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ABSTRACT Severe bacterial (pneumococcal) infections are commonly associated
with influenza and are significant contributors to the excess morbidity and mortality
of influenza. Disruption of lung tissue integrity during influenza participates in bac-
terial pulmonary colonization and dissemination out of the lungs. Interleukin-22 (IL-
22) has gained considerable interest in anti-inflammatory and anti-infection immuno-
therapy over the last decade. In the current study, we investigated the effect of
exogenous IL-22 delivery on the outcome of pneumococcal superinfection postinflu-
enza. Our data show that exogenous treatment of influenza virus-infected mice with
recombinant IL-22 reduces bacterial dissemination out of the lungs but is without
effect on pulmonary bacterial burden. Reduced systemic bacterial dissemination
was linked to reinforced pulmonary barrier functions, as revealed by total protein
measurement in the bronchoalveolar fluids, intratracheal fluorescein isothiocyanate-
dextran tracking, and histological approaches. We describe an IL-22-specific gene
signature in the lung tissue of influenza A virus (IAV)-infected (and naive) mice that
might explain the observed effects. Indeed, exogenous IL-22 modulates the gene ex-
pression profile in a way that suggests reinforcement of tissue integrity. Our results
open the way to alternative approaches for limiting postinfluenza bacterial superin-
fection, particularly, systemic bacterial invasion.
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Despite the application of vaccination programs and antiviral drugs, influenza A
virus (IAV) infection is one of the most important causes of respiratory tract

diseases and is responsible for widespread morbidity and mortality every winter (H1N1
and H3N2 strains) (1). Severe bacterial, including pneumococcal, infections are com-
monly associated with influenza and are significant contributors to the excess morbid-
ity and mortality of influenza during epidemics and pandemics (2, 3). Mechanisms
leading to bacterial superinfection include denudation of the epithelial cell surface
(through neuraminidase activity) and disruption of the lung barrier integrity, both of
which are effects due to the virus itself. This physical alteration promotes bacterial
adherence and systemic invasion (1, 2, 4, 5). On the other hand, dysfunction of
pulmonary innate effector cells greatly contributes to bacterial superinfection (for
reviews, see references 1–3 and 6–8). Today’s treatments of secondary bacterial infec-
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tions are still not effective enough. Moreover, antibiotic resistance is a major issue.
Hence, there is an urgent need for novel therapies.

Interleukin-22 (IL-22) is emerging as an important, though versatile, cytokine in
many physiological and pathological situations. This IL-10-related cytokine acts on
nonhematopoietic cells at barrier surfaces, particularly on epithelial cells (9–12). Exper-
imental models and clinical studies have revealed that IL-22 can be protective or
proinflammatory depending on the tissue and the context in which it is expressed (10,
13–18). In the intestine, IL-22 maintains epithelial barrier integrity, controls the dissem-
ination of commensal bacteria, and protects against pathogenic intruders (19–25).
These effects are mediated by induction of genes related to epithelial cell regeneration
and proliferation, antimicrobial peptides (Reg3� and Reg3�), chemotactic factors, and
mucins. Through these properties, IL-22 protects against inflammatory intestine disor-
ders (21). In the pulmonary compartment, IL-22 protects against acute and chronic
airway inflammation, including ventilator-induced lung injury and lung fibrosis,
whereas its role in asthma is more ambiguous (26–31). IL-22 plays a role in pulmonary
mucosal defenses against intracellular and extracellular bacteria, including Klebsiella
pneumoniae, Chlamydia muridarum, Staphylococcus aureus, Haemophilus influenzae,
Streptococcus pneumoniae, and Mycobacterium tuberculosis (32–44). The positive role of
IL-22 in respiratory fungal infections has also been reported (45, 46). Fewer studies have
been devoted to decipher the function of IL-22 during respiratory viral infections, and
most of them focused on IAV infection (47).

During IAV infection, IL-22 is rapidly produced in the lung tissue by natural killer (NK)
cells, nonconventional T cells (�� T cells and natural killer T [NKT] cells), and type 3
innate lymphoid cells (48–51). We along with others have shown that endogenous IL-22
is protective (reduced pneumonia) during H1N1 and H3N2 influenza virus infections
(49, 50, 52). In these systems, IL-22 might protect against epithelial damages caused by
virus replication although underlining mechanisms are still elusive (49). IL-22 might also
participate in airway epithelial regeneration and barrier repair (50, 52). Importantly,
production of endogenous IL-22 during influenza virus infection leads to reduced
susceptibility to secondary bacterial (pneumococcal) infection (51). In the current study,
we examined the effect of exogenous IL-22 supplementation in the control of second-
ary bacterial infection postinfluenza. Our data show that IL-22 supplementation during
influenza fails to hamper bacterial development in the lung compartment but reduces
systemic bacterial dissemination. Our study identified for the first time an IL-22-specific
gene signature in lung tissue that might explain the observed effects.

RESULTS
Exogenous IL-22 induces a classical gene signature in the liver but not in the

lungs. We first tested the in vivo biological activity of IL-22-Fc, a fusion protein with a
prolonged half-life in vivo (53). To this end, the expression of genes known to be
targeted by IL-22 (19–25, 41, 42) was analyzed by quantitative reverse transcription-PCR
(RT-PCR). Compared to treatment with the IgG control, intraperitoneal (i.p.) inoculation
of IL-22-Fc induced upregulation of Saa3, Reg3b, and C3 transcripts in the liver at 24 h
postadministration (Fig. 1A, left panel). In marked contrast, intranasal (i.n.) administra-
tion of IL-22-Fc failed to induce gene expression in the liver, even at 72 h postadmin-
istration (Fig. 1A, left panel; also data not shown). This can be partly explained by the
low concentration of IL-22-Fc in the serum at 24 h post-intranasal administration (Fig.
1A, right panel). We next turned to analyze the effect of IL-22-Fc on gene expression in
the pulmonary compartment. Relative to treatment with the IgG control, and regardless
of the mode of inoculation and the time point analyzed (including 8 h), IL-22-Fc failed
to upregulate mRNAs encoding Saa3, Reg3b, C3 as well as other potential targets such
as Reg3g, S100a9, and S100a8 (Fig. 1B, left panel; also not shown). Of note, IL-22-Fc was
still detected in the bronchoalveolar lavage (BAL) fluids at 24 h and, to a lesser extent,
at 72 h after i.n. inoculation (Fig. 1B, right panel). Collectively, our data indicate that
IL-22-Fc is biologically active but fails to induce a classical IL-22 gene signature in the
lung tissue.
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Exogenous IL-22 induces gene expression in the lung tissue suggestive of
enhanced barrier functions. To decipher the impact of exogenous IL-22 on pulmonary
gene expression, we performed a transcriptomic analysis of the whole lung. Relative to
expression levels in the IgG-treated control, 431 genes were differentially expressed in
response to IL-22-Fc at 8 h postadministration, including 273 upregulated genes and
158 downregulated genes (P � 0.05; fold change, �2) (Fig. 2A). At 48 h posttreatment,
the proportion of upregulated genes was less important (101 versus 294 downregu-
lated genes) (see Fig. S1A in the supplemental material). Gene ontology (GO) analysis
revealed six families of genes whose expression levels are generally down-modulated
at 8 h by IL-22-Fc, most of them having metabolic (including lipid and amino acid)
functions (Fig. 2B, left panel). Of interest was the identification of several families
(mostly upregulated genes) involved in cellular functions, including growth and orga-
nization/maintenance (Fig. 2B, right). Similar modulated pathways were observed at 48
h posttreatment (Fig. S1B). A heat map of selected genes (8 h), on a total of 20,
representative for the category cellular growth and proliferation is shown in Fig. 2C.
Some genes are described to display transcriptional activity or chromatin binding,
including Kdm6a, Bcl11b, Arid3c, Nlrp1b, Lhx5, Myt1, Pax1, and Cbx3 (Fig. 2C). In this
family, genes involved in epithelial cell proliferation were detected, including Egfr, Egr4,
Bcl11b, Flg2 (also involved in epithelial barrier), and Foxn1 (epithelial differentiation)
(Fig. 2C, right, and Table 1). Within the cell morphology family, members belonging to
the adhesion proteins, including Cd9 (tetraspanin), Cdh9 (cadherin), Cntn4 (contactin),
Angptl1, (angiopoietin), pappa2, (pappalysin), and Cib1 (calmyrin) and to the extracel-
lular matrix-associated proteins, such as Col12a1 (collagen), Col24a1, Thsd7b (throm-
bospondin), and Adamts3 (disintegrin/metallopeptidase) were identified (Fig. 2). This

FIG 1 Effect of IL-22 treatment on gene expression in the liver and in the lungs. (A) Mice were i.p. treated with 100
�g of IL-22-Fc or isotype control. After 24 h, liver RNAs were extracted, and gene expression was analyzed by
quantitative RT-PCR. The concentration of IL-22 in the blood was measured by enzyme-linked immunosorbent
assay at 24 h and 72 h after inoculation. (B) Mice were i.n. treated with 100 �g of IL-22-Fc or an isotype control.
Lung RNAs were extracted at 24 h after treatment. IL-22 was measured by enzyme-linked immunosorbent assay in
the BAL fluids at 24 h and 72 h postinoculation. Data are expressed as fold increase over average gene expression
in isotype-treated mice and represent the means � standard deviations. One representative experiment out of two
(n � 3 to 6), except for panel A (n � 8, two pooled experiments), is shown. *, P � 0.05; **, P � 0.01 (Mann-Whitney
t test for data in the left panels and a Kruskal-Wallis one-way ANOVA for data in the right panels).
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FIG 2 Transcriptomic signature of IL-22 in the lungs of naive mice. (A) Total RNAs from Ig-treated mice or IL-22-Fc-treated mice (5 �g/animal)
were extracted from the lungs at 8 h poststimulation. Hierarchical clustering diagrams showing individual replicates are represented.
Normalized intensity values (IL-22-Fc condition compared to IgG condition) are depicted in blue (downregulated) or red (upregulated) (P �
0.05 and fold change of �2). The magnitude of the regulation is illustrated by the intensity of the color. Hierarchical clustering representation
indicates a minimal effect of the isotype control in the lung tissue (data not shown). (B) Gene ontological analysis. Significantly enriched
pathways are represented as a bar plot (IPA). For panels A and B, data from three mice are shown. (C) Heat maps of genes that were
differentially regulated by IL-22 treatment and that belong to the cellular growth and proliferation family (GO:0008283) and, within this family,
belonging to the epithelial growth and proliferation subfamily (GO:0050673). Representative genes are noted on the right. Each column
represents data from one individual mouse, with three mice per group. (D) Heat maps of genes represented in the families of adhesion
proteins (GO:0022610) and extracellular-matrix (ECM)-associated proteins (GO:0031012), both belonging to the morphology family. (E)
Naive mice were treated with IL-22-Fc or IgG (5 �g/animal), and 8 h later, cells from whole lungs were analyzed by flow cytometry. The mean
number � standard deviation of alveolar macrophages (CD45� Siglec F� CD11blow) and neutrophils (CD11b� Ly6G� Siglec F�) are depicted
(n � 8; two independent experiments).
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gene regulation suggests that IL-22 treatment could result in increased adherence
strength of the epithelial structure and consequently could participate in maintaining
tissue integrity. At 8 h, a small number of immune genes were also found to be
upregulated by IL-22, including Nlrp1b, IL-21, Cxcl9, Tnfrsf19, Gzmk, Cd4, Ptcra, and
Skint4 (Table 1 and Fig. S1C). Surprisingly, no antimicrobial peptide genes were
significantly upregulated upon IL-22-Fc stimulation. Of note, flow cytometry analysis
revealed that, at the dose used, IL-22 did not modulate the number and frequency of
immune cells in the lung tissue, including macrophages, dendritic cells, neutrophils,
nonconventional T cells (�� and NKT cells), and conventional B/T lymphocytes (Fig. 2E;
also data not shown). Collectively, this unbiased analysis demonstrates that, upon IL-22
stimulation, the lung modulates its gene expression profile in a way that suggests
reinforcement of barrier functions.

Treatment with IL-22 during influenza virus infection results in enhanced
barrier functions. We next analyzed the effect of IL-22-Fc supplementation on gene
expression in the context of IAV infection. To this end, mice were i.n. treated with
IL-22-Fc or the isotype control 7 days after IAV infection, the peak of the inflammatory
response. Compared to expression levels in the IgG1-treated control, 1,231 genes were
differently regulated (P � 0.05; fold change, �2), of which 1,038 genes were upregu-
lated and 193 genes were downregulated upon IL-22 treatment (8 h) (Fig. S2A). This
number contrasted with the 431 regulated genes under noninfected conditions, indi-
cating that IL-22 acts in concert with mediators produced during infection. As observed
in naive animals, the dominant pathways promoted by IL-22 during IAV infection relate
to metabolism and cellular (growth, maintenance, and repair) functions (Fig. 3A). Of
note, the intensity of the response was drastically increased in comparison to the
response under naive (mock) conditions. The most highly significant family found to be
modulated by IL-22 was the group of cellular growth and proliferation genes, which
included a total of 114 genes (Fig. S2B and data not shown). Of particular interest,
several genes within the family of epithelial cell proliferation genes were upregulated

TABLE 1 Genes belonging to the epithelial growth and proliferation family and the immune response family that are altered by IL-22 in
naive micea

GO family and gene symbol
Fold
increase Name Function(s) Role(s) in the lung

Epithelial growth and proliferation
(GO:0050673)

Egfr 2.7 Epidermal growth factor receptor Differentiation, barrier functions Repair of damaged alveolar
epithelium, mucin
production

Egr4 3.6 Early growth response 4 Differentiation, barrier functions Unknown
Bcl11b 2.6 B cell leukemia lymphoma 11B T-cell differentiation and

proliferation
Unknown

Flg2 5.8 Filaggrin family member 2 (S100
fused-type protein)

Epithelial homeostasis, barrier
functions, epithelial
differentiation

Unknown

Foxn1 3 Forkhead box N1 Antimicrobial activity Unknown

Immune response (GO:0006955)
Nlrp1b 2.4 NLR family, pyrin domain-

containing 1B
Inflammasome, host defense Unknown

Il21 2 Interleukin-21 Immune regulation, host defense Control IL-17 production
Cxcl9 2 Chemokine (C-X-C motif) ligand 9 CXCR3 ligand Inflammation, defense
Tnfrsfl9 4.5 Tumor necrosis factor receptor

superfamily, member 19
Development, apoptosis Unknown

Gzmk 3.1 Granzyme K Cell lysis Defense (?)
Cd4 2.3 CD4 antigen T cell marker Defense
Ptcra 2.9 Pre-T cell receptor �-type chain

precursor
TCR component Unknown

Skint4 2.6 Selection and upkeep of
intraepithelial T cells 4

T cell maturation (?) Unknown

aGene expression was assessed at 8 h. Uncertain functions/roles are indicated with a question mark.

IL-22 Reduces Bacterial Dissemination Postinfluenza Infection and Immunity

July 2018 Volume 86 Issue 7 e00706-17 iai.asm.org 5

 on S
eptem

ber 17, 2018 by guest
http://iai.asm

.org/
D

ow
nloaded from

 

http://iai.asm.org
http://iai.asm.org/


FIG 3 Effect of IL-22 supplementation on pulmonary gene expression and barrier functions. (A to C) Transcriptomic
signature of IL-22 in the lungs of IAV-infected mice. Mice were i.n. infected with 500 PFU of the H1N1 pandemic IAV strain.
At 7 days postinfection, mice were treated with PBS, the isotype control (5 �g/animal), or IL-22-Fc (5 �g/animal). Lung
samples were collected 8 h later for further transcriptomic analysis. Ontological analysis is shown in panel A. Significantly
enriched pathways are represented as a bar plot (IPA). Data from four mice are shown. In panels B and C, heat maps show
genes that were differentially regulated by IL-22 treatment and that belong to the epithelial growth and proliferation
family (GO:0050673) and to the tissue integrity family. Representative genes are noted on the right. Each column
represents data from one individual mouse, with four mice per group. (D) Protein concentrations in the BAL fluids of
IAV-infected mice treated with IL-22-Fc or IgG. Data represent the means � standard deviations (n � 10 to 12; three pooled
experiments). (E) IAV-infected mice, untreated or treated with IL-22, were inoculated with FITC-dextran. One hour later,
FITC-dextran was quantified in the blood. Data represent the means � standard deviations (n � 8; two pooled
experiments). *, P � 0.05; ***, P � 0.001 (Kruskal-Wallis one-way ANOVA).
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upon IL-22 treatment. This includes growth factors or receptor for growth factors (Fgf9,
Fgfr4, Gdf5, MstI, Ptn, Bmp10, and Bmpr2) and genes relevant in lung development,
structure, and angiogenesis, such as Lgr5, Efna2, Sema5a, Sox5, Vash1, Kif3c, and
Col25a1 (Fig. 3B and Table 2). Moreover, IL-22 treatment triggered the expression of
genes involved in physical barrier (e.g., apical junction complex and components of the
desmosome) and repair/regeneration functions, the so-called tissue integrity family
(Fig. 3C and Table 3). This includes cell-cell adhesion molecules such as claudin and
cadherin (Cldn24, Pcdh15, Cdh16, and dsg1c) and molecules participating in extracellular
matrix components such as papilin (Papln) and reelin (Reln). Other genes with poten-
tially important functions in lung barrier were identified, including desmoyokin (Ahnak),
follistatin like-1 (Fstl1), involucrin (Ivl), otogelin (Otog), thymosin �10 (Tmsb10), parkin 2
(Park2), chloride channel calcium-activated 4a (Clca4a), and spectrin beta (Sptbn1). The

TABLE 2 Genes of the epithelial growth and proliferation family (GO:0050673) altered by IL-22 in IAV-infected micea

Gene symbol
Fold
increase Nameb Function(s) Role(s) in the lungc

Fgf9 2.2 Fibroblast growth factor 9 Cell differentiation, antiapoptotic Development, organogenesis,
antifibrotic, repair

Fgfr4 2.4 Fibroblast growth factor receptor 4 Epithelial-mesenchymal transition Alveolar development, repair (?)
Gdf5 3.2 Growth differentiation factor 5

(TGF-� family)
Cell differentiation, angiogenesis,

antiapoptotic
Unknown

Ptn 7.5 Pleiotrophin (related to midkine) Cell differentiation, angiogenesis Fetal development
Bmp10 3.4 Bone morphogenetic protein 10

(TGF-� family)
Endothelial homeostasis, angiogenesis Fetal development (?)

Bmpr2 7 Bone morphogenetic protein
receptor 2 (TGF-� family)

Tissue remodeling Arterial hypertension

Lgr5 7.7 Leucine-rich repeat-containing G
protein-coupled receptor 5

Marker of adult stem cells (epithelial
tissues)

Morphological structure, alveoli
and bronchi

Efna2 8.3 Ephrin A2 Angiogenesis, vascular permeability Lung inflammation
Sema5a 2.2 Sema domain 7, thrombospondin

repeats, TM domain, short
cytoplasmic domain 5A

Development biology, axonal
guidance

Prognostic biomarker for lung
cancer

Sox5 3.4 Sex determining region Y-box 5 Epithelial-mesenchymal transition Development
Vash1 3.4 Vasohibin 1 Inhibits angiogenesis Reduces bronchiolitis
Kif3c 4.4 Kinesin family member 3C Microtubule dynamic, ciliogenesis Epithelial-mesenchymal transition
Col25a1 5 Collagen type 25�1 Basement membrane, structure (brain) Unknown
aGene expression was assessed at 8 h.
bTM, transmembrane.
cUncertain roles are indicated with a question mark.

TABLE 3 Genes of the tissue integrity family altered by IL-22 in IAV-infected micea

Gene symbol
Fold
increase Name Function(s)b Role in the lung

Cldn24 17.8 Claudine 24 Tight junction component, epithelial
barrier integrity

Unknown

Cdh16 2 Cadherin 16 Tissue development, cell-cell adhesion Unknown
Pcdh15 20.3 Protocadherin 15 Cell-cell adhesion Unknown
Dsglc 5 Desmoglein 1 gamma (cadherin-like) Cell-cell junction, desmosome Dysregulated expression in cancer
Papln 15.3 Papilin ECM protein, basement membrane Unknown
Reln 5.5 Reelin ECM protein barrier, healing remodeling Unknown
Ahnak 5.3 Desmoyokin Cell-cell junction, desmosome Tumor suppressor (?)
Flst1 4.9 Follistatin like-1 Tight junctions, transepithelial resistance Alveolar epithelial differentiation
Ivl 2.2 Involucrin Keratinocyte differentiation, epidermal

barrier
Dysregulated expression (cancer)

Otog 11.4 Otogelin Fibrillar network, mucus-like protective
layer

Unknown

Tmsb10 21.1 Thymosin �1 Cytoskeleton, angiogenesis, reparation Protection against damage (?)
Park2 14.7 Parkin2 E3 ubiquitin ligase, mitophagy Regulate inflammation and fibrosis
Clca4a 5 Chloride channel calcium activated 4A Intestinal crypt epithelial cells Unknown
Sptbn1 10.1 Spectrin beta Membrane cytoskeleton, gap junction (?) Unknown
aGene expression was assessed at 8 h. Uncertain functions/roles are indicated with a question mark.
bECM, extracellular matrix.
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modulated expression of these genes was confirmed by quantitative RT-PCR (Fig. S2C
and data not shown). These data suggest that treatment with IL-22 might restrict loss
of epithelial barrier functions due to IAV. In agreement with this hypothesis, IL-22
treatment reduced total protein concentration in the BAL fluids of infected animals (Fig.
3D). To further demonstrate improved pulmonary barrier properties following IL-22
treatment, diffusion of fluorescein isothiocyanate (FITC)-dextran across the pulmonary
barrier was measured. As revealed in Fig. 3E, IL-22 treatment lowered the translocation
of FITC-dextran from airspace to plasma. The positive effect of exogenous IL-22 was
confirmed by histological examinations of lung sections (Fig. 4). Indeed, a significant
reduction of airway inflammation (pneumonia) was noticed in IL-22-treated IAV-

FIG 4 Histological analysis of lung sections from IAV-infected (at 7 days postinfection) mice untreated or
treated with IL-22. (A) Representative lung sections stained with hematoxylin and eosin are shown. Alveolar
lesions (middle row) and perivascular and peribronchic infiltrates combined with lesions of alveolitis
(bottom row) are shown. Arrows indicate denuded epithelia. Bv, blood vessel, Br, bronchiole. (B) Sections
were scored blindly for levels of immunopathology. Data represent the means � standard deviations (n �
5 mice/group). *, P � 0.05; **, P � 0.01 (Mann-Whitney t test).
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infected animals relative to the level in IgG-treated controls (Fig. 4A, top panels, and B).
In IL-22-treated mice, alveolitis and bronchiolitis (in tendency) were less pronounced
(Fig. 4A, middle and bottom panels, and B). In addition, epithelia surrounding the
bronchi from IL-22-treated mice were less damaged. Signs of severe injury, character-
ized by augmented loss of intercellular cohesion and denuded epithelium, were
observed in IAV-infected mice and were less pronounced after IL-22 supplementation
(Fig. 4A, bottom panels). Together, these results indicate that supplementation of IL-22
during influenza virus infection reduces lung pathology and enhances pulmonary
barrier functions.

Exogenous IL-22 alters immune gene expression and prevents the recruitment
of inflammatory monocytes in the lungs of IAV-infected mice. We next turned to

analyze the effects of IL-22 supplementation on immune gene expression during
influenza virus infection. Gene expression profiling revealed that IL-22 modulates genes
associated with cell adhesion, leukocyte migration, and immune response (Fig. 5A and
B). With respect to the last category, interferon (IFN) type I receptor (Ifnar1) and IFN type
I-stimulated genes, including Ifna11 and Ifitm10, were upregulated (Fig. 5B and Table 4).
Although these genes might play a role in virus clearance, IL-22 supplementation failed
to reduce the viral load in the lungs (Fig. 5C). In parallel, Lif, C9, Nlrp9a, Sema5a, Cd300lf,
Skint4, Skint1, and IL22ra1 transcripts were upregulated in response to IL-22 (Fig. 5B and
Table 4). With respect to IL22ra1, this indicates an autocrine loop in line with the
presence of STAT-3 binding sites in the proximal promoter region of IL-22R1. Some
antibacterial innate immune genes were also induced by IL-22, including defensins
(Defa1 and Defb14), the two members of the emerging cytokine family midkine/
pleiotrophin (Mdk and Ptn), and the pentraxin family member Crp (Fig. 5B and Table 4).
Influenza virus infection is associated with a recruitment of inflammatory mono-
cytes, neutrophils, and NK cells. Of interest, flow cytometry analysis indicated that
while IL-22 did not impact the recruitment of neutrophils and NK cells, it signifi-
cantly lowered that of inflammatory monocytes, a population known to promote
lung (epithelial) damage during influenza virus infection (54–56) (Fig. 5D). IAV
infection reduces the number of alveolar macrophages and conventional dendritic
cells, a process that can lead to secondary bacterial infections (57, 58; also submit-
ted for publication). IL-22 supplementation did not have an impact on the number
of alveolar macrophages and conventional dendritic cells (Fig. 5E). Of note, IL-22
had no effect on the frequency/number of nonconventional T cells (NKT and �� T
cells) and conventional B/T lymphocytes (data not shown). Collectively, IL-22 treat-
ment during influenza alters immune gene expression and reduces the number of
inflammatory monocytes in the lungs, a population that exacerbates bacterial
superinfection (56).

IL-22 inoculation reduces systemic bacterial dissemination in superinfected
animals. Impaired lung (barrier) integrity and a defective innate immune response are the
two major causes leading to bacterial superinfection postinfluenza (1–4, 6–8). We have
previously shown that endogenous production of IL-22 during influenza virus infection
(H3N2) is important to control secondary bacterial outgrowth in the lungs (51). As Fig. 6A
(left panel) shows, this is also the case after infection with H1N1 IAV. Indeed, compared to
superinfected Il22�/� mice, IL-22-proficient animals had a decreased bacterial load in the
lung compartment. In contrast, superinfected IL-22-proficient mice had an identical number
of bacteria in the spleen (Fig. 6A, right). As our current data show that IL-22 reinforces lung
barrier properties, we hypothesized that supplementation of IL-22 in the context of IAV
infection could reduce the extent of secondary bacterial infection. Intranasal inoculation of
IL-22-Fc before S. pneumoniae challenge failed to reduce the number of bacteria in the lung
tissue (Fig. 6B, left panel). Of interest, IL-22 supplementation led to a significant decrease
(�10-fold less) of bacteria in the spleen in doubly infected mice (Fig. 6B, right panel).
Collectively, treatment with IL-22 just before pneumococcal challenge significantly reduces
systemic invasion in superinfected mice, an effect that probably relies on improved
lung integrity.
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DISCUSSION

A major cause of respiratory failure during IAV infection is damage to the epithelial
barrier, including the epithelial-endothelial barrier of the pulmonary alveolus (7).
Interleukin-22 has recently gained significant attention as a protective agent in diseases

FIG 5 (A) Heat maps of genes belonging to cell adhesion (GO:0007155) and leukocyte migration (GO:0050900) families. (B) Heat map of genes belonging to
the immune response family (GO:0006955). (C) Determination of the viral load after IL-22 treatment. IAV M1 mRNA levels were measured by quantitative RT-PCR.
Data are expressed as cycle threshold (CT) values. The dashed line represents the detection threshold (n � 6). (D) IAV-infected mice were treated at 7 days
postinfection with IL-22-Fc (5 �g/animal) or the isotype control. Eight hours later, cells from whole lungs were analyzed by flow cytometry. The mean number
� standard deviation of inflammatory monocytes (IM) (CD45� Siglec F� Ly6G� Ly6C� CD11b� CCR2�), neutrophils (CD45� CD11b� Ly6G� Siglec F�), and NK
cells (CD45� NKp46� TCR��; TCR� is T cell receptor beta) are depicted. (E) The mean numbers � standard deviations of alveolar macrophages (CD45� Siglec
F� CD11blow) and conventional dendritic cells (cDC) (CD45� CD11chigh MHC class II� Siglec F� CD64�; MHC is major histocompatibility complex) are depicted.
(D and E) As a control, the number of immune cells from mock-treated mice are indicated (n � 8; two pooled experiments). The statistical analysis between
mock-treated and IAV-infected mice is not depicted. *, P � 0.05 (Kruskal-Wallis one-way ANOVA).
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driven by epithelial injury, particularly in the skin and intestine (10, 12, 17, 59). In the
lung tissue, its role is more diverse, and its effects on pulmonary disease outcomes
seems to depend, in part, on the synthesis of other factors, including IL-17 (14). In the
context of influenza virus and secondary bacterial infection, recent data suggest that
endogenous IL-22 is beneficial (48–52). In view of the medical and economic burden of
influenza, we investigated in the current study the effect of exogenous IL-22 on the
outcome of secondary bacterial (pneumococcal) infection postinfluenza.

To our surprise, the molecular signature induced by IL-22 supplementation in the
lung compartment is still elusive. Microarray analysis on whole lungs was determined
in naive animals and in animals infected 7 days before with IAV. We chose this time
point as it corresponds to the peak of susceptibility to bacterial infection. Pathway
analysis of the IL-22-specific genes revealed that the top pathways modulated in naive
animals are related to metabolism (downregulation) and cellular functions (upregula-
tion), including growth, morphology, organization, and maintenance. Analysis of mod-
ulated genes indicated a reinforcement of the lung (epithelial) barrier functions under
naive conditions. Under resting conditions, the IL-22 receptor (IL-22R1 subunit) mainly
locates on tracheobronchial epithelial cells and, to a lesser extent, on airway epithelial
cells (large and small airways, but not parenchyma) (52). Of interest, recent data
indicate that the IL-22 receptor is also expressed by (microvascular) endothelial cells,
especially at alveolar sites (60, 61). Although it has been suggested that neutrophil
proteolytic enzymes might cleave the IL-22 receptor (62), its expression appears to
increase during the course of influenza (at least at 21 days postinfection) to localize at
the sites of parenchymal lung remodeling/repair (repairing alveoli) (52). Moreover, our
published data indicate that expression of IL-22 binding protein, a potent inhibitor of
IL-22 biological activity, decreases during influenza (51). Together, these findings
indicate that IL-22 immunotherapy might (positively) impact the outcome of influenza
virus pathogenesis. IL-22 supplementation induces the modulation of a myriad of
genes during influenza virus infection (at 7 days postinfection), thus confirming the
functionality of the IL-22 receptor. The majority of genes (�84%) identified were
upregulated. Among them were genes implicated in epithelial functions, including
epithelial growth/differentiation (e.g., fibroblast growth factors and transforming
growth factor � [TGF-�] family members) and in epithelial-endothelial barrier proper-
ties (claudin, cadherin [like], follistatin, involucrin, and reelin). IAV is known to strongly

TABLE 4 Genes of the immune response family (GO:0006955) altered by IL-22 in IAV-infected micea

Gene
symbol

Fold
increase Nameb Function(s) Role in the lung

Ifnar1 3 Interferon (type 1) receptor Immune stimulation Defense (virus)
Ifna11 8.2 Interferon alpha 11 Immune stimulation Defense (virus)
Ifitm10 4.3 Interferon-induced TM protein 10 Immune stimulation (virus) Unknown
Cxcl2 2 Chemokine (C-X-C motif) ligand 2 Cell recruitment Defense wound healing
Lif 8.2 Leukemia inhibitory factor (IL-6 member) Immune regulation, differentiation of

myeloid cells
Protection during (viral) pneumonia

C9 2.5 Complement component 9 Bacterial lysis, phagocytosis, cell
recruitment

Defense

Nlrp9a 7.2 NLR family, pyrin domain containing 9A Inflammasome, defense Unknown
Sema5a 2.2 Semaphorin 5A Cellular immune response Unknown
Cd3001f 6.7 CD300 antigen like family member F Efferocytosis (?), dendritic cell functions (?) Unknown
Skint4 74.6 Selection and upkeep of intraepithelial T

cell 4
T cell maturation (?) Unknown

Skint1 8.6 Selection and upkeep of intraepithelial T
cell 1

Epidermal T cell selection Unknown

defa1 3 Defensin �1 Defense Unknown (?)
defb14 2 Defensin �14 Defense Unknown
Mdk 3 Midkine Defense Development of pulmonary fibrosis
Ptn 7.6 Pleiotrophin Defense Dysregulated expression (cancer)
Crp 2.1 C-reactive protein (pentraxin-related) Defense Protection during infection
aGene expression was assessed at 8 h. Uncertain functions/roles are indicated with a question mark.
bTM, transmembrane.
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damage the apical junction complex of epithelial cells, which are critical to regulate
paracellular permeability and to ensure barrier integrity. Of interest, the expression of
several genes encoding factors involved in cell-cell junction (tight junctions and
desmosomal plaques) and in tissue repair/protection (growth factors, vasohibin 1,
thymosin, and parkin 2) was induced by IL-22. This analysis thus identifies a plethora of
novel targets of IL-22 that might be important in lung tissue protection. In the future,
it will be interesting to study the functions of these factors (some of which have
unknown functions in the lungs) (Tables 2 and 3) in pathologies driven by epithelial
injury, including severe influenza. Our unbiased analysis suggests that, in the lung,
exogenous IL-22 might reinforce physical barriers. In line with this, IL-22 treatment
during influenza enhanced the pulmonary epithelial-endothelial barrier function, as
assessed by a decrease in the total protein concentration in BAL fluids of treated
animals. Supplementation of IL-22 also lowered the translocation of FITC-dextran across
the pulmonary barrier. Finally, analysis of lung sections revealed reduced pulmonary
injury and a clear improvement of the epithelial layer in mice treated with IL-22.
Disruption of the pulmonary barrier contributes to systemic bacterial superinfection in
the context of IAV infection. In line with the above findings, exogenous IL-22 hampered
(�10-fold less) the dissemination of the bacteria out of the lungs. Under naive condi-
tions, to cause invasive disease, pneumococci must attach and translocate across the
epithelium, pass through the extracellular matrix, and then enter the bloodstream by
crossing the endothelium. In the context of prior influenza, bacterial dissemination out
of the lungs is greatly facilitated and depends on multiple factors, including exposition
of new attachment sites for the bacteria (due to epithelial cell surface denudation) and

FIG 6 Effect of endogenous and exogenous IL-22 in local and systemic bacterial loads in the context of
influenza. (A) Role of endogenous IL-22 on secondary bacterial infection postinfluenza. Wild type (WT) or
Il22�/� mice were infected with 500 PFU of the H1N1 pandemic IAV strain. Seven days later, IAV-infected
mice were challenged with S. pneumoniae (1 	 103 CFU). (B) Effect of IL-22 supplementation on bacterial
superinfection postinfluenza. At day 7 post-IAV infection, mice were i.n. inoculated with 5 �g of IL-22-Fc
or an isotype control. After 16 h, mice were challenged with S. pneumoniae. (A and B) Doubly infected
mice were sacrificed 30 h after S. pneumoniae challenge, and the number of CFU was determined in the
lungs and spleens. Total CFU counts in each tissue are represented. The solid line corresponds to the
median values. Results from a pool of two independent experiments (n � 10 to 12 mice) (A) or three
independent experiments (n � 20 to 23 mice) (B) are shown. *, P � 0.05 (Mann-Whitney t test).
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disruption of the alveolar capillary barrier integrity. The beneficial role for exogenous
IL-22 in bacterial dissemination might be due to its direct restricting effect on barrier
damage due to IAV replication. It might also arise from reduced recruitment of
inflammatory monocytes, a cell population noted to have negative effects on epithelial
damage and secondary bacterial infections (54–56). Finally, exogenous IL-22 might
enhance barrier functions by promoting repair and regeneration (reepithelialization). It
will be interesting in the future to investigate the mode of action of IL-22 in these
settings.

Although IL-22 supplementation modulates (albeit moderately) the expression of
innate immune genes, it had no impact on the local antibacterial immunity in the
context of prior influenza virus infection. This is in contrast to the endogenous function
of IL-22, which reduced local bacterial loads without affecting bacterial dissemination
(51) (Fig. 6A). One may question why, in our setting (i.n. inoculation), IL-22 failed to
reduce pneumococcal load in the lungs of superinfected animals. Two main reasons
may explain this finding. First, recent data indicate that IL-22 signaling in the liver (but
not in the lungs) is essential to control pneumococcal load in mice singly infected with
S. pneumoniae (41). Endogenous (as well as exogenous) IL-22 induces the expression of
complement C3 in the liver, a hub protein for activation of complement pathways. The
IL-22 signaling in the liver ultimately leads to potentiate C3 opsonization on bacterial
surfaces (probably via neutrophils), thus reducing pulmonary bacterial load. Our data
(Fig. 1 and data not shown) show that i.n. delivery of IL-22 failed to promote C3
expression in the liver (as assessed by PCR analysis), which may explain the lack of
protective effect on pulmonary bacterial load in superinfected mice. The second reason
derives from the fact that influenza virus can alter the function of effector cells involved
in the control of bacterial infection, including macrophages and neutrophils (58, 63–66).

Excessive inflammation triggered by secondary bacterial infection is considered to
be the key contributor of the morbidity and mortality associated with bacterial super-
infection postinfluenza. In line with this, and despite the positive effect of exogenous
IL-22 on reduced bacterial systemic dissemination, IL-22 treatment failed to ameliorate
the morbidity and mortality indexes of superinfected animals (data not shown). On the
other hand, we have previously demonstrated that the reduced bacterial load in
IL-22-proficient mice, relative to that in IL-22-deficient mice, is associated with a better
survival outcome (51). Hence, endogenous IL-22 restricts bacterial replication in the
lungs, thus improving the overall survival rate after superinfection, while exogenous
IL-22 limits bacterial dissemination without a beneficial effect on survival. Therefore, the
clinical relevance of our finding is still uncertain, and a combination of treatments,
combining IL-22 with conventional antibacterial drugs (i.e., antibiotics), may increase
therapeutic effectiveness.

To sum up, our study describes for the first time an IL-22-mediated gene expression
signature in the lungs under resting and inflammatory conditions and opens new
avenues of potential mechanisms through which IL-22 might mediate positive effects
on tissue integrity in the context of acute (lung) inflammation. This study also dem-
onstrates that IL-22 supplementation lowers bacterial dissemination out of the lungs in
the context of influenza, an effect that may stem from reinforced lung barrier functions.
Whether IL-22 may be used in combined therapy to control bacterial superinfection
postinfluenza will be worth future study.

MATERIALS AND METHODS
Ethics statement. All animal work conformed with the Lille Pasteur Institute’s animal care and use

guidelines and was approved by the regional investigational review board (Comité d’Ethique en
Expérimentation Animale Nord Pas-de-Calais, reference AF 16/20090) and the French Ministry for
Research (Ministère de l’Education Nationale, de l’Enseignement Supérieur et de la Recherche, references
CEAA75 and 00357.03).

Animals. Eight- to 10-week-old male C57BL/6J mice were purchased from Janvier (Le Genest-St-Isle,
France). Interleukin-22-deficient mice have been described previously (67). For IAV and S. pneumoniae
infection, mice were maintained in a biosafety level 2 facility in the Animal Resource Center at the Lille
Pasteur Institute (Lille, France).
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Infection with IAV and S. pneumoniae. For infection with IAV, 50 �l of phosphate-buffered saline
(PBS) alone (mock) or containing 500 PFU of the H1N1 pandemic IAV strain (a kind gift from M
Rosa-Calatrava, Centre International de Recherche en Infectiologie, Lyon, France) was intranasally (i.n.)
administered to anesthetized mice. Superinfection was performed as follows. Mice were infected with
IAV, and 7 days later, mice were i.n. inoculated with 1 	 103 CFU of S. pneumoniae serotype 1 (clinical
isolate E1586). Viable bacteria in the lungs and spleen were counted 30 h after the S. pneumoniae
challenge by plating serial 10-fold dilutions of lung or spleen homogenates onto blood agar plates. The
plates were incubated at 37°C overnight, and CFU were counted 24 h later. Determination of viral load
was performed by quantitative RT-PCR on lung RNA for viral matrix protein (M1), as described previously
(68).

Treatment with IL-22. Recombinant mouse fusion protein IL-22-Fc was from Genentech (South San
Francisco, CA) (a kind gift from W. Ouyang) (53), and the isotype control (IgG1) was from Bio X Cell (West
Lebanon, NH). For the functional analysis, 100 �g of IL-22-Fc or the isotype control was i.n. or
intraperitoneally (i.p.) administered to anesthetized (noninfected) mice. For the microarray analysis, 5 �g
of IL-22-Fc or isotype control was i.n. administered to noninfected mice or IAV-infected mice (7 days
postinfection). To study the effects of IL-22 on bacterial superinfection, IAV-infected mice were i.n.
treated with IL-22 (5 �g), and 16 h later they were infected with S. pneumoniae.

Assessment of the lung pathology. For histopathologic examination, lungs were fixed by inflation
and immersion in PBS–3.2% paraformaldehyde and embedded in paraffin. To evaluate airway inflam-
mation, we subjected fixed lung slices (5-�m sections) to hematoxylin and eosin staining (68). Three
evenly distributed sections per lung were microscopically evaluated by a certified pathologist. The
dissemination and the nature of pathological alterations were scored using specified lung inflammation
parameters. The lung histopathological score (pneumonia) was expressed as the sum of the following
three parameters, graded on a scale of 0 (absent) to 4 (severe): (i) alveolitis, characterized by thickness
of the alveolar wall, alveolar protein exudate, and inflammatory cells; (ii) bronchiolitis, characterized by
bronchial necrosis, desquamation, and denudation; (iii) vascularitis, characterized by inflammatory cells
in the media/intima and media fibrinoid necrosis.

Assessment of gene expression by quantitative RT-PCR. Total RNAs from whole lungs and livers
were extracted. The cDNAs were analyzed using quantitative RT-PCRs as described previously (51).
Specific primers (listed in Table 5) were designed using Primer Express software (Applied Biosystems,
Villebon sur Yvette, France). Data were normalized against expression of the gapdh gene and are
expressed as a fold increase over the mean gene expression level in isotype-treated mice (68).

Transcriptional analysis. Lung transcriptional profiling was performed using Agilent’s SurePrint G3
mouse gene expression microarray kit (version 2; 8 by 60,000 spots) (Agilent Technologies, Santa Clara,
CA). A single-color design was used to provide two types of comparisons: (i)IgG1-treated mice versus
IL-22-Fc-treated mice, and (ii) PBS-treated infected mice versus IgG1-treated infected mice versus
IL-22-Fc-treated infected mice. Cy3-labeled cRNAs were prepared from 100 ng of total RNA using a
one-color Low Input Quick Amp labeling kit (Agilent Technologies). Specific activities and cRNA yields
were determined using a NanoDrop ND-1000 instrument (Thermo Fisher Scientific). For each sample, 600
ng of Cy3-labeled cRNA (specific activity of �9 pmol of Cy3/�g of cRNA) was fragmented at 60°C for 30
min. cRNA was hybridized to the microarrays for 17 h at 65°C in a rotating hybridization oven as
previously described (69). After hybridization, microarrays were washed and then dried immediately.
After being washed, the slides were scanned using a G2565CA scanner system (Agilent Technologies),
with a resolution of 3 �m and a 20-bit dynamic range. The resulting TIFF images were analyzed with
Feature Extraction software, version 10.7.3.1 (Agilent Technologies), using a GE1_107_Sep09 protocol.
MIAME (minimum information about microarray experiment)-compliant data were deposited in Array-
Express at EMBL. Identification of differentially expressed genes and functional investigations were done
using GeneSpring software (version 14.8; Agilent Technologies). Differentially expressed genes were
identified using a moderated t test, and a P value cutoff of 5% was applied. A fold change cutoff of �2

TABLE 5 Quantitative RT-PCR primers used in this study

Target Forward primer Reverse primer

Gapdh 5=-GCAAAGTGGAGATTGTTGCCA-3= 5=-GCCTTGACTGTGCCGTTGA-3=
Saa3 5=-GATGACTTTAGCAGCCCAGGC-3= 5=-GCTGGTCAAGGGTCTAGAGAC-3=
Reg3b 5=-GAATATACCCTCCGCACGCA-3= 5=-GGTCATGGAGCCCAATCCAA-3=
C3 5=-GGCTGAAACACCTGATCGTGA-3= 5=-TGTTCGGTCTGGTCCAGGTAGT-3=
S100a9 5=-GCAGCATAACCACCATCATCG-3= 5=-TGTGCTTCCACCATTTGTCTGA-3=
S100a8 5=-CACCATGCCCTCTACAAGAATG-3= 5=-CACCATCGCAAGGAACTCC-3=
Gdf5 5=-GAGTAACAGAGAGCCTGTGAAG-3= 5=-GCAGGAATCTTCAGAAGGTGA-3=
Ptn 5=-GCTGCCTTCCTGGCATTGAT-3= 5=-GCACACACTCCACTGCCATTCT-3=
Bmp10 5=-TGACCCTTTGCTGGTTGTGT-3= 5=-ATCGGGCCCACTGAAGAAAG-3=
Lgr5 5=-GTCGTCCTTCCCTGTGACTG-3= 5=-CTGTAAGGCTCGGTTCCCTG-3=
Efna2 5=-TCCCTGACATTGCTGGTGAC-3= 5=-CCCCTGGATCTCCGGTATTC-3=
Cldn24 5=-CTTCAGAACGGCCATGCAAT-3= 5=-CCATCTCGTTCAGCTCCAAGT-3=
Pcdh15 5=-CGGCCAAGTTCACTACAGCC-3= 5=-TGCCACGACAACCAGTTCAT-3=
Dsg1c 5=-GAGTGCTCCCTAGCATTGGT-3= 5=-AATCGCCCCAAGCTTAAAATTC-3=
Park2 5=-ACCCACAGAAAACCACAGCA-3= 5=-CCAAAGGTGCACCCTCATCT-3=
IAV (M1) 5=-AAGAACAATCCTGTCACCTCTGA-3= 5=-CAAAGCGTCTACGCTGCAGTCC-3=
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was then added to select the differentially expressed genes between the control and treated/infected
conditions. Hierarchical clustering analysis was performed to analyze genes that were differentially
expressed during infection and upon IL-22 treatment (similarity measure, Euclidean; linkage rules,
Wards). For further analysis, data files were uploaded into the Ingenuity Pathways Analysis (IPA) software
(Ingenuity Systems). Right-tailed Fisher’s exact test was used to calculate a P value for the probability that
each biological function and disease assigned to that data set is due to chance alone.

Analysis of pulmonary immune cells by flow cytometry. Lung mononuclear cells from naive mice
or IAV-infected mice, untreated or treated with IL-22-Fc, were labeled for dead cells. To identify immune
cells, lung mononuclear cells were labeled with appropriate dilutions of conjugated antibodies exactly
as described in Barthelemy et al. (57). The data were acquired on an LSR Fortessa cytometer (Becton
Dickinson Biosciences, Rungis, France) running FACSDiva software and then analyzed with FlowJo
software.

Measurement of pulmonary permeability. Bronchoalveolar lavage (BAL) fluids were recovered
from mock-treated and IAV-infected mice (7 days postinfection). Total protein was quantified in the BAL
fluids by standard procedures (Bio-Rad Laboratories). Fluorescein isothiocyanate (FITC)-dextran (4,000
molecular weight; Sigma-Aldrich, St. Louis, MO) was dissolved in sterile saline and was introduced to the
airspace via oropharyngeal aspiration (60 �l, 5 mg/kg) (7 days postinfection). After 1 h, mice were
euthanized, and blood was collected by cardiac puncture. FITC-dextran in plasma was quantified using
a Tecan (Männedorf, Switzerland) plate reader and a 485-nm filter.

Statistical analyses. Results are expressed as the means � standard deviations. A Mann-Whitney
unpaired t test was used to compare two groups, unless otherwise specified. Comparisons of more than
two groups were performed with a nonparametric Kruskal-Wallis one-way analysis of variance (ANOVA),
followed by Dunn’s posttest (using Prism software, version 6; GraphPad). The threshold for statistical
significance was set to a P value of �0.05.

Accession number(s). MIAME-compliant microarray data were deposited in the EMBL ArrayExpress
database (https://www.ebi.ac.uk/arrayexpress/) under accession number E-MTAB-6044.

SUPPLEMENTAL MATERIAL
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