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Endogenous glucocorticoids control host resistance
to viral infection through the tissue-specific
regulation of PD-1 expression on NK cells

Linda Quatrini®’, Elisabeth Wieduwild', Bertrand Escaliere’, Jessica Filtjens', Lionel Chasson’,
Caroline Laprie', Eric Vivier ®'?2 and Sophie Ugolini ®™

Controlling the balance between immunity and immunopathology is crucial for host resistance to pathogens. After infection,
activation of the hypothalamic-pituitary-adrenal (HPA) axis leads to the production of glucocorticoids. However, the pleio-
tropic effects of these steroid hormones make it difficult to delineate their precise role(s) in vivo. Here we found that the
regulation of natural killer (NK) cell function by the glucocorticoid receptor (GR) was required for host survival after infection
with mouse cytomegalovirus (MCMV). Mechanistically, endogenous glucocorticoids produced shortly after infection induced
selective and tissue-specific expression of the checkpoint receptor PD-1 on NK cells. This glucocorticoid-PD-1 pathway limited
production of the cytokine IFN-y by spleen NK cells, which prevented immunopathology. Notably, this regulation did not com-
promise viral clearance. Thus, the fine tuning of NK cell functions by the HPA axis preserved tissue integrity without impairing

pathogen elimination, which reveals a novel aspect of neuroimmune regulation.

tious diseases, principally by eradicating infectious agents.

However, pathogen elimination frequently entails collateral
tissue damage and inflammation, which potentially decreases host
fitness'. Neuroendocrine-immune system interactions have an
important role in these regulatory processes, but the mechanisms
involved remain unclear*’. Endogenous glucocorticoids (cortisol
in humans, and corticosterone in rodents) are essential steroid
hormones that regulate many physiological and developmental
processes. They are synthesized in the adrenal cortex after activa-
tion of the hypothalamic—pituitary-adrenal (HPA) axis, a neu-
ral-endocrine core for coordinating physiological responses to
external stimuli’. Glucocorticoids released into the blood diffuse
through cell membranes to bind cytosolic glucocorticoid recep-
tor (GR), which is ubiquitously expressed and induces changes in
gene expression’. The HPA neural-endocrine pathway restores
homeostasis by limiting and resolving inflammation in many con-
ditions’. In models of systemic inflammation, such as lipopoly-
saccharide-induced sepsis, glucocorticoids specifically inhibit
the production of pro-inflammatory cytokines in several types of
immune cells®~.

The HPA axis is also activated during infection with viruses such
as influenza virus' or cytomegalovirus (CMV)". Murine CMV
(MCMYV) is a beta-herpesvirus used as a model for systemic infec-
tion with human CMYV, which can cause severe disease, especially in
immunocompromised people. Mice rendered deficient in glucocor-
ticoids by adrenalectomy are more susceptible to MCMV-induced
death, due to the deleterious effects of cytokine-induced hyper-
inflammation, and resistance is restored by corticosterone replace-
ment'”. Finally, glucocorticoids are clinically effective against many
inflammatory and autoimmune diseases'. In all these conditions,
the underlying mechanisms used by glucocorticoids have remained

_|_he immune system protects the host organism against infec-

unclear, because GRs are expressed by many hematopoietic and
non-hematopoietic cells and can affect multiple signaling pathways.

During acute infection, the cytokine interferon-y (IFN-y) pro-
duced by innate lymphoid cells (ILCs) is essential for antiviral
defense'*'*. These IFN-y-producing ILCs include natural killer
(NK) cells in the spleen and liver and group 1 ILCs (ILCls) in the
liver, which all express GR®. Here we investigated the role of GRs
in ILC subsets of relevance during infection with MCMV through
the use of mice with conditional deletion of the gene encoding GR
in ILCs expressing the activating NK cell receptor NCR1 (NKp46),
which include NK cells, ILC1s and a subset of ILC3s. We found
that endogenous glucocorticoids produced rapidly after infection
induced selective and tissue-specific expression of the immuno-
logical checkpoint receptor PD-1 on the surface of spleen NK cells.
Concomitantly, the expression of PD-1 ligands was upregulated in
several subsets of immune cells. PD-1 signaling was required for
host survival after infection and acted by limiting the production
of IFN-y by NK cells in the spleen, which prevented immunopa-
thology. This neuroendocrine-immune system axis controlled
immunotolerance but did not impair viral clearance. Our findings
therefore demonstrate a major role for the HPA axis in promoting
host resistance to an infectious disease through regulation of the
PD-1 inhibitory pathway in an ILC subset.

Results

The regulation of NK cell functions by glucocorticoids is organ
specific. During acute infection with MCMYV, high levels of viral
replication are seen in the spleen and the liver"”. In these organs,
NK cells are required for host resistance to infection, and they
mediate their anti-viral function through cytokine- and killing-
dependent mechanisms'®. Consistent with published findings'",
infection of C57BL/6] wild-type mice with MCMV induced the
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release of corticosterone into the bloodstream, with a peak at 36h
after infection (Fig. 1a), which suggested that the HPA axis might
have a role during the early phase of the infection, when NK cells
are activated'*. We first analyzed the effect of glucocorticoids on
the cytotoxic activity of spleen CD3"NCR1* NK cells in vitro by
stimulating splenocytes isolated from C57BL/6] wild-type mice
with antibody to the activating NK cell receptor NK1.1 or with
the phorbol ester PMA and ionomycin. Treatment with corticoste-
rone had no effect on the degranulation of NK cells, as assessed by
measurement of the expression of lysosome-associated membrane
protein-1 (also known as CD107a) (Supplementary Fig. 1a). We
then analyzed the role of the GR pathway in NCR1* ILCs in vivo
through the use of NerI'“*Nr3c 1" mice (called ‘GRM"“ mice’
here), in which loxP-flanked alleles encoding GR (Nr3c1'>®/ox)
are specifically deleted in NCR1* cells that express Cre recombi-
nase®**?!, Sex-matched Ncr 11+ Nr3c1+/* littermates (called "W TNer-iCre
mice’ here), in which Cre recombinase is expressed in NCR1* cells
but Nr3crl is not deleted, were used throughout as control mice,
unless specified otherwise. In steady-state conditions, NCRI1*
ILCs in GRNeIiC mjce (i.e., NK cells, ILC1s and a subset of ILC3s)
show normal development, maturation and function®. We infected
GRYNerEiCre and WTHNer-iCre Jjttermates with MCMV and analyzed their
immune responses at 44 h after infection, after the concentration
of corticosterone in blood had peaked. The concentration of cor-
ticosterone in the serum of GRM“ mice was similar to that in
the serum of WTi¢ mice (Supplementary Fig. 1b). The expres-
sion of granzyme B, a surrogate marker of NK cell cytotoxicity, was
upregulated similarly in NK1.1*"NCR1+*DX5*CD49a- NK cells from
GRNiC mice and those from WTN"¢ mice, both in the spleen
and in the liver (Supplementary Fig. 1c). In contrast, the expres-
sion of IFN-y was higher in spleen GRY"i* NK cells than in spleen
WTHerkiCe NK cells, as measured by mean fluorescence intensity and
the frequency of IFN-y* cells (Fig. 1b and Supplementary Fig. 1d).
Although corticosterone is known to have systemic distribution, the
expression of IFN-y by liver GRM - NCR1* NK cells and ILCls
was similar to that of their WT" counterparts (Fig. 1¢c,d), which
suggested that the effect of glucocorticoids was tissue specific.
Histological analysis of the spleen indicated that GRM ¢ mjce
had more-substantial lesions, associated with coalescing and granu-
lomatous necrotic splenitis in the marginal zone, than did WTNert-i¢re
mice (Fig. 2a,b). In contrast, no significant difference between GR*
mice and WTMe mjce was observed in the nature or extent of the
liver lesions, with mild multifocal pyogranulomatous and necrotic
hepatitis in mice of each genotype (Fig. 2c,d). The viral load in
the spleen and liver of GRM"® was similar to that in WTNerl-icre
mice (Fig. 2e), which suggested that the inflammation-induced
tissue damage was not due to an impairment of viral clearance.
NCRI1* ILC3s are known to express GR, and the gene encod-
ing GR is also deleted in NCR1* ILC3s from GRM** mice®. These
ILC3s reside mostly in mucosal tissues, where they produce the cyto-
kines IL-22 and IL-17, but not IFN-y?*, and thus they are thought
to have minimal involvement in the immune response to MCMV.
Nonetheless, we assessed the effect of endogenous glucocorticoids on
these cells after infection with MCMV. Such infection did not induce
an increase in the production of IL-22 or IL-17 in NCR1* ILC3 from
the small intestine of WTY!¢ or GRY* mice (Supplementary
Fig. 2a-d). The frequency of NCRI1* ILC3s in the small intestine
was also unaffected (Supplementary Fig. 2e), which suggested that
NCR1* ILC3s did not have a major effect on the immune response
to infection with MCMYV. Collectively, these results indicated that the
responsiveness of NCR1* ILCs to glucocorticoids produced during
acute infection with MCMV controlled spleen inflammation and
specifically regulated the production of IFN-y by spleen NK cells.

Endogenous glucocorticoids induce PD-1 expression on spleen
NK cells. Next we performed RNA-based next-generation
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Fig. 1| Organ-specific glucocorticoid regulation of the production of IFN-y
by NCR1* ILCs in the spleen and liver after infection with MCMV. a, ELISA
of corticosterone in the serum of wild-type mice at various times (horizontal
axis) after injection of DMEM (uninfected (U1)) or MCMV (key). Data are
pooled from two experiments with n=>5 mice per group (mean +s.e.m.).
*P<0.05, **P<0.01and ****P < 0.0001 (one-way analysis of variance
(ANOVA)). b-d, Flow-cytometry analysis of intracellular IFN-y in spleen

NK cells (b), liver NK cells (¢) and liver ILCTs (d) of GRN<iCre gnd \W TNert-iCre
mice (left margin) at 44 h after injection of DMEM or MCMYV (above plots),
assessed directly ex vivo without re-stimulation in vitro (left), and frequency
of IFN-y-producing (IFN-y*) cells among those cells (right). Numbers
adjacent to outlined areas (left) indicate percent IFN-y* cells. FSC, forward
scatter. Each symbol (right) represents an individual mouse. Data are
representative of (left) or pooled from (right) five experiments with n=10
mice per genotype (Ul), n=16 WTNCe mice (MCMV) or n=15 GRNeicre
mice (MCMV) (b), n=10 mice per genotype (Ul), n=16 WTN"Cre mice
(MCMYV) or n=15 GRNiCre mice (MCMV) (), or n=9 WTN-Ce mice (UI),
n=11 GRN"¢e mice (UI), n=16 WTN"¢ mice (MCMV) or n=15 GRNer*icre
mice (MCMV) (d) (mean +s.e.m.). *P< 0.05 (two-tailed Student's t-test).
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Fig. 2 | GRN"i¢e mice display greater inflammation in the spleen than that
of WTNeTiCre mice, but their viral titers are unaffected. a,c, Histology (H&E
staining) of the spleen (a) and liver (¢) of GRNeM¢re and WTNerHiCre mjce

(left margin) at 44 h after infection with MCMV; arrowheads (a) indicate
an area of inflammation in the marginal zone. Scale bars, 50 pm. Data are
from two experiments with eight mice per genotype. b,d, Histopathological
quantification of inflammation in the spleen (b) and liver (d) of GRN¢icre
and WTNeTiCe mice (key) at 44 h after infection with MCMV: 1, mild; 2,
moderate; 3, substantial. Each symbol represents an individual mouse;
small horizontal lines indicate the mean (+s.e.m.). Data are pooled

from two experiments with n=7 WTN¢e mice and n=9 GRN"-C mice.
*P<0.05 (two-tailed Mann-Whitney test). e, gPCR analysis of the MCMV
gene el (absolute quantification; log values), assessing viral titers in the
spleen and liver (horizontal axis) of GRNi¢e and WTNeCre mice (key) at
44 h after infection with MCMV. Each symbol represents an individual
mouse. Data are pooled from two experiments with n=7 WTNCr mice
and n=_8 GRNMC mice (mean+s.e.m.).

sequencing on spleen CD3-CD19-NK1.1*NCR1*DX5* NK cells,
liver CD3-CD19-NK1.1*NCR1*DX5*CD49a- NK cells and liver
CD3"CD19'NK1.1*NCR1*DX5CD49a* ILCls sorted from
GRNerie and WTNeriCre mice at 44h after infection with MCMV
(Supplementary Fig. 3). Pairwise comparison of the two genotypes
for gene expression by spleen NK cells, liver NK cells and liver ILC1s
identified genes expressed differentially by cells of the two geno-
types for each ILC subset (Supplementary Table 1). Unsupervised
genome-wide analysis indicated that the GR-dependent modifica-
tions of the transcriptome were different in spleen NK cells, liver NK
cells and liver ILC1s (Supplementary Table 1), which suggested that
the regulation of gene expression by glucocorticoids was specific
to both organ and cell lineage in vivo. To identify candidate genes
associated with the selective hyper-inflammation observed in the
spleen of GRM® mjce, we focused on genes that were expressed

differentially by WTNiC spleen NK cells relative to their expres-
sion by GRN'iCr gpleen NK cells. In addition to the expression
of Nr3cl (which encodes GR), the expression of Ts¢22d3 (which
encodes the glucocorticoid-induced protein GILZ) and of Pdcdl
(which encodes PD-1) was significantly downregulated in spleen
NK cells from GRM*-¢ mice after infection, relative to such expres-
sion in spleen NK cells from their WTNe'iCr littermates (Fig. 3a
and Supplementary Table 1).

Consistent with the rapid and ubiquitous induction of Tsc22d3
by glucocorticoids in many cell types and inflammatory condi-
tions”, the expression of Tsc22d3 in both spleen NK cells and liver
NK cells from GRM"¢ after infection was different from that in
their WTNiC counterparts (Supplementary Table 1). GILZ is a
mediator of the anti-inflammatory effects of glucocorticoids and
regulates the survival, homeostasis and apoptosis of various cell
types, including lymphoid cells****. We assessed the proliferation
and apoptosis of NK cells in the spleen and liver of GRN"“* mice
and their WTNiCre Jijttermates at 44 h after infection with MCMYV,
through the use of staining with proliferation marker Ki67 and with
the apoptosis marker annexin V and propidium iodide, followed by
flow cytometry. Despite the downregulation of Tsc22d3 in spleen
and liver GRN“ NK cells, there was no difference in the prolifera-
tion or apoptosis of spleen and liver GRM-° NK cells relative to
that of their WTN“ counterparts (Supplementary Fig. 4a,b). The
homeostasis of liver ILC1s in GRM°* mice was also similar to that
in WTNelie mice (Supplementary Fig. 4c), which suggested that
GILZ did not have a major role in the selective immunopathology
observed in the spleen of GRN"iCr mice.

In contrast to the expression of Tsc22d3, differential expression
of Pdcdl by cells of the two genotypes was observed selectively for
spleen NK cells, not for liver NK cells (Supplementary Table 1). In
addition, Pdcdl expression in liver ILCls from MCMV-infected
GRMeriCre mijce was similar to that in such cells from MCMV-
infected WTNeriCre mice. PD-1 is an inhibitory cell-surface receptor
that downregulates T cell activity”. PD-1 protein was not expressed
on the surface of spleen or liver NK cells from uninfected GRN-icre
or WTNeliCre mice, but it was detected on spleen NK cells from
MCMV-infected WTM"-¢¢ mice at 44h after infection (Fig. 3b).
Notably, we did not detect PD-1 in spleen NK cells from MCMV-
infected GRM“ mice (Fig. 3b), which showed that the induction
of PD-1 was dependent on the glucocorticoid—-GR pathway. PD-1
expression was not detected on spleen macrophages, neutrophils
or dendritic cells in either uninfected wild-type mice or MCMV-
infected wild-type mice at 44 h after infection (Supplementary Fig. 5).
In the spleen of uninfected WTNr!iCe and GRN*iC mice, a dis-
crete subset of T cells (less than 4%) had low basal expression of
PD-1, but this T cell subset did not expand, and PD-1 expression on
T cells did not change after infection with MCMYV in mice of either
genotype (Fig. 3¢). Expression of PD-1 was not detected on liver NK
cells or ILCl1s (Fig. 3d,e), consistent with the transcriptomic data.
Similar results were obtained with two different clones of antibody
to PD-1 (J43 and RMP1-30) (Fig. 3b). These data indicated that
glucocorticoids released after infection with MCMV induced the
GR-dependent de novo expression of PD-1 on spleen NK cells by
regulating Pdcd] transcription.

NK cell expression of PD-1 depends on the cytokine microenvi-
ronment. Liver NK cells expressed GR both at steady state® and after
infection with MCMV (Supplementary Fig. 6a). Tsc22d3 expression
was downregulated in spleen and liver GRM"!° NK cells similarly to
its downregulation in their WT""!* counterparts (Supplementary
Table 1), which indicated that the liver NK cells were responsive to
GR signaling. Because the lack of expression of PD-1 on liver NK
cells, in contrast to its expression on spleen NK cells, could not be
explained by impaired responsiveness to glucocorticoids, we inves-
tigated whether it was dependent on the presence of tissue-specific
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Fig. 3 | Infection with MCMV induces glucocorticoid-dependent PD-1 expression in spleen NK cells. a, RNA-based next-generation sequencing of genes
in spleen NK cells sorted from GRNeiCe and WTNeTiCre mice at 44 h after infection with MCMV, presented as an MA plot (log ratio versus mean average)
of the expression in GRM mice relative to that in WTN¢ mice (log, ‘fold’ values) plotted against mean values for normalized read counts; red
symbols ('Down in GRNHC") indicate genes with significantly lower expression in GRN¢ cells than in WTNericre cells (absolute difference in expression of
over onefold (log, values) and P< 0.05 (Wald test)). Data are from n=3 samples per genotype. b-e, Surface expression of PD-10on spleen NK cells (b), spleen
T cells (e), liver NK cells (d) and liver ILC1s (e) from GRN"Ce and WTNCre mice at 44 h after injection of DMEM (Ul) or MCMV (horizontal axis), assessed
by flow cytometry (b,c, right) and presented as (left) mean fluorescence intensity (MFI) relative to that of the isotype-matched control antibody (lg);
similar results were obtained with two different antibodies to PD-1 (J43 and RMP1-30). Each symbol represents an individual mouse. Data are pooled
from three experiments with n=6 mice per genotype (Ul), n=9 WTNCe mice (MCMV) and n=12 GRN% mice (MCMV) (b) or two experiments with
n=2 mice per genotype (Ul), n=4 WTNC mice (MCMV) and n=6 GR"% mice (MCMV) (¢), n=3 mice per genotype (Ul), n=7 WTNC mice
(MCMV) and n=8 GRN¢ mijce (MCMV) (d) or n=2 mice per genotype (Ul), n=4 WTNC mice (MCMV) and n=6 GR""¢e mice (MCMV) (e)

(mean+s.e.m.). **P<0.01 (one-way ANOVA).

inflammatory cytokines in the microenvironment. We focused on
the main cytokines known to modulate the activation of NK cells.
We extracted RNA from spleen and liver tissue homogenates of
MCMV-infected wild-type mice at 44 h after infection and of unin-
fected wild-type mice and assessed the expression of /12, Il15 and
1118 mRNA by RT-qPCR. We did not detect any significant differ-
ence in the expression of /18 mRNA in either organ after infection,
relative to its expression before infection (Supplementary Fig. 6b).
In contrast, expression of I/12 mRNA was upregulated by infection
to a greater extent in the liver than in the spleen, and /15 mRNA
expression was higher exclusively in the spleen of infected mice
relative to that in uninfected mice (Fig. 4a). Similar expression pat-
terns were observed for 1112, 1115 and 118 in WT"* mice and
GRNiCe mice (data not shown). These data suggested that during
infection with MCMYV, the cytokine microenvironment in the liver
differed from that in the spleen.

Next we determined whether various combinations of cytokines
in culture medium modified the effect of the activation of GR on NK
cells in vitro. We stimulated splenocytes from WTNert-i¢re or GRNertiCre
mice for 48h with various combinations of IL-12, IL-15 and IL-18
in the presence or absence of corticosterone. In the absence of corti-
costerone, PD-1 expression was not induced on CD3"NCR1*NK1.1*
NK cells or CD3* T cells (Fig. 4b and data not shown). Similarly,
corticosterone, alone or in combination with IL-15 or with IL-12 and
IL-15, did not induce the expression of PD-1 on NK cells or T cells
of either genotype (Fig. 4b and data not shown). In contrast, treat-
ment with corticosterone, IL-15 and IL-18 induced PD-1 expression,
in a dose-dependent manner, on NK cells from WT* mjce but
not on those from GRN"° mice (Fig. 4b,c). This treatment did not
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induce the expression of PD-1 on T cells from WTN1¢re op GRNerl-iCre
mice (Fig. 4b and data not shown). The addition of IL-12 abolished
the corticosterone-, IL-15- and IL-18-dependent induction of PD-1
expression in WTNri¢e NK cells (Fig. 4b). Similar results were
obtained for NKI.I*"NCR1* NK cells enriched from splenocytes
(86-89% purity) and stimulated in the same way (Fig. 4d and data
not shown), which suggested that the effect of IL-15 and IL-18 on
NK cells was cell intrinsic. These data indicated that the induction of
PD-1 expression by GR was specific to the cell type and was depen-
dent on the cytokine microenvironment of NK cells.

The GR-PD-1 axis inhibits IFN-y production in spleen NK
cells. The activating NK cell receptor Ly49H mediates resistance
of C57BL/6] mice to infection with MCMYV by specifically binding
the virus-encoded protein m157%. Thus, we investigated the link
between the expression of PD-1 and that of Ly49H on spleen NK
cells during infection with MCMV. At 44 h after the infection of wild-
type C57BL/6] mice, PD-1 expression was upregulated similarly on
Ly49H* and Ly49H- spleen NK subsets (Supplementary Fig. 7a).
Moreover, the frequency of Ly49H* spleen NK cells in GRMNeri¢re
mice at 5 d after infection was similar to that in Wi mjce
(Supplementary Fig. 7b), which suggested that GR signaling and
PD-1 expression did not affect the population expansion of the
m157-specific NK cells during infection with MCMV.

To further investigate whether PD-1 expression and signaling
in spleen NK cells might have functional relevance, we determined
whether the PD-1ligands PD-L1 and PD-L2 were expressed in wild-
type mice during infection with MCMYV. Cytofluorimetric analysis
revealed that PD-L1 expression was upregulated on macrophages,
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Fig. 4 | Specific combinations of cytokines and corticosterone act together to induce PD-1 expression on NK cells. a, gRT-PCR analysis of //12 and /115
mRNA among RNA extracted from spleen and liver homogenates (horizontal axis) of wild-type mice at 44 h after injection of DMEM (UI) or MCMV (key);
results are presented relative to those of uninfected mice. Each symbol represents an individual mouse; small horizontal lines indicate the mean. Data are
pooled from two experiments with n=7 mice. NS, not significant (P> 0.05); *P<0.05 and **P < 0.01 (two-tailed Mann-Whitney test). b, Frequency of
PD-1-expressing (PD-1+) NK cells and T cells among WTNeiCe and GRNeriC total splenocytes stimulated for 48 h at 37 °C in vitro with various combinations
of IL-15, I-12 and IL-18 (below plots) in the presence of 250 or 500 nM corticosterone (Cort) or vehicle (key), assessed by flow cytometry (as in ¢ for NK
cells). Each symbol represents an individual experiment. Data are from n=3 independent experiments (IL-12 +IL-15, IL-15+ IL-18, or IL-12+ IL-15+ IL-18;
vehicle or 500 nM corticosterone) or n=2 independent experiments (all other samples) (mean+s.d.). *P< 0.05 (one-way ANOVA). ¢,d, Flow-cytometry
analysis of the expression of PD-1 by WTNi¢re and GRMce NK cells among total splenocytes (¢) or purified spleen NK cells (d; gating, left) stimulated

for 48 h at 37°C in vitro with IL-15 plus IL-18 in the presence of corticosterone or vehicle (above plots); left (d), flow-cytometry analysis of the expression
of NK1.1and NCRT1 by live cells after purification of NK cells, gating NK cells (86-89%) for further analysis at right. Numbers adjacent to outlined areas
indicate percent PD-1* NK cells (¢,d (middle and right)) or NK1.1*NCR1* cells (d (left)). Data are from n=3 independent experiments (vehicle or 500 nM

corticosterone) or n=2 independent experiments (250 nM corticosterone).

dendritic cells, neutrophils, T cells, B cells and NK cells from the
spleen of MCM V-infected wild-type mice relative to its expression
on such cells from the spleen of uninfected wild-type mice (Fig. 5a),
while PD-L2 was expressed only on dendritic cells after infection
with MCMYV (Fig. 5b). To determine whether the potential engage-
ment of PD-1 by its ligands controlled the function of NK cells in
the spleen, we infected WTNe-i€re and GRM"i¢* mice with MCMYV,
followed by the administration of a PD-1-blocking antibody or
isotype-matched control antibody. The antibodies were injected
intraperitoneally 1 d after infection, before activation of the HPA
axis and the release of glucocorticoids into the bloodstream. At 44h
after infection, the frequency of IFN-y* spleen NK cells in WTNert-icre
mice that received the PD-1-blocking antibody (about 61%) was
higher than that of WT™® mjce given injection of the control
antibody (about 33%) but was similar to that in GRM"% mice
treated with the control antibody (54%) (Fig. 5¢). There was no
greater frequency of IFN-y* spleen NK cells in GRN""“ mice that
received the PD-1-blocking antibody than in mice given injection
of the control antibody (Fig. 5¢), indicative of a strict dependence
of the effect of PD-1 on GR-expressing NCR1* NK cells. Moreover,
blockade of PD-1 had no effect on the frequency of IFN-y* NK
cells in the liver of WTNeriCre mijce, relative to the effect of treat-
ment with the control antibody (Fig. 5d), consistent with the lack
of PD-1 expression on liver NK cells. Thus, during infection with
MCMY, PD-1 signaling in spleen NK cells limited IFN-y produc-
tion by these cells. This regulation occurred in the spleen but not
in the liver.
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GR and PD-1 are required for host resistance to infection with
MCMV. To assess the effect of the glucocorticoid-PD-1 axis on host
resistance to viral infection, we infected 9- to 10-week-old GRN-¢r
and WTNrC mice intraperitoneally with a median lethal dose
(LD,,) of MCMV. GR¥i¢* mice had greater mortality (100%) than
that of their W™ ittermates (62%) (Fig. 6a), which indicated
that glucocorticoid signaling in NCR1* ILCs was required for host
resistance to viral infection. To evaluate the specific contribution of
the PD-1-PD-1ligand interaction to such host resistance, we infected
female wild-type C57BL/6] mice with the LD, of MCMY, followed
by intraperitoneal administration of the PD-1-blocking antibody
or isotype-matched control antibody at 1 d after infection. All mice
that received the PD-1-blocking antibody succumbed to infection
within a week (Fig. 6b), which resulted in a mortality similar to
that of GRM“** mice (Fig. 6a). Notably, this greater susceptibility
to infection was not due to a difference in viral replication rate in
GRNerliCre mjce relative to that in WTN!¢ mice (Fig. 6¢), or in wild-
type mice that received the PD-1-blocking antibody relative to that
in wild-type mice that received the control antibody (Fig. 6d), which
suggested that the GR-PD-1 regulatory pathway did not impair viral
clearance. Wild-type mice that received the PD-1-blocking antibody
had more-substantial immunopathological features in the spleen,
with larger areas of coalescing necrotic and granulomatous splenitis
in the marginal zone than that of wild-type mice that received the
control antibody (Fig. 6e). In contrast, the severity of hepatic lesions
was not affected by blockade of PD-1, with both groups of mice
displaying moderate to substantial necrotic and pyogranulomatous
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NK cells (NK1.1*NKp46+CD49b*), B cells (CD19*) and T cells (CD3*NK1.1") (above plots) from the spleen of wild-type mice at 44 h after injection of
DMEM (UD) or MCMV (key). Data are from n=2 independent experiments. ¢,d, Flow-cytometry analysis of intracellular IFN-y in NK cells from the
spleen (¢) and liver (d) of WTNeriCre and GRNer-iCe mice (above plots) infected with MCMV and then treated with PD-1-blocking antibody (PD-1 Ab) or
isotype-matched control antibody (Ig) (left margin), assessed at 44 h after infection directly ex vivo without re-stimulation in vitro (left), and frequency
of IFN-y-producing cells among those cells (right). Numbers adjacent to outlined areas (left) indicate percent IFN-y* cells. Each symbol (right)
represents an individual mouse. Data are representative of (left) or pooled from (right) four experiments with n=8 WTNC mice (Ig or PD-1Ab), n=6
GRNericre mice (Ig) and n=7 GR¢ mice (PD-1 Ab) (¢) or n=9 mice per genotype (Ig) and n=7 mice per genotype (PD-1 Ab) (d) (mean +s.e.m.).

*P < 0.05 (one-way ANOVA).

hepatitis, with intranuclear inclusions in hepatocytes (Fig. 6e).
MCMV-infected wild-type mice treated with the PD-1-blocking
antibody were, therefore, a phenocopy of GR¥™“™ mice, which indi-
cated that PD-1 expression mediated the GR-dependent protection
of the host from infection-induced immunopathology.

The GR-PD-1-TIFN-y pathway prevents spleen immunopathol-
ogy. PD-1-deficient mice infected with the murine hepatitis virus
strain 3 are reported to have severe spleen and liver damage and
high expression of FGL2, a molecule involved in fibrinogen deposi-
tion?. By RT-qPCR, we found no difference in the expression of Fgl2
in spleen tissue homogenates after injection of the PD-1-blocking
antibody into MCMV-infected wild-type C57BL/6] mice relative
to its expression in such homogenates of their counterparts given
injection of the control antibody (data not shown). To further inves-
tigate the mechanisms involved in the immunopathology observed
in the MCMV-infected GRY"“"* mice and mice treated with the
PD-1-blocking antibody, we used a cytometric-bead array to mea-
sure the concentration of inflammatory cytokines in serum, spleen
and liver after infection. At 3 d after infection, the amount of the
cytokines IL-6, TNF and IL-10 in the serum and tissues of MCMV-
infected GRN""¢ mjce and those of wild-type mice treated with the
PD-1-blocking antibody was similar to that of the W™ mice
and wild-type mice treated with the control antibody, respectively

NATURE IMMUNOLOGY | VOL 19 | SEPTEMBER 2018 | 954-962 | www.nature.com/natureimmunology

(Supplementary Fig. 8). In contrast, we detected greater IFN-y pro-
duction in the spleen and serum, but not in the liver, of MCMV-
infected GRM"* mice and those of wild-type mice treated with the
PD-1-blocking antibody than in that of WT™¢ mijce and wild-
type mice treated with the control antibody, respectively (Fig. 6f,g).
To determine whether the NK cell-derived IFN-y in the spleen of
GRM¢ mice might have a role in spleen hyper-inflammation and
immunopathology, we treated Wi and GRN"iC mice with
an IFN-y-blocking antibody or an isotype-matched control anti-
body (IgG1) on day 1 after infection, a time at which the HPA axis
was activated. Histological analysis revealed substantial-to-severe
inflammation in the spleen of IgG1-treated GR™“** mice on day 3
after infection, with large and coalescing pyogranulomas and
necrotic foci throughout the splenic parenchyma (Fig. 7a). We also
observed destruction of the white pulp, including, in particular, the
periarteriolar lymphoid sheath (PALS), which displayed decreased
cellularity and atrophy in the severely affected areas and partial
replacement by necrotic and granulomatous inflammation (Fig. 7a).
Morphometric assessment of the PALS indicated that IgG1-treated
GRMC mice had more-severe destruction of the splenic archi-
tecture, with decreased surface of PALS areas on spleen sections,
relative to that of IgG1-treated WT™ mice (Fig. 7b). In con-
trast, GRN"iC mice treated with the IFN-y-neutralizing antibody
showed ‘rescue’ of their spleen immunopathology to a level similar
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Fig. 6 | The glucocorticoid-PD-1 regulatory pathway is required for protection against infection with MCMV. a,b, Survival of WTNTi¢e and GRN¢re mice
(key) infected with MCMV (LDs,) (a) or of wild-type infected with MCMV (LDs,) and then given injection of PD-1-blocking antibody or isotype-matched
control antibody (key) (b), assessed at various times (horizontal) after infection. Data are pooled from three experiments with n=13 mice (a) or two
experiments with n=11 mice (Ig) and n=10 mice (PD-1 Ab) (b). **P < 0.01 (two-tailed log-rank Mantel-Cox test). ¢,d, gPCR analysis of leT (as in Fig. 2e),
assessing viral titers in the spleen and liver (horizontal axis) of mice as in a (¢) or b (d) (key) at 3 d after infection. Each symbol represents an individual
mouse. Data are pooled from two experiments with n=6 WTNC¢ mice and n=9 GRN"¢* mice (¢) or n=9 mice (Ig) and n=10 mice (PD-1 Ab)

(d) (mean +s.e.m). e, Histology (H&E staining) of the spleen and liver (left margin) of mice as in b (right margin), assessed 3 d after infection (right,
enlargement of areas outlined at left); similar results were obtained with two different anti-PD-1 clones (J43 and RMP1-14). Scale bars, 100 pm. Data are
from n=4 mice (Ig) and n=5 mice (PD-1 Ab). f,g, Cytometric-bead array of IFN-y in the serum, spleen and liver (above plots) of mice as ina (f) or b (g)
(key) at 3 d after infection. Each symbol represents an individual mouse. Data are pooled from two experiments (serum) or three experiments (spleen and

liver) with n=7 WTNC mice (serum), n=8 GRN"¢ mice (serum), n=8 WTNC mice (spleen and liver) and n=14 GR"¢¢ mice (spleen and liver)

mice (f; mean +s.e.m.) or are pooled from two experiments with n=7 mice (Ig,

, serum), n=_8 mice (PD-1 Ab, serum) and n=9 mice (spleen and liver)

(g; mean+s.e.m.). *P<0.05 and **P < 0.01 (two-tailed Mann-Whitney test (serum) or two-tailed Student's t-test (spleen)).

to that of WTNe1iC mice given injection of IgG1 or the IFN-y-neu-
tralizing antibody (Fig. 7a,b). Thus, the glucocorticoids produced
after infection with MCMYV controlled the production of IFN-y by
spleen NK cells and IFN-y-mediated spleen immunopathology.

Discussion

Here we found that endogenous glucocorticoids produced in
response to infection with MCMYV selectively induced the expres-
sion of PD-1 in spleen NK cells and thus controlled their IFN-y
production and prevented the development of immunopathology

9260

in the spleen. This regulatory pathway was organ specific and did
not affect viral clearance.

PD-1 expression was induced in vitro on NK cells by treatment
with glucocorticoids in combination with IL-15 and IL-18, and this
effect was abolished when IL-12 was also present. Consistent with
that, different inflammatory profiles were observed in the spleen
versus the liver of MCMV-infected mice in vivo. Although in vitro
experiments cannot reproduce the complex combination of events
that occur in the tissues in vivo after infection, they defined the con-
ditions under which PD-1 expression can be induced on NK cells.
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The correlation between the effect of the cytokines in vitro and their
organ-specific expression in vivo suggests that distinct combinations
of inflammatory or homeostatic cytokines could act together with
corticosterone to induce PD-1 expression on NK cells in the spleen.
Characterization of the precise inflammatory context involved in
the corticosterone-induced regulation of PD-1 expression in vivo
will require further investigation. For example, PD-1 was expressed
on spleen NK cells in vivo despite the induction of Il12 mRNA in
this organ. Although we did not measure IL-12 at the protein level,
it is possible that different concentrations of recombinant IL-12 in
vitro and in the NK cell microenvironment in vivo mediate different
effects. We detected the expression of I/18 transcripts in the spleen
and liver in vivo but did not detect a significant increase in the tran-
scription of this cytokine-encoding gene in either organ at 44 h after
infection. However, as IL-18 is synthesized as an inactive precursor
that requires proteolytic cleavage to produce the biologically active

cytokine®, it is possible that expression of the mature IL-18 pro-
tein is regulated at the tissue level. In line with that, expression of
mature IL-18 has been reported to be higher in the spleen than in
the liver after infection with MCMV?’, which would provide a pos-
sible explanation for the organ-specific induction of PD-1 expres-
sion on spleen NK cells.

In the hematopoietic lineage, the regulation of PD-1 expression
by glucocorticoids during the early stage of infection with MCMV
seemed to be restricted to NK cells. It would be useful to determine
whether endogenous glucocorticoids induce PD-1 expression on
various immune cells, including T cells, in other pathological con-
texts, as PD-1 expression has been reported on several subsets of
immune cells in other models of viral infection*"*2. PD-1 expres-
sion is upregulated on T cells during various conditions of activa-
tion®. The lack of PD-1 induction on T cells early during infection
with MCMV observed here would be expected, as T lymphocytes
are activated during the later phase of such infection'”. Moreover,
treatment with various combinations of inflammatory cytokines
and corticosterone in vitro did not induce PD-1 expression on
T cells. Thus, the GR-induced regulation of PD-1 was specific to
NK cells in these conditions.

We found that the GR-dependent induction of PD-1 expression
on spleen NK cells was needed to control the production of IFN-y in
these cells, which prevented IFN-y-dependent immunopathology
in the spleen. However, the viral load in the spleen of GRN""i¢* mjce
was similar to that in their WTNiCr (control) littermates, which
indicated that the downregulation of IFN-y production by the HPA
axis did not compromise the control of viral replication. Similarly,
blockade of PD-1 in wild-type mice resulted in a phenocopy of the
spleen hyper-inflammation seen in GRM“* mice, and it did not
modify the viral load. Consistent with those results, published stud-
ies have shown that spleen NK cells exert their antiviral effects in a
perforin-dependent manner, suggestive of a major role for cytotoxic
mechanisms in this organ™. Activation of GR had no effect on the
cytotoxic activity of NK cells, which would suggest decoupling of
the actions of glucocorticoids on the main antiviral functions of NK
cells. In the liver, IFN-y production by NK cells is a major mecha-
nism for the control of MCMV replication'>**>*'. Despite high con-
centrations of corticosterone in the serum, PD-1 expression was not
upregulated in liver NK cells, and the IFN-y production of these
cells was unaffected. Therefore, the dampening of NK cell func-
tion by the HPA axis did not affect the effectiveness of the anti-viral
response in either the spleen or the liver.

The glucocorticoid-dependent induction of PD-1 expression on
NK cells during infection with MCMYV is a previously unrecognized
mechanism by which the HPA axis suppresses immunopathology
and promotes disease resistance without compromising protective
immunity. It will be important to evaluate the role of this pathway
in other infectious conditions and in people with inflammatory
diseases. Along that line, a population of PD-1* NK cells has been
identified in healthy donors seropositive for human CMV*, in peo-
ple seropositive for human immunodeficiency virus type 1°° and in
patients with Kaposi sarcoma?”, but the mechanisms by which PD-1
expression is regulated on these cells remain to be addressed. It will
be also useful to analyze whether PD-1 expression on immune cells
is associated with the immunological dysfunctions observed in peo-
ple in other conditions in which the HPA axis is activated, such as
psychological distress and tissue damage™.

Novel immunotherapies that act through the blockade of immu-
nological checkpoints such as PD-1 have yielded outstanding results
for advanced cancer®*. In patients with cancer, inflammatory reac-
tions can be managed with immunosuppressive agents, such as cor-
ticosteroids®. It will be important to determine in which conditions
and on which cells PD-1 expression can be induced by such treat-
ments. Such an analysis could make it possible to identify additional
pathological situations in which treatment with antibodies to PD-1
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could be effective. Deeper understanding of the physiological and
pathological conditions in which this glucocorticoid-PD-1 pathway
exerts some beneficial or detrimental effects could provide a ratio-
nal basis for the development of new therapeutic strategies.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41590-018-0185-0.
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Methods

Mice. Female mice on a C57BL/6 background were used in this study. Wild-type
C57BL/6] mice were purchased from Janvier Labs. Ncr1'“¢/+ Ny3c]'oxP/lox? (GRNerl-iCre)
mice were generated as previously described’. Sex matched NcrI'“* littermates
(WTNerliCre) were used as controls for GRY"“* mice. In some experiments in
which two to  ve mice per genotype per experimental condition were analyzed,
mice from several litters were used. All the mice used were bred and maintained
under speci ¢ pathogen-free conditions at the Centre d ITmmunophenomique
(Ciphe) de Marseille and the Centre d Immunologie de Marseille Luminy. Mice
were housed under a standard 12h-12h light-dark cycle with ad libitum access
to food and water. Age-matched (7- to 10-week-old) and sex-matched littermates
were used as controls. All experiments were conducted in accordance with
institutional committee recommendations (Comité d’Ethique de Marseille

n°14 - APAFiS #14260) and French and European guidelines for animal care.

Infection with MCMYV. Stocks of Smith strain MCMV were generated by
homogenizing salivary glands harvested from six-week-old BALB/c mice infected
with 2.5X 10° PFU of MCMYV at the age of 3 weeks. Mice were infected at 2 p.m.
by intraperitoneal injection of 10* PFU/g or 3 x 10° PFU/g (LD,,) MCMV diluted
in DMEM. Uninfected (UI) mice received DMEM only. For blockade of PD-1,
250 pg anti-PD-1 (clone J43 or RMP1-14) or the appropriate isotype-matched
control antibody (Armenian hamster IgG or IgG2a monoclonal antibody mAb
clone 2A3) (all from BioXCell) were injected intraperitoneally into mice on day 1
after infection. For neutralization of IFN-y, 500 pg anti-IFN-y (clone XMG1.2)
or rat IgG1 (HRPN) (both from BioXCell) were injected intraperitoneally into
mice on day 1 after infection. Spleens and livers were harvested after perfusion at
various time points, and were processed for flow cytometry or histology analysis,
or were weighed and homogenized for RNA or protein extraction. Organs were
homogenized in a FastPrep-24 5G homogenizer (MP Biomedicals).

Viral titers and q-RT-PCR. Organs were kept in RNAlater (Qiagen) after
harvesting. RNA was extracted from organ homogenates with the RNeasy
Fibrous Tissue Mini Kit (Qiagen) and was reverse-transcribed with the iScript
cDNA Synthesis kit (Biorad). Viral titers were determined, by qPCR, as absolute
levels of the MCMYV gene Iel (F: 5’ GAGTCTGGAACCGAAACCGT3'; R: 5’
GTCGCTGTTATCATTCCCCAC3', Sigma) using the SYBR Green Master

Mix (Takara). For analysis of the expression of 1115, 1112 and 1118, microfluidic
quantitative real-time RT-PCR with the Biomark HD system (Fluidigm) was used.
In briefly, pre-amplified cDNA (22 cycles) was diluted fivefold before analysis in
a Flex Six IFC (Fluidigm) with Universal PCR Master Mix (Fluidigm) and ready-
to-use primer and probe sets pre-developed by Applied Biosystems (TagMan
Gene Expression Assays): IL-15 (Mm00434226_m1), IL-12b (Mm00434174_m1),
IL-18 (Mm00434226_m1) and GAPDH as a control (Mm99999915_g1).

Ct values were calculated from the system’s software (BioMark Real-time

PCR Analysis; Fluidigm).

In vitro splenocyte stimulation. Total splenocytes or spleen NK cells (enriched
with the NK cell isolation kit from Miltenyi Biotech) from WTNeriCre and GRNert-iCre
mice were stimulated in vitro in complete culture medium (RPMI 10% FCS,

100 pg/ml penicillin/streptomycin, 2mM l-glutamine, 1 mM sodium pyruvate and
0.01 M Hepes) with the followng: 25 ng/ml IL-12 (eBiosciences), 25 ng/ml IL-15
(Peprotech) and 20 ng/ml IL-18 (MBL), alone or in combination; or PMA (200 ng/ml,
Sigma) and ionomycin (1 pg/ml, Sigma). For stimulation of NK1.1, 96-well plates
(Immulon 2HB) were coated overnight at 37 °C with 2.5 pl/well anti-NK1.1
(PK136, eBiosciences) or IgG2a isotype-matched control antibody (eBM2a,

e Biosciences) before cell plating. During stimulation, 250 or 500 nM corticosterone
(Sigma; dissolved in ethanol) or the same volume of vehicle alone were added to
the medium. Cells were stimulated at 37°C in the presence of Golgi Stop and Golgi
Plug from BD Biosciences, and then were washed and stained for flow cytometry.
For staining of CD107a, anti-CD107a-FITC (1D4B, BD Biosciences) was added,

at a concentration of 2.5 ul per well, during stimulation.

Cytokine levels in tissues. We measured IFN-y, IL-6, TNF and IL-10 protein in
organ homogenates by cytometric bead arrays, according to the manufacturer’s
protocol (CBA, BD Biosciences). Results obtained in pg/ml were converted to
ug/mg or ng/mg of tissue, with consideration of the weight of the organ

before homogenization.

Serum analysis. Blood was collected from the retro-orbital sinus of MCMV-
infected mice under low-stress conditions (i.e., within 2 min of handling).
After blood coagulation at room temperature, blood samples were centrifuged
to separate the serum from the clot. Serum samples were analyzed with the
Corticosterone ELISA Kit (Enzo), according to the manufacturer’s instructions,
to determine corticosterone concentration, or were analyzed by cytometric
bead array, according to the manufacturer’s protocol (CBA, BD Biosciences),

to determine cytokine concentrations.

Flow cytometry. Single-cell suspensions were obtained from the spleen by
scratching the spleen through 70- pm cell strainer or from the liver by pressing

NATURE IMMUNOLOGY | www.nature.com/natureimmunology

the liver through a 100-pm cell strainer, followed by lymphocyte isolation on a
37.5-67.5% Percoll gradient. For isolation of cells from the lamina propria of
the small intestine, intestines were cut longitudinally and then transversally in
2- to 3-cm pieces, were thoroughly rinsed with PBS and then were shaken for
30min in PBS containing 10% FBS, 15mM HEPES and 5mM EDTA to remove
intraepithelial and epithelial cells. Intestines were then digested with collagenase
VIII (300 UI/ml; Sigma) in complete RPMI for 45 min at 37 °C under agitation,
and lamina-propria lymphocytes were isolated on a 40-100% Percoll gradient.
Cells were incubated with Fc-blocking antibody (2.4G2, BD Biosciences) and with
a fixable blue dead-cell stain kit (Invitrogen). Surface molecules were stained with
antibodies to the following: CD45.2 Alexa Fluor 700 (104), CD3 PE-CF594 and
APC/Cy7 (145-2C11), CD19 PE-CF594 (1D3), NK1.1 BV510 (PK136), CD49a
Alexa Fluor 647 (Ha31/8), CD11b BV510 (M1/70), MHCII BV605 (M5/114.15.2),
TCRP FITC (H57-597), PD-1 BV650 (J43, and hamster IgG2 isotype-matched
control antibody (cat. number 563860)) and PD-L1 PE (MIH5) (all from BD
Biosciences); NKp46 PerCP-eFluor 710 and PE/Cy7 (29A1.4), CD49b PE/Cy7
(DX5), F4/80 APC (BM8) and Ly49H APC (3D10) (all from eBioscience); CD11c
PE/Cy7 (N418), CD19 APC/Cy7 (6D5), PD-1 PE (RMP1-30, and rat IgG2b
isotype-matched control antibody (cat. number 12-4031-82)), PD-L2 PE (TY25)
and Ly6G APC/Cy7 (1A8) (all from Biolegend). For intracellular staining, cells
were fixed and permeabilized with an intracellular staining kit (eBioscience),
and the following antibodies were used: anti-IFN-y BV421 (XMG1.2) (from
Biolegend); anti-granzyme B PE (GB11), anti-RORyt PE-CF594 (Q31-378),
anti-IL17 PE (TC11-18H10) and anti-Ki67 PE (B56) (all from BD Biosciences);
anti-IL-22 (JOP eBioscience, coupled to Alexa Fluor 647 with an antibody labeling
kit from Life Technologies); and anti-GR Alexa Fluor 488 XP rabbit monoclonal
antibody (D8H2) and rabbit monoclonal antibody IgG Alexa Fluor 488 XP (DA1E)
(both from Cell Signaling Technology). Stained samples were analyzed in a BD
LSRII flow cytometer (BD Biosciences). Apoptosis was detected with the FITC
Annexin V Apoptosis Detection Kit I from BD Biosciences, according to the
manufacturer’s protocol.

The gating strategy for NCR1* ILC3s is shown in Supplementary Fig. 2a;
the gating strategy for the sorting of NCR1* cells from the spleen and liver is
shown in Supplementary Fig. 3; and the gating strategy for DCs, neutrophils and
macrophages is shown in Supplementary Fig. 5a.

Histology. Tissues were fixed in 10% neutral buffered formalin for 24 h,

then were dehydrated and embedded in paraffin. Sections of 3.5 um were cut
using the microtome Leica RM2245. Hematoxylin—eosin (H&E) staining was
effectuated automatically with Leica autostainer XL and slides were mounted
with Entellan and were kept at room temperature. Histological slides of spleen
and liver tissue were assessed by an anatomopathologist in a blinded way. For
spleen inflammation grading, scores assigned on the basis of the severity, as
follows: 0, normal spleen; 1, mild (multifocal pyogranulomas in marginal zones);
2, moderate (locally coalescing pyogranulomas in marginal zones with small
necrotic foci); 3, substantial (large and coalescing pyogranulomas throughout

the splenic parenchyma with extensive necrotic foci, PALS preserved); and 4,
severe (extensive necrotic and pyogranulomatous foci, PALS partially replaced by
necrotic and granulomatous inflammation). For grading of liver inflammation,
scores were assigned on the basis of the severity as follows: 0, normal; 1, mild
(multifocal pyogranulomatous hepatitis with scattered single necrotic hepatocytes);
2, moderate (multifocal to coalescing necrotic and pyogranulomatous hepatitis
with intranuclear inclusions in hepatocytes); and 3, substantial (coalescing necrotic
and pyogranulomatous hepatitis with intranuclear inclusions in hepatocytes). For
the morphometric assessment of periarteriolar lymphoid sheath (PALS), the area
of PALS and the total area of spleen section were measured using CaseViewer
software from 3Dhistech. Analysis was done on pictures taken with a Nikon
Eclipse Ci microscope, on random cross sections of the spleens.

Cell sorting and mRNAseq analysis. Splenocytes (after NK cell enrichment with
the mouse NK Cell Isolation Kit II, Miltenyi Biotec) and liver lymphocytes were
pooled from three mice for each genotype. A FACSAria III (BD Biosciences) was
used to sort approximately 5X 10° NK cells from the spleen and liver and 5x 10*
liver-resident ILCls. Cells were sorted directly in RLT lysis buffer (Qiagen). Total
RNA was prepared from purified ILC populations with an RNeasy Micro Kit
(Qiagen). Three biological replicates were generated for all samples except the
GRM1¢e Jiver ILC1 samples (two biological replicates). Pre-amplification was
performed with the SMART-Seq v4 Ultra Low-Input RNA Kit (Clontech). The
DNA libraries were generated by double-indexing with the Nextera XT DNA Kit
(Illumina), and RNA sequencing was performed with a NextSeq 500 (Illumina;
paired-end reads 2 X 75 with 30 M reads per sample). The fastq files were assessed
with the fastqc program and trimming was performed with Trimmomatics, to
remove potential molecular barcodes, Illumina adapters and low-quality reads.
Alignment was performed with two algorithms: first, with bowtie2 vs GRCm38
ensemble transcriptome, which resulted in a BAM that could be processed

with the molecular index provided by the kit vendor; and second, with

HiSat2 over the GRCm38 genome, for the detection of novel junction regions.
Duplicates were detected and removed by MarkDuplicates from picard

tools, and the number of reads mapped to each gene was determined with
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featureCounts v1.5.2. Normalization and differential analysis were performed Mann-Whitney U tests were performed if this was not the case. One-way ANOVA
with DESeq2 v1.16.1. HalioDx (Marseille, France) processed the RNA samples was used for multigroup comparisons. Differences in survival were evaluated

and bioinformatics analyses were performed by the Centre d'Immunologie de with Mantel-Cox tests. Differences were considered significant for P values less
Marseille-Luminy platform. than 0.05.

Statistical analysis. No sample size calculation was performed, but a reasonable Reporting Summary. Further information on experimental design is available in

sample size was chosen to ensure adequate reproducibility of results and was based ~ the Nature Research Reporting Summary linked to this article.

on our previous studies. Mice were assigned to experimental groups according to

sex and age. Statistical analysis was performed with Graphpad Prism 7 Software. Data availability. The data that support the findings of this study are available
Normality was tested with the Shapiro-Wilk test. Unpaired two-tailed Student’s from the corresponding author upon request. The RNA sequencing data have been
t-tests were used if the data followed a Gaussian distribution with similar variances.  deposited in the GEO repository under accession code GSE114827.
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Software and code

Policy information about availability of computer code

Data collection BD FACS Diva 8.0.1 software was used for cytofluorimetric data collection.

Data analysis GraphPad Prism7 was used for the statistical analysis. FlowJo10 was used for the analysis of the FACS data. CaseViewer from 3dhistech
was used for the morphometric assessment of histological slides. BioMark HD (Fluidigm) was used for gene expression analysis. HiSat2,
bowtie2, MarkDuplicates, featureCounts v1.5.2 and DESeq v1.16.1 were used for bioinformatics analysis.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers
upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The data that support the findings of this study are available from the corresponding author upon request. The RNA sequencing data have been deposited in the
GEO repository under accession code GSE114827.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculation was performed, but a reasonable sample size was chosen to ensure adequate reproducibility of results and was
based on our previous studies.

Data exclusions  No data was excluded.
Replication Experiments were replicated several times with reproducible results, as indicated in each figure legend.
Randomization  Mice were assigned to experimental groups according to sex and age.

Blinding In the in vivo experiments the investigators were not blinded to the genotype of the experimental groups. Anatomopathological analysis of
histological samples was blinded.

Reporting for specific materials, systems and methods

Materials & experimental systems Methods

Involved in the study

|:| Unique biological materials
|Z| Antibodies

|:| Eukaryotic cell lines

n/a | Involved in the study

|X| |:| ChlIP-seq
|:| |X| Flow cytometry

|X| |:| MRI-based neuroimaging

|:| Palaeontology
|X| Animals and other organisms

XOXXOX &

|:| Human research participants

Antibodies

Antibodies used The following antibodies were used for flow cytometry: CD45.2 (1:200, clone 104, #560693), CD3 (1:100, clone 145-2C11,
#562286 and #557596), CD19 (1:200, clone 1D3, #562291), NK1.1 (1:50, clone PK136, #563096), CD49a (1:400, clone Ha31/8,
#562113), CD11b (1:400, clone M1/70, #562950), NKp46 (1:50, clone 29A1.4, #562850), MHCII (1:200, clone M5/114.15.2,
#563413), TCRb (1:400, clone H57-597, #553171), PD1 (1:50, clone J43, #744546), Hamster 1gG2 isotype control (1:50, clone
B81-3, #563860), PDL1 (1:100, clone MIHS5, #558091), granzyme B (1:50, clone GB11, #561142), Rorgt (1:100, clone Q31-378,
#562684), 1L17 (1:100, clone TC11-18H10, #559502), CD107a (1:60, clone 1D4B, #553793), Fc block CD16/CD32 (1:200, clone
24G2, #553142) and Ki67 (1:50, clone B56, #5560027) from BD Biosciences; NKp46 (1:50, clone 29A1.4, #46-3351-82 and
#25-3351-82), CD49b (1:200, clone DX5, #103518), F4/80 (1:100, clone BMS8, #17-4801-82), Ly49H (1:200, clone 3D10,
#17-5886-82) and 1122 (1:200, clone I1L22JOP, #16-7222-82 coupled to AlexaFluor647) from eBioscience; CD19 (1:200, clone 6D5,
#115530), CD11c (1:200, clone N418, #117318), PD1 (1:50, clone RMP1-30, #109103), Rat IgG2b isotype control (1:50, clone
RTK4530, #400607), PDL2 (1:100, clone TY25, #107206), Ly6G (1:200, clone 1A8, #127624), and IFN-g (1:100, clone XMG1.2,




#505829) from Biolegend; GR (1:50, clone D8H2, #12007) and rabbit mAb IgG XP (1:100, clone DA1E, #2795) from Cell Signaling
Technology.

For PD1 blockade experiments in vivo anti-PD1 antibody (clone J43 #BE0033-2 or clone RMP1-14 #BE0146) and Armenian
Hamster IgG (#BEO091) or IgG2a mAb (clone 2A3, #BE0089) from BioXCell were used. For IFN-g neutralization in vivo anti-IFN-g
(clone XMG1.2 #BEOOS55) or Rat IgG1 (clone HRPN #BE0088) both from BioXCell were used.

Validation All the antibodies used are from commercial sources and have been validated by the vendors. Validation data for species
(mouse) and application (flow cytometry and in vivo injection) are available on the manufacturer's website.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals All mice used for experiments were females on a C57BL/6J genetic background and 7-10 weeks-old. Wild-type mice littermates
(Ncr1iCre/+Nr3c1+/+) of GRNcr1-iCre mice (NcrliCre/+Nr3clLoxP/LoxP) were used as a control of the mutant strain, or were
purchased from Janvier Labs otherwise. All the mice used were bred and maintained under specific pathogen-free conditions at
the Centre d'Immunophenomique (Ciphe) de Marseille and the Centre d'Immunologie de Marseille Luminy. Mice were housed
under a standard 12 h:12 h light-dark cycle with ad libitum access to food and water.
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For the generation of stocks of Smith strain MCMYV, female BALB/c mice were purchased from Janvier Labs and infected at 3
weeks of age.

Wild animals The study did not involve wild animals

Field-collected samples The study did not involve samples collected from the field.

Flow Cytometry

Plots
Confirm that:
|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group’ is an analysis of identical markers).
|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Single-cell suspensions were obtained from the spleen by scratching it through 70um cell strainer, or from the liver by scratching
it through 100um cell strainer and subsequent lymphocyte isolation on a 37.5-67.5% Percoll gradient. For isolation of small
intestine lamina propria cells, intestines were cut longitudinally, then transversally in 2-3 cm pieces, thoroughly rinsed with PBS,
and shaken for 30 min in PBS containing 10% FBS, 15mM Hepes and 5mM EDTA to remove intraepithelial and epithelial cells.
Intestines were then digested with collagenase VIII (300UI/ml) in complete RPMI for 45 min at 37'C under agitation, and lamina
propria lymphocytes were isolated on a 40-100% Percoll gradient.

Instrument BD LSRIl and BD FACSAria Il

Software BD FACS Diva 8.0.1 software was used for data collection and FlowJo v.10 was used for data analysis.

Cell population abundance  Post-sort cells were not reanalyzed because cells were sorted in RLT lysis buffer for RNA extraction

Gating strategy Among live, single, CD45+ cells,
NK cells were gated as: CD3-CD19-NK1.1+NKp46+CD49b+ (and in the liver CD49a-);
liver ILC1s were gated as: CD3-CD19-NK1.1+NKp46+CD49b-CD49a+
T cells were gated as: CD3+NK1.1- or TCRb+
B cells were gated as: CD19+
Neutrophils were gated as: CD11c-CD11b+Ly6G+
Macrophages were gated as: CD11c-CD11b+F480+
DCs were gated as: CD11c+MHClIlhi
small intestine ILC3s were gated as: CD3-CD19-NKp46+Rorgt+

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.




