTL that we detected at CRI
(rs12567990) on C. albicans stimulation (Fig. 6) has also been
associated with interindividual variability in biomarkers of in-
flammation (erythrocyte sedimentation rate) (54).

Overall, our results indicate that the identification of the genetic
factors controlling transcriptional responses to microbial challenges
can shed light on the etiology of organismal traits related to in-
fection, inflammation, and autoimmunity.

Quantifying the Impact of Genetic and Nongenetic Factors on Inmune

Response Variation. Finally, we quantified the respective impacts
of age, sex, blood cell heterogeneity, and genetics on transcriptional
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response variation. The largest proportion of gene expression
variance was explained by heterogeneity in blood cell composition
both in number of genes affected (>400 per condition) and in
mean proportion of the variance explained (~18% across genes
and conditions) (Fig. 74 and Dataset S24). Age and sex also
contributed to the expression variance of a large number of genes
(>200 and >300 per condition, respectively), but their individual
influences were weak (~2 and ~4%, respectively). Conversely,
genetic factors affected the expression of a smaller gene set
(~140 per condition for local eQTLs and <40 for trans-eQTLs),
but their influence was stronger than those of age or sex: ~10 and
~7% for local and trans-eQTLs, respectively. The contribution of
trans-genetic factors was stronger for E. coli and BCG than for
the other stimuli, affecting ~100 genes and explaining ~10% of
their expression variance (Fig. 74). The genetic component was
generally the strongest contributory factor other than heteroge-
neity in blood cell composition for genes with expression varia-
tion associated with genetic factors (Fig. 7B and Fig. S7).

Leaving aside these broad patterns, the respective contribu-
tions of nongenetic and genetic factors to immune response
variation differed considerably at the individual gene level both
within pathways and between stimuli as illustrated by the type 1
IFN and TLR-MyD88 pathways (Fig. 7C). Cellular composition
had a stronger impact on expression variation for receptors, such
as IFNARI/2 and TLRI/2/4, than for downstream molecules,
with the exception of 7yK2 and MyD88. The impact of genetics
also varied considerably between genes: the expression of IFNARI
was under the control of a local eQTL, whereas that of IFNAR2
was regulated by a stimulus-specific trans-eQTL. The impact of
genetics was particularly strong on TLRI expression, where it
accounted for up to 21% of the total variance. Age and sex gen-
erally had weak effects on gene expression, but several interesting
differences were apparent, such as the impact of age on STATI
and that of sex on STAT2 (Fig. 7C

Together, our analyses indicate that the main source of im-
mune response variation, at least at the transcriptional level, is
whole-blood cellular heterogeneity. Age and sex influence the
expression of a wide range of genes, but their effect sizes are
moderate, whereas genetic factors acting locally or distantly have
stronger effects but on a smaller number of immune genes.

Discussion

Using a systems immunology approach in a 1,000-individual healthy
cohort specifically designed for the comprehension of the diversity
of the human immune system (55), our study represents a systematic
investigation of the respective contributions of age, sex, genetics, and
cellular heterogeneity to variation in transcriptional responses to
immune activation. We found that the variation of immune cell
populations in whole blood was the main driver of interindividual
differences in immune responses, accounting for ~18% of the total
variance in gene expression. The effects of age and sex were
overall moderate (<5% of the total variance), consistent with re-
ports based on steady-state expression (24, 25, 56), but they were
widespread among immune genes and were generally not medi-
ated by immune cell composition. We also found that age effects
were more stimulus-specific compared with those of sex. Al-
though future studies with increased power and the inclusion of
donors more than 70 y of age may provide a more nuanced view
of their respective effects, our results suggest that the microbial
specificity of age effects may be driven by environmental expo-
sures that change throughout life, whereas sex effects are more
constant. The detected differences of age effects across stimuli
echo recent studies, in which immune cell frequencies were
found to be more similar between younger than older monozygotic
twins (5) and older individuals presented more heterogeneous
immunotypes (i.e., cell populations, cell signaling, and antibody re-
sponses) than younger donors in unrelated individuals with ages
between 8 and 89 y old (11).
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We show that genetic factors affect fewer genes than age or
sex but that their effect sizes are stronger (~10% of the total
variance) (3, 57). Although the contribution of genetic factors to
expression variance can reach even higher values for specific
genes or pathways, our findings are in accordance with the
moderate influence of genetics in shaping the variation of other
immune traits, such as cell proportions (5-7, 15). We neverthe-
less detected local and trans-eQTLs for 43 and 42%, respectively,
of the immune genes studied. About 100 genes presented an
immune response eQTL, enabling the identification of G x E
interactions in the context of infection.

We also identified master regulators of immune responses,
including the frans-eQTL at TLRI1/6/10, which we previously
detected in monocytes (19). We now extend the description of
this trans-effect to whole-blood responses to E. coli, BCG, and
to a lesser extent, S. aureus and SEB, highlighting this locus as a
major source of immune response variation to bacterial chal-
lenges in Europeans. Likewise, the detected trans-eQTL at the
CRI locus reveals a source of variation related to responses to
C. albicans. CR1 is a receptor for the C3b and C4b split prod-
ucts, opsonins formed as a result of complement system acti-
vation. Both C. albicans and BCG trigger C3 and C4 cleavage,
but only opsonized C. albicans engages CR1 (58). We found that
CRI variation regulated the strength of induced IFNy re-
sponses, downstream signaling pathways (JAK2/STATI), and
subsequent chemokine induction (CXCL10/CXCL9). The trans-
eQTL SNP also had a local effect on CRI expression (Fig. 64),
but this effect could not account for all of the variance of the
trans-effect, perhaps reflecting differential temporal regulation
as previously observed for the IFNBI gene (18). CRI variants
have been previously associated with differences in erythro-
cyte sedimentation rate (54, 59), which increases during fun-
gal infections. This highlights the need for studies evaluating
the clinical impact of CRI variation on susceptibility to
fungal infections.

Our age- and sex-stratified cohort allowed us to explore if
interactions between these intrinsic variables and the numerous
genetic factors identified affect immune responses. With the
exception of an AGE x SNP interaction for E. coli-induced
SPP1 expression, we found no interactions of age or sex with
genetic factors, contrary to recent reports (46, 60). This dis-
crepancy may stem from our focus on immune functions and
suggests that the effects of genetic variants on immune gene
expression are constant across age groups and between sexes.
Consistent with this view, previously reported interactions be-
tween age, sex, and genetics did not affect immune genes (with
the exception of NOD2) (46, 60) or were not identified in whole
blood (57).

A nonnegligible fraction of immune response variance re-
mains presently unexplained. Hence, the contribution of other
determinants requires additional investigation, including the ef-
fects of environmental exposures, epigenetic modifications, in-
teractions with the microbiota, or more complex genetic control
(57). In this context, our quantification of the effects of genetic
factors on immune response variance (i.e., ~10% on average)
should be considered as a conservative estimate, especially if one
considers the many regulatory variants with small effect sizes that
our analyses cannot detect.

Our study also presents some limitations. Gene expression
variation was assessed at 560 immune genes, providing a partial
view of the impact that nongenetic and genetic factors have on
gene expression sensu lato. This choice was based on the ro-
bust, highly reproducible gene expression measurements gen-
erated by the NanoString arrays in whole blood, avoiding
technical variability introduced by amplification steps (38). It
was also our strategy to deliberately focus on the expression
variation of only immune genes to limit the burden of multiple
testing. The use of RNA sequencing will make it possible to
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extend these analyses to a wider array of genes and layers of
transcriptional variability, such as potential differential isoform
usage on infection. Furthermore, analyses of other immune
system measurements after stimulation (proteins and metabo-
lites after microbial challenges, antibody responses to vaccines,
etc.) are necessary to provide a more comprehensive view of
the different intermediate phenotypes that constitute the hu-
man immune system.
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Fig. 6. Stimulus-specific trans-acting eQTL at the CR7 locus. (A) Local
eQTL at CR17 acting specifically in response to C. albicans stimulation.
(B) rs12567990 was significantly associated, in trans, with the expression of
IFNG and CLEC5A only after C. albicans stimulation. Gene expression is
presented as normalized gene counts. (C) Network of the 34 genes sig-
nificantly trans-regulated by the CR7 locus (P < 1.7 x 10~""). The size of
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rs12567990 and gene expression. Colors indicate the direction of the change
in expression associated with the C allele (frequency = 0.81). NS, non-
stimulated control.
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Despite these perceived limitations, the use of gene expression
variation and its genetic determinants remains a powerful tool
for systems immunology studies, as variants affecting gene expres-
sion, in particular after immune stimulation (35), are increasingly
recognized as contributing to ultimate organismal phenotypes
(22, 26, 27, 30, 31). This notion is strongly supported by the cases
of G x E interactions detected in this study, as response eQTLs
exhibited a stronger enrichment in risk variants for human dis-
cases, such as autoimmune and inflammatory disorders, than
e¢QTLs in the nonstimulated state.

Overall, this study provides an assessment of how intrinsic and
genetic factors drive interindividual differences in transcriptional
responses to bacterial, fungal, and viral challenges. Our dataset is
freely accessible via a web-based browser (misage.pasteur.fr/),
making it possible to query and visualize the contribution of these
factors to immune response variation. It also constitutes a valuable
resource for additional exploration in the context of different in-
fection risks or disease outcomes in human populations.
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heritable factors for the genes of the type 1 IFN and
TLR-MyD88 pathways. The order of stimuli on the x
axis is the same as on A. The legend with color-
coding applies to A-C. NS, nonstimulated control.

Materials and Methods

The cohort consists of 1,000 healthy volunteers (500 men and 500 women)
aged 20-69 y old equally distributed across five decades of life who were
selected based on stringent inclusion and exclusion criteria (55). The study
was approved by the Comité de Protection des Personnes—Ouest 6 and
the Agence Nationale de Sécurité du Médicament and is sponsored by the
Institut Pasteur (ID-RCB no. 2012-A00238-35). The study protocol was
designed and conducted in accordance with the Declaration of Helsinki
and good clinical practice as outlined in the International Conference on
Harmonisation of Technical Requirements for Registration of Pharma-
ceuticals for Human Use (ICH) Guidelines for Good Clinical Practice (https://
www.ich.org/fileadmin/Public_Web_Site/ICH_Products/Guidelines/Efficacy/
E6/E6_R1_Guideline.pdf), and all subjects gave informed consent. Stimu-
lations were performed on 1 mL whole blood for 22 h using TruCulture
tubes (61), and flow cytometry analyses were performed with an eight-
color cytometry panel (62). Gene expression was performed using the
Human Immunology v2 Gene Expression CodeSet, which contains 594 gene
probes that encompass major immune pathways and functions, such as the
TLR, Jak-STAT, and MAPK signaling pathways, cytokine—cytokine receptor
interactions, apoptosis, and the complement and coagulation cascades.
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For each gene in each stimulated condition, a paired t test was used to
compare expression levels in stimulated and nonstimulated states, con-
trolling for FDR. Seven multiple regression models were built to estimate
the effects of age and sex on gene expression. Structural equation mod-
eling (44) was used to investigate the ways in which the different cell
populations mediate the effects of age and sex on gene expression. DNA
genotyping was performed using the HumanOmniExpress-24 BeadChip and
the HumanExome-12 BeadChip (lllumina). After imputation using the 1,000
Genomes Project imputation reference panel (45), a final dataset of
5,265,361 SNPs was obtained. eQTLs mapping was performed with a linear

. Brodin P, Davis MM (2017) Human immune system variation. Nat Rev Immunol 17:

21-29.

De Jager PL, et al. (2015) ImmVar project: Insights and design considerations for fu-

ture studies of “healthy” immune variation. Semin Immunol 27:51-57.

Liston A, Carr EJ, Linterman MA (2016) Shaping variation in the human immune

system. Trends Immunol 37:637-646.

Davis MM, Tato CM, Furman D (2017) Systems immunology: Just getting started. Nat

Immunol 18:725-732.

Brodin P, et al. (2015) Variation in the human immune system is largely driven by non-

heritable influences. Cell 160:37-47.

Orru V, et al. (2013) Genetic variants regulating immune cell levels in health and

disease. Cell 155:242-256.

Carr EJ, et al. (2016) The cellular composition of the human immune system is shaped

by age and cohabitation. Nat /mmunol 17:461-468.

Ter Horst R, et al. (2016) Host and environmental factors influencing individual hu-

man cytokine responses. Cell 167:1111-1124.e13.

. Shen-Orr SS, et al. (2016) Defective signaling in the JAK-STAT pathway tracks with

chronic inflammation and cardiovascular risk in aging humans. Cell Syst 3:374-384.e4.

Furman D, et al. (2014) Systems analysis of sex differences reveals an immunosup-

pressive role for testosterone in the response to influenza vaccination. Proc Nat/ Acad

Sci USA 111:869-874.

. Kaczorowski KJ, et al. (2017) Continuous immunotypes describe human immune

variation and predict diverse responses. Proc Nat/ Acad Sci USA 114:E6097-E6106.

Blazkova J, et al. (2017) Multicenter systems analysis of human blood reveals imma-

ture neutrophils in males and during pregnancy. J Immunol 198:2479-2488.

. LiY, etal. (2016) A functional genomics approach to understand variation in cytokine
production in humans. Cell 167:1099-1110.e14.

. Li'Y, et al. (2016) Inter-individual variability and genetic influences on cytokine re-

sponses to bacteria and fungi. Nat Med 22:952-960.

Roederer M, et al. (2015) The genetic architecture of the human immune system: A

bioresource for autoimmunity and disease pathogenesis. Cell 161:387-403.

Aguirre-Gamboa R, et al. (2016) Differential effects of environmental and genetic

factors on T and B cell immune traits. Cell Rep 17:2474-2487.

17. Lee MN, et al. (2014) Common genetic variants modulate pathogen-sensing responses

in human dendritic cells. Science 343:1246980.

Fairfax BP, et al. (2014) Innate immune activity conditions the effect of regulatory

variants upon monocyte gene expression. Science 343:1246949.

Quach H, et al. (2016) Genetic adaptation and Neandertal admixture shaped the

immune system of human populations. Cell 167:643-656.e17.

Raj T, et al. (2014) Polarization of the effects of autoimmune and neurodegenerative

risk alleles in leukocytes. Science 344:519-523.

Nedelec Y, et al. (2016) Genetic ancestry and natural selection drive population dif-

ferences in immune responses to pathogens. Cell167-657-669.e21.

Kim-Hellmuth S, et al. (2017) Genetic regulatory effects modified by immune acti-

vation contribute to autoimmune disease associations. Nat Commun 8:266.

. Fairfax BP, Knight JC (2014) Genetics of gene expression in immunity to infection.

Curr Opin Immunol 30:63-71.

Peters MJ, et al.; NABEC/UKBEC Consortium (2015) The transcriptional landscape of

age in human peripheral blood. Nat Commun 6:8570.

Jansen R, et al. (2014) Sex differences in the human peripheral blood transcriptome.

BMC Genomics 15:33.

Albert FW, Kruglyak L (2015) The role of regulatory variation in complex traits and

disease. Nat Rev Genet 16:197-212.

Schaub MA, Boyle AP, Kundaje A, Batzoglou S, Snyder M (2012) Linking disease as-

sociations with regulatory information in the human genome. Genome Res 22:

1748-1759.

Raj T, et al. (2013) Common risk alleles for inflammatory diseases are targets of recent

positive selection. Am J Hum Genet 92:517-529.

Gibson G, Powell JE, Marigorta UM (2015) Expression quantitative trait locus analysis

for translational medicine. Genome Med 7:60.

Pickrell JK (2014) Joint analysis of functional genomic data and genome-wide asso-

ciation studies of 18 human traits. Am J Hum Genet 94:559-573.

Li Y1, et al. (2016) RNA splicing is a primary link between genetic variation and dis-

ease. Science 352:600-604.

Quach H, Quintana-Murci L (2017) Living in an adaptive world: Genomic dissection of

the genus Homo and its immune response. J Exp Med 214:877-894.

Barreiro LB, et al. (2012) Deciphering the genetic architecture of variation in the

immune response to Mycobacterium tuberculosis infection. Proc Nat/ Acad Sci USA

109:1204-1209.

Galiskan M, Baker SW, Gilad Y, Ober C (2015) Host genetic variation influences gene

expression response to rhinovirus infection. PLoS Genet 11:¢1005111.

N

w

>

»m

o

~

®

©

e

[

@

=

w

o

®

©

20.

=3

21.

22.

N

2.

@©

24.

R

25.

I

26.

o

27.

N

28.

®

29.

©

30.

S

31.

32

N

33.

W

34.

r

Piasecka et al.

mixed model implemented in GenABEL (63). Interaction effects between
variables (genetics, sex, and age) on gene expression were estimated using
ProbABEL v.0.4.5 (64).

Detailed information about the experimental methods and statistical
analyses may be found in S/ Materials and Methods.
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Novel DSP Spectrin 6 Region Variant Causes Neonatal Erythroderma,
Failure to Thrive, Severe Herpes Simplex Infections and Brain
Lesions
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Desmoplakin (DSP) and Desmoglein 1 (DSG1) variants
result in skin barrier defects leading to erythroderma,
palmoplantar keratoderma and variable other features.
Some DSG1 variant carriers present with SAM syndro-
me (Severe dermatitis, multiple Allergies, Metabolic
wasting) and a SAM-like phenotype has been reported
in 4 subjects with different heterozygous DSP variants.
We report here a patient with a novel DSP spectrin re-
gion (SR) 6 variant c.1756C>T, p.(His586Tyr), novel
features of brain lesions and severe recurrent muco-
cutaneous herpes simplex virus infections, with a fa-
vourable response to ustekinumab. Through a review
of reported cases of heterozygous variants in DSP SR6
(n=15) and homozygous or compound heterozygous
variants in DSG1 (n=12) and SAM-like phenotype, we
highlight phenotypic variability. Woolly hair, nail ab-
normalities and cardiomyopathy characterize patients
with DSP variants, while elevated immunoglobulin E
and food allergies are frequent in patients with DSG1
variants. Clinicians should be aware of the diverse ma-
nifestations of desmosomopathies.

Key words: desmoglein; desmoplakin; metabolic wasting; SAM
syndrome; severe dermatitis.

Accepted Apr 29, 2019; E-published Apr 29, 2019
Acta Derm Venereol 2019; 99: 789-796.

Corr: Svetlana Vakkilainen, New Children’s Hospital, University of Helsinki
and Helsinki University Hospital, Stenb&ckinkatu 9, FIN-00290 Helsinki,
Finland. E-mail: svetlana.vakkilainen@hus.fi

D esmoplakin and desmogleins form the integral parts
of desmosomes, which are adhesive intercellular
junctions crucial in tissues prone to mechanical stress
(e.g. skin, heart, gastrointestinal mucosa) (1). Desmo-
somal proteins play a role in cell signalling and skin
barrier function.

Desmoglein 1 (DSG1) and Desmoplakin (DSP) encode
critical components of desmosomes, and pathogenic
variants in both genes have been implicated in inflam-
matory skin disorders. DSG/ variants have been reported
recently in patients with designated SAM syndrome

This is an open access article under the CC BY-NC license. www.medicaljournals.se/acta

Journal Compilation © 2019 Acta Dermato-Venereologica.

SIGNIFICANCE

Desmoplakin (DSP) and Desmoglein 1 (DSG1) gene chan-
ges result in skin barrier defects leading to widespread red
scaly rash, skin thickening on the palms and soles and va-
riable other features. We report here a patient with a no-
vel DSP gene change, novel features of brain lesions and
severe viral infections, and a favourable response to treat-
ment with ustekinumab. Woolly hair, nail abnormalities and
heart problems characterize patients with DSP gene chan-
ges, while elevated serum IgE levels and food allergies are
frequent in patients with DSG1 gene changes. Clinicians
should be aware of the diverse consequences of DSP and
DSG1 gene abnormalities.

(Severe dermatitis, multiple Allergies and Metabolic
wasting) with an extremely variable phenotype consis-
ting of severe erythrodermic dermatitis, failure to thrive
(FTT), recurrent infections, metabolic wasting, multiple
allergies, increased immunoglobulin (Ig) E levels and
eosinophilia (2-7).

Two patients with different heterozygous DSP vari-
ants were reported to have a SAM-like phenotype (8,
9). Autosomal dominant DSP variants within the same
spectrin 6 (SR6) region also cause erythrokeratoderma
and cardiomyopathy (10), and palmoplantar keratoderma
(PPK) with woolly hair, cardiomyopathy and arrhythmias
(11). Recently, 2 additional patients with heterozygous
DSP SR6 variants have been reported to display SAM
syndrome, together with ectodermal dysplasia and car-
diomyopathy (coined SAMEC syndrome) (12).

The lack of epithelial barrier proteins commonly seems
to lead to immunological dysregulation. Impaired epit-
helial barrier function enhances Th2 responses and leads
to chronic activation of the immune system (13). DSG1
deficiency results in increased expression of various
genes encoding cytokines involved in allergic manifes-
tations, such as /L5 and TNF (2). In SAMEC, DSG1
was linked to an inability to retain ERBB2-interacting
protein (ERBIN) at the cell membrane, probably hampe-
ring NF-«kB pathway inhibition and promoting epithelial

doi: 10.2340/00015555-3203
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inflammation (12). Heterozygous DSP variants associate
with abnormally high levels of proinflammatory cytoki-
nes (interleukin (IL) 6, IL-8, and IL-1B), NF-kB target
gene products, and thymic stromal lymphoprotein in the
keratinocytes (12). The dysregulated epidermal immune
environment triggers early-onset allergic manifestations
beyond the skin, including asthma and allergic rhino-
conjunctivitis, as well as eosinophilic oesophagitis and
colitis similar to patients with Netherton syndrome (14).

Desmoplakin anchors intermediate filaments to desmo-
somal plaques and is expressed at high levels in the skin
and heart muscle, and at medium levels in bronchi and
oesophagus (15). Importantly, individuals with DSP and
other desmosomal gene variants are at risk of developing
cardiomyopathy and lethal arrhythmias, typically at the
age of 3—12 years (16), warranting continuous cardiac
follow-up.

We report here a patient with a novel DSP SR6 re-
gion variant (¢.1756C>T, p.His586Tyr), presenting with
erythrodermic ichthyosis, severe FTT, oesophagitis,
recurrent infections, and novel features, such as severe
recurrent mucocutaneous herpes simplex virus (HSV)
infections, pyogenic granuloma on the tongue, gastritis
and brain lesions, further diversifying the DSP-related
phenotype. We also reviewed all reported patients with
heterozygous variants in DSP SR6 and with homozygous
or compound heterozygous variants in DSG/ and SAM/
SAMEC-like phenotype, in order to delineate variable
and overlapping clinical features.

METHODS

Written informed consent was obtained from the patient’s parents,
including permission to publish the photographs.

The immunological assessment, skin histopathology and immu-
nohistochemistry, hair analysis, oesophagus and gastric biopsies,
whole-exome sequencing and variant analysis, protein modelling,
as well as literature search and statistical analyses, are described
in detail in Appendix S1'.

RESULTS
Case description

Our patient is the first child of non-consanguineous
parents of Arab descent, born at term with normal
weight and length. At 2 weeks of age, he developed an
intertriginous seborrhoeic eczema-like dermatitis (Fig.
1A). A pustular eruption emerged at age 1.5 months and
rapidly evolved into a severely pruritic and seemingly
painful ichthyosiform erythroderma (Fig. 1B). His hair
was normal at birth, but total alopecia developed at 3
months. His nails were abnormally thin and soft.

He had had relapsing Staphylococcus aureus skin in-
fections, Candida albicans thrush, recurrent enterococcal

https://www.medicaljournals.se/acta/content/abstract/10.2340/00015555-3203
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and staphylococcal sepsis since the age of 4 months. At
5 months, he developed severe and relapsing protracted
HSV-1 stomatitis with extensive mucocutaneous invol-
vement (Fig. 1C). Extensive infectious, immunological
and metabolic evaluations were mostly normal and did
not suggest any specific immunodeficiency syndrome.

From age 4 months onwards, he developed difficulties
with swallowing and progressive FTT. These necessitated
percutaneous gastrostomy and initiation of amino acid-
based formula feeding. Cow milk protein intolerance was
diagnosed at 7 months by an in-hospital oral provocation
challenge and manifested as profuse vomiting, diarrhoea
and inconsolable crying within hours of administration
of standard formula. At 6 months, his serum IgE levels
increased up to 958 kU/I (normal <70 kU/1), but then
gradually returned to near normal value (102 kU/I).
Eosinophil counts remained normal. In the InmunoCAP
specific IgE assay against 112 allergens, only a low-level
reactivity (0.7 ISU, normal >0.3 ISU) to prohevein rHev
b 6.01 was detected at 9 months, but at 11 months po-
sitivity to peanut (0.37 kU/1) and egg-white (1.03 kU/1)
appeared. Profound fluid balance disturbances with hypo-
and hypernatremia and rapid dehydration or generalized
oedema occurred during erythrodermic flares. Arrhythmia
or cardiac abnormalities have, so far, not been detected.

Upper gastrointestinal tract endoscopy was normal
at 4 months, but revealed lymphocyte and plasmablast
mucosal infiltrates in the stomach at 7 months. After
several courses of proton pump inhibitors, his gastric
histology normalized at 2 years of age. However, he then
exhibited mild oesophagitis with some intraepithelial
eosinophils, not numerous enough to fulfil the criteria
for eosinophilic oesophagitis.

Motor development was delayed from the age of 4
months. Brain magnetic resonance imaging (MRI) at 4
months showed symmetrical diffusion restriction in the
superior cerebellar peduncles and decussation. Also,
red nuclei in mesencephalon, subthalamic region, globi
pallidi and optic radiation were involved (Fig. S1'). Re-
peated MRI a month later showed no progression of these
changes. His motor development progresses, but remains
delayed, with no independent walking at 2 years of age.

At 6 months he developed a firm papular lesion 2.0
cm in diameter on his tongue (Fig. 1D), which resolved
spontaneously over months. Biopsy of the lesion re-
vealed a pyogenic granuloma. HSV-1, cytomegalovirus
and human papillomavirus (HPV) 11 were found in the
lesion by nucleic acid assay, while other viral, bacterial,
mycobacterial and fungal investigations were negative.

The patient’s skin was treated with basic emollients
and courses of topical mild potency corticosteroids.
McAleer et al. (8) reported topical tacrolimus, systemic
antibiotics, intravenous immunoglobulin (IVIG) therapy
and systemic acitretin to be effective in their patient with
a DSP variant. At 5 months, IVIG therapy for recurrent
sepsis was commenced. He has had no bacterial infec-
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Fig. 1. Clinical features of the reported patient. (A) An intertriginous seborrhoeic like eczema at 2 weeks of age (B) evolved into a ichthyosiform
erythroderma at 1.5 months. (C) Severe and relapsing HSV-1 stomatitis at 5 months and (D) a pyogenic granuloma on the tongue at 6 months. (E)
Slight alleviation of scaling and erythema and hair regrowth after initiation of acitretin therapy at 7 months. (F) Ichthyotic erythroderma at 18 months
with the development of (G) slight palmoplantar keratoderma (PPK) and (H) onychodystrophy. (I-K) Response to ustekinumab treatment at 25 months
included hair regrowth and alleviation of skin scaling and PPK. DSP mutation leads to decreased levels of DSP, DSG1 and KRT10. (L) Skin tissue of a
normal control shows prominent DSP antibody staining throughout the epidermis in suprabasal cells, while in the patient (M) only a weak staining is seen
in the upper epidermis. DSG1 is distinct intercellularly in (N) healthy skin, but almost totally lost (O) in the patient. KRT10 stains intensely in (P) the
suprabasal healthy skin, but is weak in the patient’s upper epidermis and (Q) diminished in the suprabasal layers. Electron microscopy of the patient’s
skin biopsy samples shows the loss of intercellular cohesiveness, especially (R) suprabasally and decreased numbers of desmosomes and tonofilaments,
as well as (S) the absence of perinuclear tonofilaments. Written permission from the parent.

tions since, while recurrent mucocutaneous HSV-1 flares
have necessitated continuous acyclovir prophylaxis.
IVIG substitution was stopped at 20 months. Acitretin
was started at a low dose of 0.25 mg/kg every other day
at 7.5 months (8). Acitretin slightly alleviated scaling,
erythema and itch and induced hair regrowth (Fig. 1E).

Due to constant vomiting, acitretin was stopped at 14
months, followed by no significant change in his skin
condition nor vomiting. His first tooth erupted at 10
months and his teeth have been normal. At 18 months,
he developed ichthyotic erythroderma (Fig. 1F—H), and,
additionally, he has developed mild PPK and onycho-
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dystrophy. His growth has improved substantially due
to optimized enteral nutrition.

Since 2 patients with DSP variants were reported to
benefit from ustekinumab therapy, with reduction in
itching and in dermatitis severity and improvement in
hair thickness (9), we initiated ustekinumab treatment
at 22 months in our patient. Ustekinumab (0.75 mg/kg)
was given initially at 4 weeks and from then on every 12
weeks, leading to alleviation of pruritus, skin scaling and
PPK, as well as better hair growth after the first 2 injec-
tions (Fig. 11-K). Oral intake also improved significantly,
and gastrostomy use could be discontinued. Along with
clinical improvement, serum levels of IL-17A, IL-17F
and IL-23 decreased strikingly, whereas concentrations
of IL-12p70 somewhat increased, albeit at very low levels
(<1 pg/ml) (Fig. S2").

Skin biopsy findings. Skin biopsy from the pustular erup-
tion at 1.5 months showed eczema with a neutrophilic
infiltrate and microabscesses. Biopsy at 3 months from
the erythrodermic skin revealed a psoriasiform reaction
pattern with a dense ichthyosiform stratum corneum and
neutrophilic infiltrates in the epidermis and upper dermis.
Filaggrin immunostaining was reduced in the first and
absent in the second biopsy, suggesting ichthyosis, while
LEKTI immunostaining was normal in both biopsies
(data not shown). Hair morphology was normal. Immu-
nohistochemistry demonstrated significant decrease in
desmoplakin, desmoglein 1 and keratin 10 (Fig. 1L-Q).
Skin electron microscopy revealed decreased numbers of
desmosomes and tonofilaments, and perinuclear tonofila-
ments were absent. The loss of intercellular cohesiveness
was especially prominent suprabasally (Fig. IR-S).

Genetic work-up. Ichthyosis and primary immuno-
deficiency gene panels (Blueprint Genetics, helsinki,
Finland) detected no pathogenic variants. Clinical whole-
exome sequencing was performed with median sequen-
cing coverage of 132x and 99.1% of target regions were
covered with at least 20 reads. Analysis of whole-exome
sequence variants revealed a novel heterozygous mis-
sense variant in the DSP gene: ¢.1756C>T, p.(His586Tyr)
(NM_004415.2), confirmed with bidirectional Sanger
sequencing. Based on Sanger sequencing analysis, the
parents were not carriers, thus the variant was de novo
in the patient. This variant has not been reported in the
Exome Aggregation Consortium (ExAC) database or
Genome Aggregation Database (gnomAD). The variant
is predicted deleterious by in silico tools SIFT and Mu-
tationTaster and benign by PolyPhen, the CADD score
(PHRED-like scaled C-score) is 24.3, suggesting that the
amino acid change is deleterious. The His586 residue
is located within one of the spectrin repeat domains,
SR6, which is a hotspot for dominant missense variants
causing cutaneous disease (10). Historical patient with a
similar phenotype carried a de novo missense variant in
the same amino acid residue p.(His586Pro) (8). Protein
modelling with the template-based protein structure

www.medicaljournals.se/acta

tools RaptorX (17) and Swiss-model (18) did not predict
alterations in the protein structure. However, histidine
is an amino acid with unique chemical properties not
particularly well substituted with any other amino acid.

Clinical whole-exome sequencing also identified a
variant of uncertain significance, a novel heterozygous
in-frame deletion ¢.11361 11387del, p.(Asp3788 Thr-
3796del) (NM_001376.4) in DYNC1H1, which encodes
the heavy chain of cytoplasmic dynein 1 that acts a motor
involved in trafficking of vesicles and organelles along
microtubule. The variant deletes 9 highly conserved
amino acid residues in the motor domain of DYNCI1H]1
(19). Sanger sequencing of both parents revealed that the
variant has occurred de novo in the patient.

Literature review on DSP and DSG1 variants and
phenotype

The clinical and laboratory characteristics of the patients
were compared with heterozygous variants in DSP SR6
and with homozygous or compound heterozygous va-
riants in DSGI and SAM-like phenotype (Table I and
Fig. 2). SR6 region dominant DSP variants have been
reported in 15 patients, with clinical features ranging
from a constellation of PPK, woolly hair and arrhyth-
mogenic cardiomyopathy at one end of the spectrum
(patients 7—13) to a SAM-like disease with erythroderma,
ichthyosis, hypotrichosis, recurrent infections, FTT
and gastrointestinal manifestations (patients 1-3, 14)
at the other end of the spectrum (Table I). Overlapping
features of cardiomyopathy, erythroderma, ichthyosis,
hypotrichosis, PPK and woolly hair have been reported
in another 4 patients with DSP variants (patients 46,
15, Table I).

Overall, the shared clinical manifestations (DSP/
DSG1I) are as follows: PPK (100%/92%), erythroderma
(53%/67%), ichthyosis (53%/50%), FTT (40%/33%), re-
current infections (20%/33%), gastrointestinal problems
(27%/17%) and developmental delay (20%/25%) (Fig.
2). Otherwise, clinical features varied considerably. Sub-
jects with DSG1 variants do not manifest eosinophilia,
pustulosis, dental and ophthalmic abnormalities, hoarse
voice, cardiomyopathy or arrhythmias. Woolly hair and
nail abnormalities were more common in patients with
DSP variants (14/15 vs. 4/12, p=0.003 and 11/15 vs.
1/12, p=0.001, respectively), while elevated IgE and
food allergies were observed more frequently in patients
with DSG1 variants (10/12 vs. 3/15, p=0.002 and 8/12
vs. 3/15, p=0.022, respectively).

DISCUSSION

We report here a patient with a novel DSP variant
¢.1756C>T, p.His586Tyr and severe erythrodermic
ichthyosis, resembling, but distinct from, SAM, with
previously undescribed features of severe recurrent
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Fig. 2. The prevalence of clinical features in 15 patients with DSP (black bars, Table I) and 12 patients with DSG1 (grey bars, references 2-7)

variants.

mucocutaneous HSV-1 infection, oral pyogenic granu-
loma, gastritis and brain lesions. The patient was treated
successfully with ustekinumab, targeting the IL-12 and
IL-23 as well as downstream IL-17 pathways and adding
to the previously reported favourable experience with this
medication in another 2 patients with DSP SR6 variants
(9). The current patient is thus the third case reported to
benefit from ustekinumab therapy.

Patients with SAM present with chronic inflamma-
tion of the skin and gastrointestinal epithelium, leading
to a dysregulated immune response (9, 12). Our patient
showed lymphocytic and plasmablast infiltrates in the
gastric mucosa. Coupled with swallowing difficulties
and gradually progressing vomiting, as well as further
development of mild oesophagitis, these may reflect des-
moplakin-related disruption of gastrointestinal mucosa or
food intolerance. The severe reaction to cow’s milk was
out of proportion to his serum IgE levels and resembled
food protein-induced enterocolitis syndrome (23).

The aetiology of brain abnormalities in our patient
remains unexplained, since DSP is not expressed in the
central nervous system (The Human Protein Atlas; GTEx
Portal) and since DSP variants have not been associated
with brain tissue pathology. Therefore, factors such as
undiagnosed perinatal hypoxia, severe FTT and drastic
dysnatraemia may contribute. However, developmental
delay has been reported in association with some DSP
variants (Table I) and its link to desmosomal protein
dysfunction warrants further study. Interestingly, our
patient had a novel heterozygous de novo inframe dele-
tion p.(Asp3788 Thr3796del) in DYNCI1H]I, of which
de novo variants have been reported in patients with

www.medicaljournals.se/acta

malformations of cortical development and various other
neurological disorders (24, 25). However, the contribu-
tion of the DYNC1H1 variant to actiology of the observed
symmetrical bilateral diffusion modality changes in our
patient remains unknown.

The self-resolving tongue pyogenic granuloma in
our patient was positive for multiple viral nucleic
acids. Although HPV is a well-known cause of mouth
papillomatous lesions, both HPV and CMV nucleic
acids are frequently detected in oral cavities of healthy
infants (26, 27). Instead, HSV-2 and HSV-1 have been
reported to cause self-resolving pseudotumour on the
tongue (28) and pyogenic granuloma (29), consistent
with the preceding HSV-1 mucocutaneous infection
in our patient. Also, mechanical stress from a recently
introduced pacifier may have contributed to lesion
formation (30).

IVIG therapy may have reduced the number of bacte-
rial infections in our patient, as well as in the first des-
cribed individual with SAM due to DSP variant, despite
the normal pretreatment IgG levels in both. Also, IVIG
has demonstrated efficacy in patients with Netherton
syndrome (31). This may reflect the need for higher IgG
levels in patients with epidermal barrier defects who
lose protein continuously via inflamed skin. In addition,
specific antibody deficiency has been described in some
subjects with Netherton syndrome (32). In our patient,
IgG levels decreased despite initiation of IVIG, but sta-
bilized after higher and more frequent IVIG dosing. The
beneficial effects of IVIG therapy in our case may thus be
explained by age-specific immature antibody production
exacerbated by chronic protein loss via skin. Acitretin is
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successfully used in the management of ichthyoses (33,
34) and was also partially effective in our patient.

Ustekinumab targets the disrupted balance of 1L-23 /
Th17 pathway and has been efficient in controlling skin
inflammation in 2 patients with DSP SR6 variants (9),
as well as in our case. We provide novel data on the de-
crease in serum IL-17A and IL-17F levels after initiation
of ustekinumab therapy, adding evidence of its biologic
efficacy in patients with DSP mutations. The increase
in IL-12p70 levels, although in levels below 1 pg/ml,
during ustekinumab therapy may reflect a compensatory
protective effect of IL-12 in skin inflammation (35).
Follow-up studies are needed to test the efficacy, if any,
of ustekinumab in preventing the development of car-
diomyopathy, a fatal complication seen in the majority
of DSP SR6 variant patients (Table I).

Patients with SR6 DSP variants manifest a spectrum of
clinical features, ranging from PPK and cardiomyopathy
to SAM-like disease. We add severe HSV-1 infection,
brain abnormalities and persistent gastrointestinal pro-
blems to the diversity of their phenotype. DSP variants
should be included in the differential diagnosis of infants
with ichthyosiform erythroderma, FTT, recurrent infec-
tions and these novel features, to allow rapid diagnosis
and early therapy. Based on current literature, the clinical
features in SAM, SAMEC and SAM-like phenotypes
are highly variable. Clinicians caring for these patients
should be familiar with the diverse manifestations of
desmosomopathies, as well as the importance of early
genetic diagnosis, given that only patients with DSP SR6,
not DSG1 variants, are at inevitable risk of developing
cardiomyopathy. Further studies on the mechanisms of
immune dysregulation in patients with DSG/ and DSP
variants would provide background for novel targeted
therapies, such as immunosuppressants or immunomo-
dulators.
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