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In brief

Bourayou et al. demonstrate that, during
NASH, endotoxemia-derived signals
activate medullary monocytes, which
upregulate both the IL-15/IL-15Ra
complex and osteopontin, promoting NK
precursor maturation and survival. These
NK precursors exit the bone marrow and
join the liver, where they dampen
fibrogenesis and polarize recruited
monocytes toward an M1-like phenotype.
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SUMMARY

Natural killer (NK) cells are the predominant lymphocyte population in the liver. At the onset of non-alcoholic
steatohepatitis (NASH), an accumulation of activated NK cells is observed in the liver in parallel with inflam-
matory monocyte recruitment and an increased systemic inflammation. Using in vivo and in vitro experi-
ments, we unveil a specific stimulation of NK cell-poiesis during NASH by medullary monocytes that
trans-present interleukin-15 (IL-15) and secrete osteopontin, a biomarker for patients with NASH. This cellular
dialogue leads to increased survival and maturation of NK precursors that are recruited to the liver, where
they dampen the inflammatory monocyte infiltration. The increase in the production of both osteopontin
and the IL-15/IL-15Ra complex by bone marrow monocytes is induced by endotoxemia. We propose a tripar-
tite gut-liver-bone marrow axis regulating the immune population dynamics and effector functions during

liver inflammation.

INTRODUCTION

In Western countries, where unbalanced diets are causing a rise
in obesity and metabolic disease incidence, the prevalence of
non-alcoholic fatty liver diseases (NAFLDs) is now skyrocketing.
NAFLDs are a spectrum of hepatic diseases ranging from simple
steatosis to severe stages such as non-alcoholic steatohepatitis
(NASH) and cirrhosis and can further evolve into hepatocellular
carcinoma (HCC)." Yet, the pathogenesis of the different stages
and why some patients progress toward fibrosis and/or HCC are
still not fully known. There is a need to further understand the
cellular and molecular events underlying NASH evolution.

The contributions of lymphocytes to NASH have been broadly
studied,?® and natural killer (NK) cells were shown to be involved
in the disease progression.”™ NK cells are part of the type 1
innate lymphoid cell (ILC1) subset, thus sharing characteristics
with ILC1s. Both ILC1s and NK cells produce type 1 cytokines
such as interferon vy (IFNy) and tumor necrosis factor o (TNF-o)
upon activation by interleukin-12 (IL-12), IL-18, or IL-15. NK cells
rely on the expression of the T-box transcription factors T-BET
and eomesodermin (EOMES), while ILC1s only express
T-BET."” NK cells and liver ILC1s also exhibit cytotoxic activities
with the expression of TNF-related apoptosis-inducing ligand
(TRAIL) as well as granzyme B (GzmB) and perforin.""'? In the
liver, NK and ILC1s represent 30%-50% of total lymphocytes
in humans and around 10% in mice, and the liver contains
both ILC1 precursors (ILC1Ps) and mature ILC1s.">"* Murine
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NASH models are obtained by feeding mice with specific diets
to induce fatty liver, causing inflammation and injuries. In the
latter, hepatic NK cell numbers significantly increase. In liver
injury, NK cells have been shown to play an anti-fibrotic role by
killing hepatic stellate cells (HSCs)'>'® and by polarizing macro-
phages toward an M1 profile.”® This suggests a protective role
for these cells that keeps the disease from progressing toward
more severe stages. Yet, another study showed that NK cells
can play a detrimental role by promoting NASH progression via
enhanced cytokine production and JAK/STAT-mediated hepa-
tocyte damages.® Thus, NK cells’ role in NASH remains unclear.
Moreover, the mechanisms underlying the increased hepatic NK
cell pool were never addressed. Another major immune popula-
tion involved in NASH establishment is the monocytes/macro-
phages. Liver myeloid populations represent a highly heterolo-
gous population'”~"® and were shown to play multiple roles in
NASH pathogenesis.***'

Using different NASH-inducing diets in murine models, we
show that NK cells are recruited to the liver, where they restrict
LyB6C"9" monocyte recruitment and polarize them toward an
M1 phenotype. Looking at the bone marrow (BM), where NK
cell development takes place, we observed enhanced NK cell-
poiesis along with increased IL-15-dependent survival and
maturation of NK precursors in diet-induced (DI)-NASH. In BM
monocytes, both IL-15/IL-15Ra. complex and osteopontin
(OPN) expressions were upregulated. Using in vitro co-cultures
of BM monocytes with NK precursors, we were able to
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demonstrate that the former can directly promote NK cell matu-
ration and survival through IL-15/IL-15Ra trans-presentation and
OPN secretion. Lastly, we showed that myeloid differentiation
factor 88 (Myd88)-dependent pathogen-associated molecular
pattern (PAMP) signaling was responsible for the increased pro-
duction of both the IL-15/IL-15Ra complex and OPN by medul-
lary monocytes. Together, our data reveal an endotoxemia-
driven crosstalk between monocytes and NK precursors in the
BM that favors NK cell development and sustains their recruit-
ment to the liver during DI-NASH. We also unveil a role for
OPN as one of the key molecules involved in the NK cell/mono-
cyte dialogue and thus regulating their immune response during
inflammation.

RESULTS

Both liver ILC1s and myeloid populations are impacted
by DI-NASH

We chose to compare complementary nutritional mouse models
of NASH. The methionine- and choline-deficient (MCD) diet in-
duces liver dyslipidemia and inflammation with massive hepato-
cyte damage due to lipid accumulation in hepatocytes and,
eventually, liver fibrosis. The cholesterol-enriched high-fat,
high-glucose (HFHG) diet reproduces some human metabolic
dysfunctions associated with obesity (hyperinsulinemia and hy-
perglycemia) on top of liver inflammation. As expected, both di-
ets induce strong steatosis confirmed by oil red O staining after 4
and 8 weeks, respectively, for the MCD and HFHG diets (Fig-
ure S1A). Serum alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) are elevated (Figure S1B). Cholesterol
levels are significantly increased in the HFHG but not in the
MCD diet, while serum triglyceride levels are decreased (Fig-
ure S1C). Quantitative real-time PCR (real-time gPCR) on liver
tissue samples from mice fed with MCD or HFHG diet revealed
the upregulation of genes involved in inflammation (Tnf, /1b)
and fibrogenesis (Col1a1, Timp, Acta2), reflecting liver damage
(Figure S1D). Mice fed under the HFHG diet possess a significant
increase in both body and liver weight (Figure S1E) promoting the
associated metabolic syndromes: obesity and insulin resistance
(Figure S1F).

Using flow cytometry, we analyzed the hepatic ILC1 compart-
ment during DI-NASH. Liver NK cells, but not ILC1s, are signifi-
cantly increased in frequency and absolute numbers as soon
as after 3 weeks of MCD diet and 8 weeks of HFHG diet
compared to mice fed with a control (chow) diet (Figure 1A).
This rise is accompanied by a significant increase in IFNy pro-
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duction by NK cells in both NASH diets, while the frequency
and numbers of TNF-a* and GzmB* NK cells do not vary
(Figures 1B and 1C). Using a t-distributed stochastic neighbor
embedding (t-SNE) analysis based on the differential expression
of 14 surface markers, including 10 expressed by ILC1s, we
discriminate 5 main clusters. Cluster 2 represents ILC1s, while
NK cells are shared among 4 clusters depending on the expres-
sion level of several markers. Notably, an enrichment in clusters
3, 4, and 5 occurred in the MCD diet (Figure 1D). The activating
receptors (NKp46, NKG2D) are upregulated on the NK cell sur-
face in MCD-induced NASH (Figure 1E). The maturation marker
CD11b is downregulated in both DI-NASH diets (Figure 1E).
Thy1.2 expression was also increased on MCD-diet- and
8 week HFHG-diet-derived NK cells compared to their control
counterparts (Figures 1D and 1E).

The cytotoxic CD8* T cells were increased in both frequency
and absolute numbers in DI-NASH liver, while helper CD4*
T cells remained unchanged (Figure S2A). Inflammatory mono-
cytes defined as Ly6G LyBC""CD11b* cells were recruited to
the liver, with a significant difference starting after 2 weeks of
MCD diet and after 8 weeks of HFHG diet compared to chow
diet (Figures 1F and 1G).

In conclusion, both liver monocytes and NK cell populations
increase in frequency and absolute numbers in DI-NASH. The
latter display an activated phenotype with the upregulation of
NK cell receptors such as NKp46 and NKG2D as well as an
enhanced secretion of the pro-inflammatory cytokine IFNy.

NK cells protect the liver against the priming of
fibrogenesis while restricting inflammatory Ly6c"o"
monocyte recruitment

To determine the role of NK cells in NASH establishment and
progression, we used two approaches. One model of depletion
based on the anti-asialo(as)GM1 antibody (Figure 2A) and the
NK-deficient IL-15-knockout (KO) mouse model. The absence
of NK cells was efficient in both models (Figure S2B). Gut
Nkp46* ILC3 (Figure S2C) and liver NK T cell populations (Fig-
ure S2D) were not affected by depletion with anti-asGM1. Anti-
asGM1-injected mice under MCD diet displayed similar ALT
and AST serum levels compared to non-injected, MCD-fed
mice (Figure 2B). The fibrosis-related gene program in the liver
appeared upregulated in MCD-fed, anti-asGM1-injected mice
and IL-15-KO mice compared to their wild-type (WT) counter-
parts (Figure 2C). Ccl2, Tnf, and I/1b relative mRNA expressions
remained unaltered between the anti-asGM1-injected IL-15-KO
and non-injected, MCD-fed mice, while those of Col1a1, Acta2,

Figure 1. Liver type 1 ILCs and monocytes are both impacted by NASH
(A) Flow cytometric analyses and evolution of percentage and numbers of type 1 ILCs from livers of WT mice fed with a chow diet (black) or MCD diet (red) for

4 weeks or HFHG diet (purple) for up to 16 weeks.

(B) Mean fluorescence intensity (MFI) of IFNy in liver NK cells from chow- or MCD-fed WT mice.
(C) Analyses of hepatic NK cell secretion in MCD-fed (left) and HFHG-fed (right) mice.
(D) t-SNE analyses of liver type 1 ILCs based on differential expression of CD49a, CD49b, CD94, CD226, CD11b, NK1.1, NKp46, and Thy1.2 (top). Relative

fluorescence intensities of mentioned surface markers (bottom).
(E) MFI of NK cell surface markers in chow, MCD, and HFHG conditions.

(F and G) Flow cytometric analyses (F) and evolution of percentage and absolute numbers (G) of infiltrating Ly6C™®" monocytes in livers from mice fed with the

different diets.

Data are means + SD of at least two independent experiments with at least three mice in each condition per experiment. *p < 0.05, **p < 0.01, **p < 0.001, and

***p < 0.0001 by Mann-Whitney test.
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and Timp (Figure 2C) were significantly increased in the absence
of NK cells, suggesting an enhanced pro-fibrogenic environ-
ment. Steatosis was not affected by the absence of NK cells,
as revealed by quantification of oil red O staining (Figure 2D).

We then performed F4/80 staining on liver sections from anti-
asGMT1-injected IL-15-KO and non-injected WT mice fed with
chow or MCD diet (Figure 2D). Quantification of the F4/80 staining
revealed an increase in the absence of NK cells (Figure 2D). This
was confirmed by a significant rise in LyBC"9" monocyte fre-
quency and numbers in MCD-fed, anti-asGM1-injected and IL-
15-KO mice compared to MCD-fed, non-injected WT mice (Fig-
ure 2E). This led to an aggravation of the pathology as revealed
by a significantly increased NAS in MCD-fed IL-15-KO mice
compared to WT mice (Figures 2B and S2E). Monocytes are re-
cruited to the liver via the CCR2/CCL2 axis during DI-NASH.*?
While hepatic CCL2 levels remained unchanged in NK-deficient
mice compared to NK-sufficient counterparts, NK cells also ex-
press Ccr2 (Figure S2F). In addition, the frequency of liver Annexin
V* Ly6C"'9" monocytes was significantly reduced in MCD-fed IL-
15-KO mice compared to their WT counterparts (Figure S2G),
indicating that monocyte accumulation might also rely on a
decreased cell death. Liver NK cells displayed an upregulation
of Tnfsf10 (coding for TRAIL) in the NASH diet conditions (Fig-
ure S2H), highlighting a potential activation of the TRAIL-depen-
dent cytotoxic pathway in these cells during DI-NASH.

We also performed quantitative real-time PCR on fluores-
cence-activated cell-sorted (FACS) liver Ly6C"9" monocytes
from the different conditions. The MCD diet promotes an M1-
type response with the upregulation of the pro-inflammatory
genes Tnf and /l1b along with the downregulation of the M2
marker gene Arg1, coding for arginase 1 (Figure 2F). In MCD-
fed, anti-asGM1-injected and IL-15-KO mice, LyBC"9" monocyte
gene expression was impacted with an upregulation of the anti-in-
flammatory gene /170 and a decrease in ll1b expression. Arg1 was
significantly upregulated in chow diet in NK-depleted and -defi-
cient mice compared to NK-sufficient counterparts (Figure 2F).
Similar modifications in liver monocyte gene expression were
observed in MCD-fed IFNy-KO mice compared to MCD-fed WT
mice (Figure S2I). Indeed, although //70 level of expression was
not affected by the absence of IFNy, Arg1 was significantly upre-
gulated, and Tnf and //1b were downregulated. This suggests that
liver NK cells promote an M1 phenotype in recruited monocytes
and that this process is mediated by IFNy.

In conclusion, liver NK cells restrict the recruitment of Ly6CMo"
monocytes while maintaining an M1 profile. The priming of liver
fibrosis, related to enhanced liver injury, is upregulated in the
absence of NK cells, confirming an anti-fibrotic role for these
cells in this organ as shown by others.*'*'°
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Recently proliferating Thy1.2*CD27* NK cells are
recruited to the liver

To investigate the phenomenon responsible for the increase in
liver NK cells in DI-NASH, we assessed their proliferation using
the Ki67/DAPI staining on livers from chow-, MCD-, or HFHG-
fed mice (Figure 3A). Although around 80% of NK cells were in
G1 phase, suggesting recent proliferation and cell growth, no
significant difference was observed for presumed dividing
subsets.

We focused on a possible active recruitment of NK cells to the
liver. We compared NK cell frequencies from portal vein blood
and circulating blood between diets. NK cell circulation was
significantly increased in both MCD and 8 week HFHG diets
compared to chow diet, suggesting an active recruitment to
the liver (Figures 3B and 3C). This phenomenon disappeared af-
ter 16 weeks of HFHG diet (Figures 3B and 3C). Hence, we chose
to continue our analyses on early stages of HFHG diet (8 weeks).
We observed an enrichment in Thy1.2*CD27* NK cells in blood
and liver in both NASH diets (Figures 3D and 3E). This corrobo-
rates the idea that accumulating liver NK cells come from the cir-
culation in DI-NASH.

CXCRB3 expression revealed an increase in the percentage of
CXCR3" blood and liver NK cells from MCD- and HFHG-fed
mice (Figures 3F and 3G). These CXCR3" NK cells co-stain for
the Thy1.2 marker (Figure 3G). Expressed on activated T and
NK cells, CXCR3 binds to IFNy-inducible ligands: CXCL9,
CXCL10, and CXCL11, respectively.”®> Cxcl9 and Cxcl11
mRNA relative expressions in liver from MCD-fed mice were
upregulated yet showed no difference in HFHG-fed mice (Fig-
ure S2J). On the other hand, Cxc/10 was upregulated in both di-
ets (Figure 3H). This supports the findings of Fan et al. that NK
cells are recruited to the liver through the CXCR3/CXCL10 axis
during DI-NASH.*

Given that CXCL10 induction is downstream of the IFNy
signaling, we postulated that CXCL10 expression and subse-
quently liver NK cell recruitment would be altered in IFNvy-defi-
cient mice. In MCD-fed IFNy-KO mice, ALT and AST activities
were significantly decreased compared to their WT counterparts
(Figure S3A). Absolute numbers of hepatic NK cells significantly
dropped in chow- and MCD-fed IFNy-KO mice in comparison to
WT mice (Figure S3B). Yet, the increased accumulation of liver
NK cells was proportionally similar, as revealed by fold change
normalization (Figure S3B). As for CXCL10 expression, it was
not downregulated in IFNy-KO compared to WT mice nor in
chow- or MCD-diet-fed mice (Figure 3l). IFNy-independent
CXCL10 expression in hepatocytes was shown to depend on
IRF3 signaling during hepatitis,>* and activation of the STING/
IRF3 pathway promotes hepatocyte inflammation in NASH

Figure 2. NK cells protect the liver against the priming of fibrogenesis while restricting inflammatory Ly6C""®" monocyte recruitment

(A) Experimental model used for NK cell depletion.
(
(
(
(
(

F) mRNA expression levels of genes on FACS liver Ly6C"9" monocytes.

B) Individual scores and NAFLD Activity Score (NAS). NAS was calculated from individual scores for steatosis, lobular inflammation, and ballooning.
C) Relative mRNA expression levels of pro-fibrogenic genes by quantitative real-time PCR on liver tissues from mice in different conditions.

D) Representative images of oil red O (left) and F4/80 (right) staining and quantitative analyses of livers.

E) Flow cytometric analyses and percentage and absolute numbers of liver Ly6C™" monocytes.

Data are means + SD of at least two independent experiments with at least three mice in each condition per experiment. *p < 0.05, **p < 0.01, **p < 0.001, and

***p < 0.0001 by Mann-Whitney test.
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mouse models and human liver cell lines.?® Our results confirm
that the CXCR3/CXCL10 axis is IFNy independent in DI-NASH.

DI-NASH promotes survival and maturation of NK cell
progenitors in the BM

We sought to determine the origin of the hepatic-recruited NK
cells. In the periphery, both intestine and spleen NK cell numbers
are decreased, suggesting their egress (Figure S3C). The enrich-
ment in circulation of Thy1.2*CD27" NK cells led us to consider
the BM as another potential source for this “immature” pheno-
type of recruited cells. In the BM, the refined NK progenitor
(rNKp), characterized by the expression of IL-15Rp (CD122),
gives rise to the immature NK (iNK) cells (Figure 4A). Then, the
maturation process could be subdivided based on the relative
expression of CD27 and CD11b, with CD27*CD11b™ precursor
cells that differentiate into double-positive (DP; Figure 4A) cells
and then into the final mature CD27-CD11b* NK stage.?® Both
DP and CD27 CD11b* cells can exit the BM, although this de-
pends on the expression of S1pr5.>” NK cells and ILC1s belong
to distinct developmental pathways. ILC1s arise from the com-
mon helper innate lymphoid progenitor (CHILP), and ILC1P has
been identified within the BM.?%2°

We observed a significant increase in BM NK progenitor
numbers in both NASH diets (Figures 4B and S3D). This is
likely the result of increased rNKp proliferation during early onset
of the disease as revealed by BrdU experiments and increased
survival highlighted by BCL-2 expression (Figure 4B). No differ-
ence in iINK numbers was observed (Figure 4C). In contrast,
CD27*CD11b~ and DP stages of NK cells showed a significant
increase in numbers in both MCD- and HFHG-fed mice
(Figures 4C and S3D). Interestingly, while NK progenitors in-
crease in numbers, the total BM immune cellularity decreases
in DI-NASH, and other progenitors such as the Lin"Sca-1*c-
Kit™ (LSK) cells and the common lymphoid progenitor (CLP)
display no difference between diets (Figures S3E and S3F). Simi-
larly, absolute numbers of BM ILC1P decreased in the MCD diet
and displayed no significant difference in the HFHG diet
compared to chow diet (Figure S3G). Altogether, this suggests
that DI-NASH specifically favors NK cell-poiesis.

No proliferative difference could be detected with similar fre-
quency and numbers of BrdU* CD27*CD11b ™ cells (Figure S3H).
Since accumulation of NK precursors started at the transition
from the iNK to CD27*CD11b~ stage, we FACS a mix of both
stages from mice fed with a chow, MCD, or HFHG diet and per-
formed quantitative real-time PCR on genes involved in NK cell
maturation and survival. Notably, Thx21, the gene coding for
T-BET, essential for NK maturation, as well as its downstream
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gene, Blimp1, were both upregulated in MCD and HFHG diets
compared to chow (Figure 4D). Both gene expressions are
dependent on IL-15.°° Eomes was also upregulated in both
NASH diets (Figure 4D). The expression of the KIf2 transcript
was increased in iNK/CD27*CD11b~ cells from MCD- and
HFHG-fed mice compared to their chow-fed counterparts (Fig-
ure 4D). KLF2 regulates NK cell maturation via the upregulation
of the homing receptor CD62L, thereby dictating their access
to IL-15 and their survival in the periphery.®’ Anti-apoptotic
Bcl2 and Mcl1 are proteins downstream of STAT5, which is itself
a target of IL-15 signaling.®? Their expression is increased in
MCD-derived iINK/CD27*CD11b~ cells compared to chow-
derived cells (Figure 4D). Similar results were obtained in FACS
DP cells from chow-, MCD-, and HFHG-fed mice (Figure S3l).

While EOMES was upregulated at the iNK cell stage, T-BET and
BCL-2 levels of expression were increased at the CD27*CD11b™
stage in both NASH diets (Figure 4E). Altogether, these results
suggest the upregulation of maturation and survival gene pro-
grams via IL-15 signaling in NK precursors during DI-NASH.

Lastly, we assessed Thy1.2 and CXCR3 expression by NK
precursors. Both expressions decrease along the develop-
mental pathway, with 70% of CD27*CD11b~ cells being
Thy1.2*CXCR3* and only 15% of CD27 CD11b* cells being
DP (Figure 4F). CXCR3 expression was upregulated on all NK
precursors in both MCD and HFHG compared to chow diet (Fig-
ure 4F). S1pr5 expression was increased in CD27*CD11b™~ and
DP cells from MCD- and HFHG-fed mice (Figure 4G). This sug-
gests that circulating and recruited liver NK cells originate from
the BM and that NK cells leave at the CD27*CD11b~ and DP
stages along with the mature CD27 " CD11b* stage.

In conclusion, DI-NASH promotes NK cell-poiesis via an
expansion of proliferating rNKp cells as well as via an accumula-
tion of NK precursors in the BM that then likely enter the
circulation.

BM Ly6C'°" monocytes positively regulate NK cell
maturation and survival during DI-NASH via IL-15 trans-
presentation and OPN secretion

We performed mixed BM chimera experiments to check whether
the upregulation of survival and maturation gene programs of NK
precursors was cell intrinsic. CD45.2" immune BM progenitors
from WT mice under chow diet were mixed at a 1:1 ratio with
GFP* immune BM progenitors under MCD diet and injected
into irradiated CD45.1* Ragyc-deficient hosts fed either with
chow or MCD diets (Figure S4A). Liver and BM analyses revealed
NK precursor and liver NK cell accumulation in MCD- compared
to chow-fed hosts (Figures S4B-S4E). The chimerism was

Figure 3. Recently proliferating Thy1.2*CD27* NK cells are actively recruited to the liver
(A) Percentage in parent population of NK cells in GO, G1, and SG2M phases performed by KI-67/DAPI staining in liver from mice fed with chow, MCD, and HFHG

diets.

(B) Frequencies of portal vein blood (PVB) NK cells from chow-, MCD-, and HFHG-fed mice.

C) Flow cytometric analyses (left) and frequencies of blood NK cells.

D and E) Flow cytometric analyses and frequencies in parent populations of blood (D) and liver (E) Thy1.2* CD27* NK cells in chow, MCD, and HFHG diets.
F and G) Frequencies of CXCR3" NK cells in blood (F) and livers (G) from mice fed with chow, MCD, or HFHG diets.
H and I) Relative mRNA expression levels of Cxc/10 in liver tissues from WT mice (H) and IFNy-KO mice (I) fed with the different diets.

Data are means + SD of at least two independent experiments with at least three mice in each condition per experiment. *p < 0.05, **p < 0.01, **p < 0.001, and

***p < 0.0001 by Mann-Whitney test.
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around 50% in NK precursors and hepatic NK cells, demon-
strating that the enhanced maturation and functional response
of NK cells in DI-NASH entirely relies on environmental cues
and does not imprint the progenitor pool.

We focused on inflammatory cytokines and adipokines known
for theirimplication in DI-NASH. Using the multiplex assay Luminex
technique, we measured their levels in BM supernatants. Most
cytokine levels were below the detection threshold except for
IL-33, for which levels significantly dropped in DI-NASH compared
to chow diet (Figure S5A). Soluble levels of IL-15 remained
unaltered (Figure S5A). Leptin and adiponectin displayed no
clear difference apart from a rise in leptin concentration in the
8 week HFHG diet (Figure S5A). In contrast, we observed a
significant increase in OPN concentration in both NASH diets
(Figure 5A). OPN can be produced by BM stromal cells.>*** BM
CD45 CD31 Sca-1"PDGFRB* stromal cells displayed an in-
crease in Spp1 expression in the MCD diet but no upregulation
of the /15 and ll15Ra genes (Figure S5B). Hepatic monocytes
and macrophages were previously described as possible pro-
ducers of OPN in DI-NASH."” In NASH diets, the BM Ly6C'" sub-
set showed an increase in frequency and in numbers (Figure 5B).
We performed quantitative real-time PCR on FACS monocytes
(Figure S5C) to assess the levels of expression of IL15, I/15Ra,
and Spp1 in the different diets. //75 and Spp1 genes were signifi-
cantly upregulated in MCD- and HFHG-derived BM Ly6C'*" mono-
cytes (Figure 5C). Two isoforms of OPN exist: one intracellular
(lOPN) and another secreted (sOPN).*° Cultures of MCD-derived
Ly6C'" monocytes showed a rise in OPN concentration in super-
natants, demonstrating that they increase its secretion (Figure 5D).

To elucidate whether BM monocytes play a role in NK cell
maturation and survival in DI-NASH, we performed 5 day co-cul-
tures of BM Ly6C'" monocytes from WT, OPN-KO, or IL-15-KO
mice with CD27*CD11b~ NK cells from WT mice or single cul-
tures of WT CD27*CD11b~ NK cells (Figure 5E). Levels of
Spp1 were significantly increased in monocytes after 5 days of
culture, while //75 and lI15Ra levels of expression were not
impacted (Figure S5D). Moreover, during the 5 days of culture,
T-BET, EOMES, and CD11b expressions remarkably increase,
indicating that NK precursors differentiate (Figures S5E and
S5F). All T-BET, EOMES, and BCL-2 expressions were signifi-
cantly increased in co-cultures with WT and OPN-KO monocytes
compared to single cultures (Figure 5F). However, all three ex-
pressions were significantly decreased when comparing co-cul-
tures with WT monocytes to co-cultures with IL-15-deficient
monocytes (Figures 5F and S5E), suggesting that the enhance-
ment of their expression is dependent on IL-15 trans-presenta-
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tion but not on OPN secretion. While BCL-2 expression was
not impacted by the deficiency in OPN, flow cytometry Annexin
V staining revealed a significant increase in the frequency and
numbers of Annexin V* NK cells when comparing co-culture
with OPN-KO or WT monocytes (Figure 5G). Complementation
with recombinant OPN restored the level of apoptosis of NK cells
in the OPN-KO condition (Figure 5G). Similar results of increased
NK cell apoptosis were obtained in the IL-15-deficiency and sin-
gle-culture conditions, although the difference in absolute
numbers was not statistically significant for the IL-15-KO condi-
tion (Figure 5G). This can be explained by the lower total number
of cells after 5 days of culture in the absence of IL-15 (Fig-
ure S5@G). Because proliferation is not impacted by monocyte-
derived IL-15 signaling (Figure S5H), the reduced final number
of cells results from decreased survival.

To demonstrate the in vivo importance of the IL-15 trans-pre-
sentation to NK precursors from BM monocytes, we fed IL-15-
KO mice with chow, MCD, and HFHG diets. When fed with
MCD or HFHG diet, IL-15-deficient mice displayed no difference
in BM NK precursor numbers (Figure S6A) and no upregulation of
BCL-2, T-BET, and EOMES (Figure SEB). The frequency of circu-
lating NK cells remained also unaffected (Figure S6C). On the
other hand, hepatic NK cell numbers were significantly increased
in NASH diets compared to chow-fed IL-15-KO mice (Fig-
ure S6C). Hence, IL-15 signaling is required for BM NK precursor
accumulation and recruitment but not necessarily for liver NK cell
expansion during DI-NASH.

These results highlight the fact that the need for liver NK cell
expansion is paramount. /n situ mechanisms probably take
over and promote either the proliferation or survival of the “re-
maining” hepatic NK cells. In the absence of IL-15, we hypothe-
sized that IL-2 can take over. IL-2 can induce NK cell proliferation
in vivo when administered to patients®® and can directly rescue
human NK cells from apoptosis in a PI3K-dependent manner.®’
CD25 is upregulated at the surface of liver NK cells from mice fed
with MCD diet, and this upregulation is conserved in the absence
of IL-15 signaling, as it was also observed in IL-15-KO mice
(Figure S6D).

Overall, this demonstrates that BM monocytes can promote
NK cell maturation and survival through IL-15 trans-presentation
and OPN secretion.

Monocyte-derived OPN promotes NK precursor survival,
thus sustaining their recruitment to the liver

While OPN did not directly impact NK precursor survival (Fig-
ure S6E), it was proposed to prevent monocyte apoptosis.*®

Figure 4. Diet-induced (DI) NASH promotes NK cell survival and maturation in the bone marrow (BM)
A) Simplified diagram of adult BM NK cell development. rNKp, refined NK progenitor; iNK, immature NK; DP, double positive.
B) Flow cytometric analyses, absolute numbers, and analyses of proliferation and survival of rNKp cells from chow-, MCD-, and HFHG-fed mice.

D) mRNA expression levels of maturation and survival factors on a FACS pool of iNK and CD27*CD11b~ NK cells.

(
(
(C) Flow cytometric analyses and absolute numbers of iNK cells and NK precursors in chow, MCD, or HFHG diets.
(
(

E) MFI of T-BET, EOMES, and BCL-2 in iNK and CD27*CD11b~ NK cells.

(F) FACS analyses of Thy1.2 and CXCR3 expression on BM NK precursors at steady state (left). MFI of CXCR3 on BM NK progenitors from mice fed with chow,

MCD, and HFHG diets (right).
(G) mRNA expression of S7pr5 on BM NK cells in the different diets.

Data are means + SD of at least two independent experiments with at least two mice in each condition per experiment. *p < 0.05, **p < 0.01, ***p < 0.001, and

***p < 0.0001 by Mann-Whitney test.
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We cultured BM Ly6C'°" monocytes without fetal calf serum and
added OPN or macrophage colony-stimulating factor (M-CSF).
After 3 days of incubation, the Annexin V level of fluorescence
was significantly lower in OPN or M-CSF, suggesting decreased
apoptosis (Figure 6A).

To determine the impact of OPN on BM monocyte accumu-
lation and NK cell response in DI-NASH, we fed OPN-deficient
mice with chow and NASH diets (Figure 6B). Absence of
OPN led to a decrease in ALT and AST activity in MCD-diet-
fed mice (Figure 6C). In the BM, Ly6C'°" monocytes,
CD27°CD11b~, and DP NK cells displayed no accumulation
in MCD- and HFHG-fed OPN-KO mice compared to their
chow-fed littermates (Figure 6D). Circulating and hepatic NK
cells (Figure 6D) also showed a significant decrease in fre-
quency and numbers when comparing WT and OPN-deficient
mice. This suggests a reduced recruitment of NK cells to the
liver in the absence of OPN. CXCRS3 upregulation on recruited
NK cells as well as upregulation of liver CXCL10 were both
maintained in MCD-fed OPN-KO mice (Figure S6F), suggest-
ing that this axis is independent of OPN. In accordance with
the reduced recruitment of NK cells, liver Ly6C™9" monocytes
displayed significant upregulations of /70 and Arg? and
decreased expressions of Tnfa and //1b in MCD- and HFHG-
fed, OPN-deficient mice compared to OPN-sufficient ones
(Figure 6E). However, Arg1 was also upregulated in chow-
fed OPN-KO mice, suggesting that the absence of OPN, and
not the absence of NK cell accumulation, is responsible for
this enhanced expression in monocytes. Fibrogenesis-related
genes, Timp1 and Col1a1, were also upregulated in livers from
MCD-fed OPN-KO mice compared to their WT counterparts
(Figure S6G).

While steatosis was not affected, monocyte recruitment was
reduced in OPN-deficient mice fed with MCD or HFHG diets
compared to their WT counterparts (Figures 6F and S6H).
OPN has been known to be a macrophage chemoattractant
for decades.® Indeed, chronic exposure of WT mice to low
doses of OPN resulted in haptic recruitment of Ly6CMo"
monocyte (Figure S6l). However, the NAS showed no signifi-
cant difference between WT and OPN-KO mice (Figures 6C
and S6J).

We conclude that OPN deficiency results in the abrogation of
Dl-enhanced BM monocyte survival, leading to an absence of
NK precursor accumulation and subsequent decreased NK cell
recruitment to the liver. Altogether, our results unveil a role for
BM-monocyte-derived OPN in regulating NK cell immune
response during DI-NASH.
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Endotoxemia participates in liver NK cell recruitment by
enhancing BM monocyte production of IL-15/IL-15Ra
and OPN

Patients suffering from NASH usually display gut dysbiosis
and impaired intestinal barrier, which leads to an increased
amount of endotoxins entering the liver through the portal
vein.”® Using the intestinal permeability assay, we showed
significantly higher quantities of circulating dextran in MCD-
fed mice compared to chow-fed mice, indicating an increased
gut permeability (Figure 7A). Toll-like receptor 2 (TLR2) and
TLR4, both involved in gram-negative-bacteria-derived PAMP
recognition,”’ were upregulated in the liver of MCD-diet-fed
mice (Figure 7B).

A common model to study endotoxemia in mice consists in
intraperitoneally (i.p.) injecting lipopolysaccharide (LPS). LPS
binds to TLR4 and can signal through Myd88 adaptor protein.*?
Mice submitted to one single LPS injection were analyzed 24 h
later (Figure S7A). The elevated AST levels revealed inflamma-
tion-related injury, while hepatic inflammation was not espe-
cially noted (no change in ALT activity) (Figure S7B).

In LPS-injected mice, the frequency of circulating and liver
NK cells was 3-fold higher than in the MCD-diet-fed mice (Fig-
ure S7C). In the BM, the frequency of NK precursors (DP
stage) was increased in LPS-injected mice, which could indi-
cate an accelerated maturation process (Figure S7D). BM
cellularity is reduced in case of LPS injection, explaining the
reduction of NK progenitor number despite the increase of
their ferquency (Figure S7D). This drop most likely results
from endotoxemia-driven emergency myelopoiesis character-
ized by mobilization of neutrophils and expansion of the
myeloid compartment at the expense of leukocytes.**** To
determine whether LPS signaling is necessary for NK cell
recruitment in DI-NASH, we fed Myd88-KO mice with chow
and MCD diets. In the absence of PAMP signaling, TIr2 and
Tir4 expressions were significantly decreased (Figure 7B),
while ALT and AST activities were not impacted (Figure 7C).
BM CD27*CD11b~ and DP NK cell numbers showed no
augmentation in MCD-fed, Myd88-deficient mice, suggesting
that PAMPs play a role in NASH-induced NK precursor accu-
mulation (Figure 7D). In the absence of Myd88, the increase in
BM OPN concentration was lost (Figure 7E). BM Ly8C'"
monocyte numbers were decreased (Figure 7F), and the
MCD-induced upregulation of IL15, IL15Ra, and Spp1 was
abrogated (Figure 7G). Hepatic NK cells were significantly
decreased in frequency and numbers when compared to
MCD-fed WT mice (Figure 7H).

Figure 5. BM Ly6C'°" monocytes positively regulate NK cell maturation and survival during DI-NASH via IL-15 trans-presentation and OPN

secretion

(A-C) Titration of OPN in BM supernatants (A), percentage and absolute numbers of BM Ly6C"'9" and Ly6C'®" monocytes (B), and mRNA expression levels of //15,
IL15Ra, and Spp1 in FACS BM LyBC'°" monocytes (C) from chow-, MCD-, and HFHG-fed mice.
(D) Supernatant OPN concentration from FACS BM Ly6C'" monocytes cultured for 18 h.

(E) Experimental design of the co-cultures.

(F) Flow cytometric analyses and MFI of T-BET, BCL-2, and EOMES expressions from CD27*CD11b ™~ cell/Ly6C'®" monocyte co-cultures versus single culture of

CD27*CD11b™ NK cells.

(G) Frequency and numbers of Annexin V* NK cells. Recombinant mouse OPN was added in one condition of co-culture with OPN-KO BM Ly6C'®* monocytes.
Data are means + SD of at least two independent experiments with at least three replicates in each condition per experiment. *p < 0.05, **p < 0.01, ***p < 0.001,

and ***p < 0.0001 by Mann-Whitney test.

Cell Reports 43, 113676, January 23, 2024 11




¢? CellP’ress Cell Reports

OPEN ACCESS Article

A Medium OPN M-CSF

Annexin V*

- Medium no FCS
*+| -= Medium+OPN 5ug/ml
** ~+ Medium+M-CSF

H’HI’H{{

40 80
Time (hours)

Normalized Total Area (um?2)

wT OPN KO
WT mouse Chow or MCD (4 weeks) Chow  MCD  HFHG  Chow MCD  HFHG
or HFHG (8 weeks) diet 10,33+ 78605t 33,44+ 23+ 29+
! FACS AT 923 33976 2448 P 925004 2001
analysis asT  1659% 65516% 16811% 217,75+ 2646 92,25%
8575 247,42 11928 121,04 3591 42,29
NAS 269+ 194+ 228+ 19+
OPN KO mouse Score T 049 056 014 077
D
BM LyBClow CD27* CD11b" NK
o + WT Chow ) ol WT Chow
g * OPNKOChow & 2 OPN KO Chow
£ « WTMCD E E . WT MCD
< - OPNKOMCD g o OPN KO MCD
2 « WTHFHG 2 2 WT HFHG
2 + OPNKOHFHG 3 2 OPN KO HFHG
< < <
Liver NK
W WT Chow Y " + WT Chow
T 1s OPN KO Chow 3 3 + OPN KO Chow
° WT MCD o 5 + WTMCD
210 OPN KO MCD 3 5 - OPN KO MCD
£ 5 WT HFHG 2 2 + WTHFHG
R OPN KO HFHG = g + OPN KO HFHG
0
I-10 Tnf
50 o 30 8 5
T 40 . T T T
S30 ES EX EA
S 20 |'I'| qg,’zo 3 &a
815 s 54 £
5 l s 5 10 5 5
o 10 he] o2 k]
S X S S S 1
w w w w

o

WT MCD

30 + WT Chow

* OPN KO Chow
« WTMCD

OPN KO MCD
WT HFHG
OPN KO HFHG

n
S

>

% of staining
% of staining

(legend on next page)

12 Cell Reports 43, 113676, January 23, 2024



Cell Reports

Altogether, our data reveal that Myd88 signaling is responsible
for the enhancement of BM monocyte production of IL-15/IL-
15Ra and OPN in DI-NASH leading to NK precursor accumula-
tion (Figure 7G).

Overall, our work links the gut, liver, and BM in a triad for an
increased NK cell response during DI-NASH.

DISCUSSION

NASH is a multifactorial pathogenesis in which hepatocyte lipo-
toxicity and immune-mediated inflammation are crucial in driving
the disease progression. Inflammation could impact immune cell
development,“® and our results point out that DI-NASH specif-
ically promotes central NK cell-poiesis. We demonstrate that
the recruitment of NK cells is sustained by enhanced BM NK
cell production via the expansion of proliferating progenitors
and an accumulation of precursors. The accumulation of BM
CD27*CD11b~ and DP NK cell subsets results from the upregu-
lation of IL-15-dependent survival and maturation gene pro-
grams (Tbx21, Prdm1, Eomes, Kif2, etc.).

Dysregulations along the gut-liver axis are associated with
NASH partially contributing to liver injury and inflammation. The
systemic increase of PAMPs related to intestinal permeability
are the most probable factors disrupting the gut-liver axis.*®*”
We showed that endotoxemia participates to the hepatic NK
cell recruitment. The latter was not fully abrogated in Myd88-
KO mice, suggesting that endotoxemia is not the only mecha-
nism at play. Lipotoxicity might also be involved in the recruit-
ment of hepatic NK cells.*®°

OPN is a biomarker for liver diseases including NASH,
cirrhosis, and HCC in humans.*®°" OPN is one of the major pro-
teins secreted in the BM under DI inflammation compared to
levels of production of typical adipokines such as leptin. BM
monocytes, which produce both OPN and the IL-15/IL-15Ra
complex, are increased in numbers and upregulate /L1715,
IL15Ra, and Spp1 transcripts in DI-NASH-fed mice. BM
Ly6C'°" monocytes can directly enhance NK precursor matura-
tion and survival through IL-15/IL-15Ra trans-presentation. The
secretion of OPN by BM monocytes does not directly impact
NK precursors but rather monocytes themselves, with an
increased survival. In OPN-deficient mice fed with NASH-
inducing diets, the accumulation of monocytes in the BM was
abrogated. We propose that this increased monocyte survival
enhances the numbers of potential IL-15 trans-presenting cells.
As OPN-KO mice lack both iOPN and sOPN isoforms, the defect
in NASH-driven monocyte accumulation could be partly due to
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the absence of iOPN. Nonetheless, our competitive reconstitu-
tion experiments demonstrated that the survival and accumula-
tion of NK precursors and hepatic NK cells are mostly driven by
external NASH-favoring factors.

The crosstalk between monocytes and NK cells was proposed
in peripheral organs with a monocyte-mediated mechanism that
sustains terminal differentiation of splenic murine NK cells in an
IL-15/IL-15Ra. manner.®? Our results indicate that BM mono-
cytes participate to shape the NK cell functional maturation dur-
ing DI-NASH.

The role of hepatic NK cells on liver inflammation is still contro-
versial. Numerous studies used mouse models that delete NK
cells from the first embryonic stage, somehow impairing normal
liver organogenesis and blurring the conclusion on their specific
functions. In our diet context, using temporary or complete
depletion of NK cells, we confirmed that hepatic NK cells restrict
Ly6C"9" monocyte recruitment and postulate that this inhibition
possibly takes place via ligand competition for CCL2. Indeed,
liver NK cells express CCR2, albeit to a lesser extent than mono-
cytes. The absence of NK cells leads to an increased availability
of CCL2, which may explain the observed rise in monocyte
recruitment. We also observed an upregulation of Tnfsf10 (cod-
ing for TRAIL) in hepatic NK cells from MCD- or HFHG-fed mice
as well as a decreased Ly6C"9" monocyte death in the absence
of NK cells. These results suggest that liver NK cells may elimi-
nate recruited monocytes in a TRAIL-dependent manner. We
also validated that hepatic NK cells the direct recruited mono-
cyte profile toward an M1 pro-inflammatory signature.'’

Other studies have described similar NK cell role on Ly6C'*"
infiltrating monocytes.”® The upregulation of fibrosis-related
genes in liver of MCD-fed, NK-cell-deficient mice compared to
their NK-cell-sufficient counterparts underlines the anti-fibrotic
role of recruited NK cells. The implication of the increased nhum-
ber of activated NKs in the liver on the slowing down of the fibro-
genesis program is also reinforced by the observed tendency to
decrease the fibrogenic signature in OPN-deficient mice con-
taining less NK cells. NK cells are prone to kill activated
HSCs.'® Our data suggest that NK cells have multiple roles dur-
ing DI-NASH, limiting its progression toward fibrosis and restrict-
ing the recruitment of monocytes while polarizing them toward a
pro-inflammatory phenotype.

Our results highlight a mechanistic process by which inflam-
mation (provided by lipotoxicity, immune inflammatory cells,
and endotoxemia) affects NK cell development and functional
maturation. IL-15 and OPN are the two main factors at play in
this regulation at early stages of DI-NASH. Both NASH diets

Figure 6. Monocyte-derived osteopontin directly promotes NK precursor survival, thus sustaining their recruitment to the liver
(A) Analysis of apoptosis of BM Ly6C'®" monocytes cultured without FCS and with or without OPN or M-CSF. MFI of each well at each time point was normalized

by cell number.
(B) Experimental model scheme.
(C) Individual scores and NAS.

(D) Absolute numbers of BM Ly6C'®" monocytes and CD27*CD11b~ and DP NK cells, frequency of blood NK cells, and percentage and numbers of liver NK cells

in chow-, MCD-, or HFHG-fed WT and OPN-KO mice.

(E) Representative images and quantitative analyses of oil red O (top) and F4/80 (bottom) staining of livers from OPN-sufficient and -deficient mice fed with chow,

MCD, or HFHG diets.

(F) mRNA expression levels of genes in FACS liver Ly6C™9" monocytes from chow- and MCD-fed WT and OPN-KO mice.
Data are means + SD of at least two independent experiments with at least two mice in each condition per experiment. *p < 0.05, **p < 0.01, ***p < 0.001, and

***p < 0.0001 by Mann-Whitney test.
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exhibit this cellular crosstalk, strengthening the importance of
maintaining NK cell accumulation to limit the progression
of NASH.

In conclusion, we present a paradigm for how BM monocytes
can shape the NK progenitor/precursor pool in the first stages of
the pathology to participate to the slowdown of the disease pro-
gression. Future research focused on patients with NASH would
be required to know whether these mechanisms translate to hu-
mans. Having a better understanding of the events controlling
NK cell response in NAFLD will help with setting up new thera-
peutic strategies.

Limitations of the study

It will be important to translate our findings to the human pathol-
ogy. Confirmation of an increased recruitment of NK cells may be
done using blood samples and liver biopsies from patients with
NASH. Analyses of circulating human NK cells with an enrich-
ment in CD569" NK cells would also help corroborate an
enhanced NK cell-poiesis. It would be of significance to study
later stages of the disease, notably the transition toward a
fibrotic state of the liver, to clarify the role of NK cells in that
context.
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Figure 7. Endotoxemia participates to liver NK cell recruitment by enhancing BM monocyte production of IL-15/IL-15R« and OPN

A) Gut permeability in chow- and MCD-fed mice.

B) Relative mRNA expression of TIr2 and Tir4 in liver tissue from WT and Myd88-KO mice.

C) Individual scores and NAS.

E) Titration of OPN in BM supernatants.
F) Numbers of BM Ly6C'®" monocytes in the different conditions.

G) mRNA expression levels of /75, IL15Ra, and Spp1 in FACS Myd88-sufficient or -deficient BM Ly6C'®" monocytes.

¢
(
(
(D) Flow cytometric analyses and percentage and numbers of NK precursors in WT and Myd88-KO mice.
(
(
(
(

H) Frequency and numbers of livers NK cells in WT and Myd88-KO mice.
(I) Scheme of the proposed mechanism.

Data are means + SD of at least two independent experiments with at least two mice in each condition per experiment. *p < 0.05, **p < 0.01, ***p < 0.001, and

***p < 0.0001 by Mann-Whitney test.
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TagMan Universal PCR Master Mix Applied Biosystems Cat# 4304437

P/S Gibco Cat# 15070-063
2-mercaptoethanol Gibco Cat# 31350-010

Critical commercial assays

FITC BrdU Flow Kit

CellTrace Violet Cell Proliferation Kit
Luminex Mouse Premixed Multi-Analyte Kit
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FITC Annexin V Apoptosis Detection Kit |
PrimeScript RT Reagent Kit

Nuclear Transcription Factor Buffer Set
RNEasy Micro kit

BD Biosciences
Invitrogen

R&D Systems
Invitrogen

BD Biosciences
Takara
BioLegend
QIAGEN

Cat# 51-2354AK; RRID:AB_2617060
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Cat#LXSAMSM-16

Cat# PPX-13-MXZTE2Y

Cat# 556547; RRID:AB_2869082
Cat# RR0O37B

Cat# 424401

Cat# 74004

Experimental models: Organisms/strains

Mouse C57BL/6j
Mouse B6.129S6(Cg)-Spp1™'Bh/J
Mouse C57BL/6J-Myd88tm1Aki

Mouse B6(Cg)-l15"-2Nssy

Mouse Ifng—/—

Jackson Laboratory
Jackson Laboratory

Dr Laurent Debarbieux, Institut
Pasteur, Paris, France

Jackson Laboratory

Dr Philippe Bousso, Institut Pasteur,

Paris, France

Strain #:000664; RRID:IMSR_JAX:000664
Strain #:004936; RRID:IMSR_JAX:004936
N/A

Strain #:034239;
RRID:IMSR_JAX:034239

N/A

Oligonucleotides

Acta2
Argil
Bcl2
Ccl2
Col1at
Cxcl9
Cxcl11
Cxcl10
Cxcr3
Eomes
b
110
115
II15Ra

Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems

MmO00725412_s1

MmO00475988_m1
MmO00477631_m1
MmO00441242_m1
MmO00801666_g1

MmO00434946_m1
MmO00444662_m1
MmO00445235_m1
Mm99999054_s1

MmO01351984_m1
MmO00434228_m1
MmO01288386_m1
MmO00434210_m1
MmO04336046_m1
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KiIf2 Applied Biosystems MmO00500486_g1
Mcl1 Applied Biosystems MmO01257351_g1
Prdm1 Applied Biosystems MmO00476128_m1
Spp1 Applied Biosystems MmO00436767_m1
Tbx21 Applied Biosystems MmO00450960_m1
Timp1 Applied Biosystems MmO01341361_m1
Tnf Applied Biosystems MmO00443258_m1

Software and algorithms

FlowJo v10.9.0 FlowJo https://www.flowjo.com/

GraphPad Prism 10 GraphPad https://www.graphpad.com/

Rtsne R package RDocumentation https://www.rdocumentation.org/packages/
Rtsne/versions/0.16/topics/Rtsne

Imaged ImagedJ https://Imaged.nih.gov/ij/

Other

Methionine- and choline-deficient (MCD) diet ssniff-Spezialdiaten GmbH TC 90.262

High Fat High Glucose (HFHG) diet Safe TDO08811

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Rachel
GOLUB (rachel.golub@pasteur.fr).

Materials availability
This paper did not generate new unique reagents.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

In vivo animal studies

C57BL/6J mice were purchased from Envigo. IL-15 knockout (KO), IFNy KO, Myd88 KO and OPN KO mice were bred in the animal
facilities at Pasteur Institute, Paris. All mice were maintained under specific-pathogen-free conditions, air renewal (20 times per hour),
constant ambient temperature of 22 + 2°C and 14:10 h light—dark cycle. All mice used during diets were 8- to 10-week-old males at
the beginning of the feeding. All experiments involving mice were performed according to guidelines issued by the Institut Pasteur
Ethics Committee and were approved by the French Ministry of Research (projects nos. 02080.02, 02081.02, CETEA 2014-0058 and
CETEA 2014-0059). Methionine- and choline-deficient (MCD) diet (ssniff-Spezialdidten GmbH, TC 90.262) and High Fat High Glucose
(HFHG) diet (Safe, TD08811) were used to induce non-alcoholic steatohepatitis in mice. The control mice were fed a Chow diet pro-
vided by the animal facility at Pasteur Institute.

METHOD DETAILS

Flow cytometry and cell sorting

All antibodies were purchased from BD Biosciences, eBioscience, BioLegend, Sony or R&D Systems. Antibodies were biotinylated
or conjugated to fluorochromes [fluorescein isothiocyanate (FITC), phycoerythrin (PE), PECy5, PerCPCy5.5, PECy7, allophycocyanin
(APC), Alexa Fluor 647, APCCy7, Pacific Blue, BV421, BV510, BV605, BV650, BV711, BV786, BUV395, BUV563 and BUV805] and
were specific for the following mouse antigens: Ly76 (TER119), Gr-1 (RB6-8C5), CD3e (145-2C11), CD19 (6D5), NK1.1 (PK136), IL-
7Ra (A7R34), CD8 (53-6.7), CD4 (RM4-5), Thy1.2 (53-2.1), NKp46 (29A1.4), IFNg (XMG1.2), CD45.2 (104), CD49a (HMa1), CD49b
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(DX5), T-BET (4B10), EOMES (Dan11mag), BCL-2 (BCL/10C4), TNFa (MP6-XT22), CD11b (M1/70), CD11c (HL3), Granzyme B
(GB12), F4/80 (BM8), MHCII (M5/114.15.2), CD226 (10E5), CD94 (18d3), NKG2A (16A11), NKG2D (CX5), Ly6C (HK1.4), Ly6G
(1A8), CD45 (30-F11), CD122 (TM-b1), CD183 (CXCR3-173), CD27 (LG.3A10), CD51 (RMV-7), CD44 (IM-7). BrdU and purified
OPN were purchased from R&D. Flow cytometry data were acquired using a Symphony A5 flow cytometer (BD Biosciences) and
analyzed with FlowJo software (FlowJo 10.6.1 Tree Star).

For intracellular staining of transcription factors, cells were fixed and permeabilized with True Nuclear Transcription Factor Buffer
Set (BioLegend). For intracellular cytokine staining, cells were re-stimulated for 5-6h at 37°C in Opti-MEM medium (Gibco) containing
10% fetal calf serum (FCS) (Eurobio), 1% Penicillin/Streptomycin (Gibco) with PMA (Sigma-Aldrich, 30 ng/mL) and lonomycin
(Sigma-Aldrich, 500 ng/mL) in the presence of Monensin and Brefeldin A (Invitrogen, 1:1000 dilution), followed by staining with fix-
ation/permeabilization. For cell cycle analysis, cells were stained with an anti-Ki67 antibody (B56) after fixation and incubated with
DAPI solution during 10 min at room temperature after permeabilization.

For BrdU assays, mice received a single intravenous injection of 1 mg of BrdU for 6g of body weight. Twelve hours later, the mice
were sacrificed, single-cell suspensions were obtained from the BM and the lineage-negative fractions were stained for NK cells and
progenitors. Cells were fixed and stained for BrdU using the FITC-BrdU Flow Kit (BD Biosciences) according to manufacturer’s
protocol.

For cell sorting, a FACSAria lll (BD Biosciences) was used to purify subset of stained immune cells. Purity of sorted cells was
above 80%.

Tissue dissociation

Spleens were harvested, dissociated, and resuspended in Hanks’ balanced salt solution (HBSS) (Gibco) supplemented with 2% FCS
(Gibco). Livers were flushed with 5 mL of cold Phosphate Buffered Saline solution (PBS) (Gibco) and harvested. After being cut in
small fragments, livers were incubated in RPMI medium (Gibco) plus collagenase IV (Sigma-Aldrich, C5138, 0.25 mg/mL) and DNAse
I (Roche, 50 pg/mL) during 45 min at 37°C and 5% CO2 under shaking. Livers were centrifuged at 370g for 7 min, the supernatant was
eliminated, and the pellet resuspended in HBSS supplemented with 2% FCS. Cells were collected by centrifugation (370g, 7 min) and
resuspended in 44% solution of Percoll (Cytiva). After centrifugation at 600g for 20 min the cell pellet was washed and resuspended in
HBSS containing 2% FCS. BM was isolated by flushing the femur and tibia with 200 pL of HBSS. After centrifugation (370g, 7 min) the
supernatant was collected for protein titration and the pellet was resuspended in HBSS containing 2% FCS. Red blood cells were
lysed by 1 min-incubation with Ammonium-Chlorure-Potassium (ACK) solution (Gibco). BM cells were stained with biotin-labelled
antibodies against lineage markers (Ly76, GR-1, CD19, CD3, CD4 and CD8), incubated with Anti-Biotin Microbeads (Miltenyi Biotec)
during 15 min and magnetically depleted of Lin* cells via the use of LS MACS columns (Miltenyi Biotec). Blood was harvested using a
1mL syringe (BD Plastipak) and laid on Ficoll Paque Plus (GE Healthcare). After centrifugation at 600g for 20 min at 20°C, cells at the
interface were washed and recovered in 2% FCS HBSS.

Co-culture assay

WT, OPN-deficient or IL-15-deficient BM Ly6C'" monocytes and CD27*CD11b~ BM NK cells were FACS-sorted and were plated at
a 10:1 ratio (20,000 monocytes for 2,000 NK cells per well) in Opti-MEM medium, 10% FCS, 1% Penicillin/Streptomycin supple-
mented with recombinant mouse IL-15 (10 ng/mL, BioLegend) and in one condition supplemented with recombinant mouse OPN
(50 ng/mL, R&D systems). The cells were co-cultured during 3 or 5 days at 37°C and 5% CO2 before being stained for analysis. Single
cultures with 2,000 NK cells per well were used as controls for the co-culture conditions.

Cell culture and apoptosis assays

FACS-sorted BM Ly6C'®" monocytes were plated at a concentration of 150 000 cells/ml in Opti-MEM medium (Gibco) containing
10% fetal calf serum (FCS) (eurobio), 1% Penicillin/Streptomycin (Gibco) alone or with 5% of M-CSF or with recombinant mouse
OPN (5 pg/mL, R&D systems). Incucyte Annexin V near-infrared (NIR) dye (4768, Sartorius) was added to the medium. Cells were
cultured for 3 days at 37°C and 5% CO2. An Incucyte SX5 was used to measure and record the level of fluorescence of each well
every 3 h.

FACS-sorted CD27*CD11b~ NK cells were plated at a concentration of 150 000 cells/ml in Opti-MEM medium (Gibco) containing
10% fetal calf serum (FCS) (eurobio), 1% Penicillin/Streptomycin (Gibco) with recombinant mouse IL-15 (10 ng/mL, BioLegend) sup-
plemented or not with recombinant mouse OPN (50 ng/mL, R&D systems). After a 5-day culture, the cells were harvested and stained
for analysis. NK cell survival was assessed using the FITC Annexin V Apoptosis Detection Kit (BD Bioscience) according to manu-
facturer’s instructions.

Cell proliferation assay

Cell proliferation of NK cells in a co-culture assay was measured after 3 days using the CellTrace Violet Cell Proliferation Kit following
the manufacturer’s protocol. Briefly, CD27*CD11b~ NK cells were FACS-sorted and incubated with a CellTrace Violet staining so-
lution at 2.5 uM for 20 min at 37°C. Pure FCS was added to the solution to capture unbound dye. After a 5-min incubation, NK cells
were washed and resuspended in culture medium with IL-15 (10 ng/mL, BioLegend) and were either cultured alone or co-cultured
with WT or IL-15 KO BM Ly6C'°" monocytes for 3 days.
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NK cell depletion
Each mouse was injected intraperitoneally with 50 ug of anti-asialo GM1 antibody (Invitrogen, 16-6507-39) for NK cells depletion
three days before the start of the MCD diet. The injection was repeated twice a week during the four weeks of diet.

Quantification of proteins

Protein levels in culture supernatants and BM supernatants were measured using the Luminex Mouse Magnetic Assay (R&D Sys-
tems) and the PROCARTAPLEX kit (Life Technologies) according to manufacturer’s instructions. Data was obtained with a Bio-
Plex 200 device (Luminex).

RNA extraction and RT-qPCR

Total RNA was extracted from FACS-purified cells or from liver tissue using respectively the RNeasy Micro and Mini Kits
(Qiagen) according to manufacturer’s protocol. Complementary DNA (cDNA) was obtained with the PrimeScript RT Reagent Kit (Ta-
kara). A 7300 Real-Time PCR System (Applied Biosystems) and TagMan technology (Applied Biosystems by ThermoFisher Scientific)
were used for gRT-PCR analysis. All TagMan primers were purchased from ThermoFisher Scientific: Acta2 (Mm00725412_s1),
Arg1 (Mm00475988_m1), Bcl2 (MmO00477631_m1), Ccl2 (Mm00441242_m1), Collal (Mm00801666_g1), Cxcl9 (Mm00434946_
m1), Cxcl11 (Mm00444662_m1), Cxcl10 (MmO00445235_m1), Cxcr3 (Mm99999054_s1), Eomes (MmO01351984_m1), Il1b
(Mm00434228_m1), 1110 (Mm01288386_m1), 1115 (MmM00434210_m1), ll15Ra (MmO04336046_m1), KIf2 (Mm00500486_g1), Mcl1
(Mm01257351_g1), Prdm1 (Mm00476128_m1), Spp1 (Mm00436767_m1), Tbx21 (Mm00450960_m1), Timp1 (Mm01341361_m1),
Tnf (MmO00443258_m1).

Biochemical analysis
Serum ALAT/ASAT, cholesterol and triglycerides levels were determined using a multiparametric Olympus AU 400 automat (Beck-
man Coulter) at the Laboratoire de biochimie, Institut Claude Bernard, Paris.

Histology

Liver tissue was fixed in 10% buffered formalin, embedded in paraffin, sectioned, and stained with either hematoxylin and eosin (HE)
or F4/80 antibody at the Histology Department of Pasteur Institute, Paris. For Oil Red’O staining, liver tissue was frozen in liquid ni-
trogen prior to be sectioned and stained. Samples were then scanned and analyzed using software Fiji (ImageJ).

Oral glucose tolerance test (OGTT) and Insuline tolerance test (ITT)
To perform OGTT, mice were fasted overnight. Basal blood glucose level was determined for each mouse prior to oral gavage with
D-(+)-Glucose (2 mg per g of mouse body weight, Sigma-Aldrich). A small cut at the tip of the mouse’s tail was made to obtain
drops of blood which were collected on test strips (ACCU-CHEK, Roche) then inserted into a smart view blood glucose monitor
(ACCU-CHEK, Roche) to analyze blood glucose levels. Measurements were made at times —10, 0, 15, 30, 60, 90 and 120 min
with time 0 being the glucose gavage (.

To perform ITT, mice were fasted 4-6 h prior to intraperitoneal (IP) insulin injection (0.0005 U per g of mouse body weight, Insulin
(Novo Nordisk). The blood glucose levels were measured the same way as for the OGTT at the times 0, 10, 15, 30, 60, 90, 120 min with
time 0 being the IP insulin injection.

Intestinal paracellular permeability test

TRITC-dextran (Sigma-Aldrich, T1287) was administered by gavage to 6-h-fasted-mice (600 mg per kg of body weight). At time
0 (which corresponds to immediately after gavage) as well as 1h, 3h and 5h post-gavage, blood was collected from the tip of the
tail vein (40uL) into EDTA-coated tubes and centrifuged (4°C, 2 000 g for 10 min). Plasma was diluted 1:10 (v/v) in PBS and the
TRITC-dextran concentration was determined using a fluorescence spectrophotometer (Fluostar; SLT, Crailsheim, Germany) at
485 nm excitation and 535 nm emission wavelengths. Standard curves were obtained by diluting TRITC-dextran solution in plasma
from non-treated mice diluted in PBS (1:10 v/v).

BM reconstitution

8-week-old Rag2~/~yc ™~ mice were sub-lethally irradiated (4 Gy) at the Pasteur Institute and received a 1:1 mixture of 10 million BM
cells from C57BI/6 and Kaede mice that were previously fed respectively with Chow and MCD diet for 4 weeks. The transplantation
was performed via retroorbital injection while anesthetized with ketamine/xylazine. The recipients were then put under Chow or MCD
diet and sacrificed after 4 weeks. BM and livers were collected and analyzed for donor frequencies by flow cytometry.

QUANTIFICATION AND STATISTICAL ANALYSIS
Bioinformatics

t-SNE representation: For visualisation, the dimensionality of the datasets was further reduced using the “Barnes-hut” approximate
version of t-SNE. This was implemented using the Rtsne function from the Rtsne R package using 800 iterations and a perplexity
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setting that varied from 10 to 30 depending on the size of the dataset. Phenograph takes as input a matrix of N single-cell measure-
ments and partitions them into subpopulations by clustering a graph that represents their phenotypic similarity.

Statistical analysis

Statistical analysis was performed with the Mann-Whitney nonparametric test where appropriate. These tests were performed using
Prism software (GraphPad). Graphs containing error bars show means +/SD. Statistical significance is represented as follows:
*p < 0.05, *p < 0.01 and ***p < 0.001.
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