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Liver type 1 innate lymphoid cells develop locally via
an interferon-y-dependent loop
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INTRODUCTION: The predominant sites where
hematopoiesis occurs change during the course
of mammalian development. Bone marrow (BM)
hematopoiesis has long been considered the
major source of mature blood cells during
adulthood, but extramedullary hematopoiesis
in other adult organs can occur under certain
circumstances and makes a particularly impor-
tant contribution when the BM is not functional.
In particular, the adult liver environment remains
compatible with hematopoiesis and contains a
few hematopoietic stem cells (HSCs) with long-
term capacity for hematopoietic reconstitution.

RATIONALE: The pathways leading to the de-
velopment of tissue-resident lymphocytes, in-
cluding liver type 1 innate lymphoid cells
(ILC1s), remain unclear. The adult mouse
liver ILCs include CD49a CD49b"* conventional
natural killer (¢cNK) cells and CD49a*CD49b™
ILC1s. Given the tissue-resident status of
CD49a*CD49b™ ILCls in the liver and their
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impaired reconstitution in mice receiving
BM transplants, we investigated whether
liver ILCls could develop from local hemato-
poietic progenitors during adulthood.

RESULTS: Previous studies have demonstrated
that fetal liver HSCs are enriched in a lineage
(Lin)-negative population expressing both
Mac-1 and Sca-1. We found that the adult mouse
liver also contains Lin~Sca-1"Mac-1" (LSM)
HSCs derived from the fetal liver. An analysis
of parabiotic mice showed that adult liver LSM
cells were strictly tissue resident at steady state.
LSM cells purified from adult mouse liver and
transferred into sublethally irradiated immmu-
nodeficient mice by portal vein injection were
able to generate multiple hematopoietic line-
ages but preferentially differentiated into ILCls
rather than cNK cells in the recipient liver.
Single-cell RNA sequencing analysis showed
that LSM cells represented a complex popu-
lation of various cell subsets and revealed
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Liver ILC1s develop in situ during adulthood. In contrast to cNK cells (yellow) derived from the HSCs

(blue) in adult BM, tissue-resident liver ILC1s (red) develop locally during adulthood from LSM HSCs (green)
derived from the fetal liver. The IFN-y production by the liver ILCls themselves promotes their development in
situ, through effects on their IFN-yR" liver progenitors.
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Lin"CD122"CD49a" cells as a heterogeneous pre-
cursor population downstream from LSM cells,
with a differentiation potential restricted to
liver ILCls rather than cNK cells. Mechanisti-
cally, we could show that deficiency in the gene
encoding interferon-y (Ifng) or one of its re-
ceptors (Ifngrl) selectively reduced the frequency
and number of ILCls and not cNK cells in
the liver. Delivery of a plasmid containing
the interferon-y (IFN-y) cDNA to Ifng-deficient
mice via hydrodynamic tail-vein injection selec-
tively increased the frequency and number of
liver ILC1s but not of liver cNK cells. Moreover,
IFN-y signaling promoted the expansion and
differentiation of LSM cells but not of ILClIs,
supporting a model in which IFN-y acts on
these local progenitors to promote liver ILC1
development. Previous studies have shown a
strict requirement of the transcription factor
T-bet for ILC1 development. We showed that
T-bet is not required for LSM cell develop-
ment but is key for the LSM cell differentia-
tion into ILC1s. We then explored the cellular
source of IFN-y that affects liver ILC1 pro-
duction. ILC1 numbers were unaffected in the
absence of T or B cells. By contrast, Ner“™/*
Ifng™™ mice, in which Ifng expression is con-
ditionally abolished on NKp46™" cells, harbored
a selective deficiency of liver ILCls. We pre-
viously demonstrated that conditional defi-
ciency of the transcription factor Eomes in
NKp46* ILCs leads to an absence of cNK cells,
with no impact on liver ILCIs, ruling out a
role for cNK cells in liver ILC1 development.
Because all NKp46* ILCs producing IFN-y are
either cNK cells or ILCls, IFN-y production
by ILC1s therefore promotes the development
of ILCls in the liver through its action on
their progenitors.

CONCLUSION: We identified an IFN-y-dependent
loop that amplifies the development of liver
ILC1s but not cNK cells locally. Our findings
reveal the contribution of extramedullary
hematopoiesis to a distinctive regional im-
mune feature within the liver. These results
are reminiscent of the local development of
macrophages from embryonic precursors that
selectively seed the tissues and of the in situ
differentiation of lung ILC2s from tissue-
resident progenitors. They advance our knowl-
edge of the importance of extramedullary
hematopoiesis to cells of lymphoid origin.
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The pathways that lead to the development of tissue-resident lymphocytes, including liver type 1 innate
lymphoid cells (ILC1s), remain unclear. We show here that the adult mouse liver contains Lin"Sca-1*Mac-1*
hematopoietic stem cells derived from the fetal liver. This population includes Lin"CD122*CD49a" progenitors
that can generate liver ILC1s but not conventional natural killer cells. Interferon-y (IFN-y) production by the
liver ILC1s themselves promotes the development of these cells in situ, through effects on their IFN-yR* liver
progenitors. Thus, an IFN-y—dependent loop drives liver ILC1 development in situ, highlighting the
contribution of extramedullary hematopoiesis to regional immune composition within the liver.

ematopoietic stem cells (HSCs) give rise

to multiple lineages of progenitors. The

predominant sites where hematopoiesis

occurs change during the course of mouse

and human development (7, 2). In mice,
the first hematopoietic progenitors are found
in the yolk sac 7 days post coitus (dpc) and
lead to embryonic erythroid cells and myeloid
cells (3). The first HSCs initially emerge in the
aorta-gonad-mesonephros region of the em-
bryo after 10.5 dpc (4). These cells then colonize
the fetal liver at 11 dpc, subsequently expanding
and differentiating. Before birth, fetal liver HSCs
begin to seed the bone marrow (BM) (3). BM
hematopoiesis has long been considered the
major source of mature blood cells during
adulthood, but extramedullary hematopoie-
sis in other adult organs, such as the liver and
spleen, can occur under certain circumstances
and makes a particularly important contribu-
tion when the BM is not functional (2). More-
over, several lines of evidence suggest that the
adult liver environment remains compatible
with hematopoiesis and contains a few HSCs
with long-term capacity for hematopoietic
reconstitution (5). However, the origin and
contribution of adult liver hematopoietic pro-
genitors to local immunological features re-
main unknown.
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The immune composition of the liver differs
from that of other organs, with a large number
of resident innate immune cells such as type
1innate lymphoid cells (ILCl1s) (6, 7), yo T cells,
and natural killer T (NKT) cells. Adult mouse
liver ILCs include CD49a CD49b* conventional
natural Killer (¢NK) cells and CD49a"CD49b™
ILC1s (8), which can be distinguished on the
basis of differences in the expression of CD69,
CD200R1, Eomes, T-bet, and TRAIL (fig. S1, A
and B). In terms of effector function, liver
CD49a"CD49b™ ILCls produce larger amounts
of tumor necrosis factor-o, generate smaller
quantities of interferon-y (IFN-y) and perforin,
and have similar levels of granzyme B as com-
pared to CD49a CD49b" cNK cells, after stim-
ulation with interleukin-12 (IL-12), IL-15, and
IL-18 (fig. S1, C and D). However, the branch
point at which the development of liver ILCls
separates from that of liver cNK cells remains
unknown. Given the tissue-resident status of
CD49a"CD49b™ ILCIs in the liver (9) and their
impaired reconstitution in mice receiving BM
transplants (6), we investigated whether liver
ILC1s could develop from local hematopoietic
progenitors during adulthood.

Adult mouse liver contains progenitors of
liver-resident ILC1s

Previous studies have demonstrated that fetal
liver HSCs are enriched in a lineage (Lin)-
negative population expressing both Mac-1
and Sca-1 (10). By analyzing the expression
of Mac-1 and Sca-1 on CD45"Lin~ progenitors
from various tissues from wild-type (WT) mice,
we found that, like the fetal liver, the adult
liver contained Lin~Sca-1"Mac-1* (LSM) cells,
which were present at significantly higher
frequencies than in adult BM, peripheral blood,
and small intestine lamina propria (siLP) (Fig. 1,
A and B, and fig. S2A). Like Lin~Sca-1"c-kit"
(LSK) BM HSCs, some adult liver LSM cells

expressed c-kit, but also Flt3 (CD135) and CD34,
reminiscent of short-term HSCs (ST-HSCs) and
multipotent progenitors, as well as CD93, which
is strongly expressed by fetal liver HSCs (11) (Fig.
1C). In addition, unlike long-term HSCs (LT-
HSCs) characterized as EPCR*CD150"CD48~
(12, 13), most of the adult liver LSM cells were
EPCR CD150 CD48" (fig. $2B), and only a minor
fraction (10 to 20%) expressed the medium-term
HSC marker CD49b (14) (fig. S2B). Adult liver
LSM cells also strongly expressed the tissue-
resident marker CD49a but had low levels of
the chemokine receptors CXCR3 and CXCR6
(fig. S2B). Consistent with their heterogeneous
cell-surface phenotype, uniform manifold ap-
proximation and projection (UMAP) analysis
of single-cell RNA sequencing (scRNA-seq)
data for sorted LSM cells revealed 12 distinct
cell clusters (fig. S3A and table S1). Using pre-
viously described hematopoietic progenitor
signatures (15), we were able to identify cluster 9
as corresponding to LT-HSCs, cluster 2 as cor-
responding to ST-HSCs, and cluster 6 as cor-
responding to common lymphoid progenitors
(fig. S3B). Notably, chimera experiments re-
vealed that fetal liver cells reconstituted the
pool of liver LSM cells (Fig. 1D) and ILCIs (Fig.
1E) more efficiently than BM cells. In addition,
an analysis of parabiotic mice showed that adult
liver LSM cells were strictly tissue resident at
steady state (fig. S2, C and D). These experi-
ments suggest that LSM cells contain fetal
liver-derived multipotent hematopoietic pop-
ulations, including progenitors that give rise
to liver ILCls. Consistent with this hypothesis,
LSM cells purified from adult mouse liver and
transferred into sublethally irradiated Ragl™/~
mice by portal-vein injection were able to gen-
erate multiple hematopoietic lineages (fig. S2E)
and preferentially differentiated into CD49a"
CD49b™ ILCIs rather than cNK cells in the re-
cipient liver (Fig. 1F).

Analysis of liver ILC1 progenitor heterogeneity

‘We then sought to dissect the mechanisms by
which adult liver LSM cells gave rise to liver
ILC1s. In mice, Lin " NK1.1"CD49b CD122" cells
have been described as BM progenitors that
are able to generate NK cells in vitro and NK
cells and T cells in vivo (16, 17). These cells,
which do not express markers of mature cNK
cells or liver ILC1s, were also detected in the
liver of WT and LSM cell-recipient mice (Fig.
1, G and H). Unlike their counterparts from
the BM and spleen, a large proportion of these
cells expressed CD49a (Fig. 1, G and H). Liver
CD49a"* or CD49a” Lin CD122" precursors from
CD45.1" mice were used for adoptive transfer
into sublethally irradiated CD45.2*Ragl™’~ mice
for a direct assessment of their develop-
mental potential. Consistent with previous
studies (17), both populations were able to
generate B cells and/or T cells (fig. S2F). Both
liver ILCls and cNK cells could be generated
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Fig. 1. Mouse liver contains hematopoietic progenitors producing liver-
resident ILCls. (A) Representative plots showing the expression of Sca-1 and
Mac-1on CD45'CD3"CD19"NK1.1"Gr-1Ter-119” (CD45Lin") cells from the embryonic
day 16.5 (E16.5) fetal liver (FL), adult liver, adult bone marrow (BM), and peripheral
blood (PB) of WT B6 mice. (B) Percentage of Sca-1"Mac-1" cells among CD45"Lin~
cells from the indicated mouse tissues (n = 3 to 8 animals per group from one
experiment representative of three independent experiments). (C) Representative
histograms of c-kit, CD34, FIt3, and CD93 expression on Lin"Sca-1"Mac-1*

(LSM) hematopoietic cells from E14.5 to E16.5 fetal liver (blue) and adult liver (red).
The expression of these markers on adult mouse BM Lin~Sca-1"c-kit" (LSK)
hematopoietic cells is shown as a control (green). (D and E) Lethally irradiated
(10 Gy) CD45.2* WT mice received 2 x 10° BM cells or E13.5 fetal liver cells from
CD45.1" WT mice and were analyzed 8 weeks after transfer (n = 4 to 6 per group
from one experiment representative of two independent experiments). (D)
Representative plots showing the expression of Sca-1 and Mac-1 on CD45.1°Lin™ cells
from recipient liver and BM. (E) Representative plots showing the expression of
CD49a and CD49b on CD45.1°CD3 CDI19"NKL1" cells from the recipient liver.
Percentage and absolute cell numbers of CD45.1* LSM cells (D) or CD45.1* ILCls
(CD3CD19"NK1.1*CD49a*CD49b") in the recipient liver (E) are indicated. FLT, fetal
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liver transfer; BMT, bone marrow transfer. (F and G) Sublethally irradiated (5 Gy)
CD45.2"Ragl™~ mice that had received an adoptive transfer of 2500 adult liver LSM
cells from CD45.1" WT mice via hepatic portal-vein injection were analyzed 6 to

8 weeks after transfer (n = 3 per group from two independent experiments).

(F) Representative plots showing the expression of CD49a and CD49b on
CD45.1'CD37CD19™NK1.1* cells from the recipients and percentage of ILCls and
cNK cells among CD45.1°CD3"CD19"NKL1* cells. (G) Representative histogram
showing CD49a expression on CD45.1"CD3"CD19 NK1.1"CD49b™CD122" cells from
the recipient liver. (H) Representative histograms and percentage of cells expressing
CD49a among CD3"CD19"NK1.1"CD49b"CD122" cells from the liver, spleen, and BM
of WT mice (n = 4 per group from two independent experiments). (1) 4 x 10*
CD49a"CD3"CD19"NK1.1"CD49b CD122" or CD49a CD3 CD19 NK1.1 CD49b CD122*
cells from the liver of CD45.1" WT mice were transferred into sublethally irradiated
CD45.2"Ragl™~ mice, which were analyzed 4 weeks after transfer. Representative
plots show the expression of CD49a and CD49b on CD45.1"NK1.1*CD37CD19" cells
from liver recipients and the percentage of ILC1s and cNK cells among CD45.1"NK1.1
*CD37CD19™ cells (n = 2 or 3 per group from two independent experiments). Bar
graphs show means + SDs {ANOVA tests [(B), (D), (E), and (H)] or t tests [(F) and
(D]; ns, not significant; *P < 0.05; **P < 0.01,; ***P < 0.001; ****P < 0.0001}.
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from Lin CD122"CD49a” cells, whereas
Lin"CD122*CD49a" cells preferentially led to
ILCls and only minimal numbers of cNK cells
(Fig. 1I). We characterized this progenitor
population in more detail by performing
scRNA-seq on sorted Lin"CD122°CD49a" cells.
Lin"CD122*CD49a" cells presented almost the
same pattern of clustering as that of LSM cells,
but with a clear enrichment in clusters 3 and 5
(fig. S3A). Consistent with this, cytometry anal-
ysis indicated that a fraction of LSM cells had
a Lin"CD122"CD49a" cell phenotype and, con-
versely, a fraction of Lin"CD122"CD49a" cells
had a LSM phenotype, indicating a partial
overlap between these two populations (fig.
S3C). Nevertheless, the two major clusters of
Lin"CD122*CD49a" cells (clusters 3 and 5) pre-
sented an enrichment in the ILCI signature
relative to the cNK cell signature (fig. S3B).
Heatmap analysis of the 20 most strongly
expressed genes confirmed the assignment
of clusters 2, 3, 5, 6, and 9 (fig. S3D). In par-
ticular, clusters 3 and 5 were characterized by
the expression of genes related to both ¢cNK cells
and ILC1s, such as CD94 (KirdI) and genes
of the NKG2 family (Kircl, Kirel, and Kirc2)
(fig. S3D). Consistent with our observation that
Lin"CD122*CD49a" cells could generate T cells
and with reported ILCI transcriptomic signa-
tures (18), clusters 3 and 5 displayed overall
enrichment in the T cell signature, as illustrated
by Cd3d, Cd3e, Cd3g, Cd8a, Cd8b, and Cd2
(fig. S3, B and D). Pseudotime analysis
proposed a trajectory extending from ST-HSC
cluster 2 toward cluster 3 and then to cluster
5 of Lin"CD122"CD49a" cells, suggesting that
cluster 5 is the most restricted population of
progenitors that generate liver ILCls (fig. S3E).
Thus, Lin”"CD122"CD49a" cells constitute a
heterogeneous precursor population downstream
from LSM cells, with a differentiation potential
restricted to liver ILC1s rather than cNK cells.

IFN-y signaling positively regulates the
cellularity of liver ILC1s

We then investigated the factors involved in
this extramedullary developmental pathway of
liver ILCls. Ifng deficiency results in low counts
of liver CD3"NKL1" cells (19). We confirmed
this finding by showing that [fhg-deficient (GKO)
mice had a lower cell population-specific fre-
quency and number of CD3"NK1.1" ILCs in the
liver, but not in the spleen or BM (Fig. 2, A and B).
Moreover, Ifng deficiency did not affect the
numbers of other hepatic lymphocytes, such
as B cells, y3 T cells, CD4" T cells, CD8" T cells,
and NKT cells (fig. S4A). Phenotypic analysis
of liver CD3"NK1.1" ILCs revealed that Ifng
deficiency selectively reduced the frequency
and number of liver ILC1s, defined as CD49a"
CD49b~ or CD49a Eomes™ cells (Fig. 2, C and
D, and fig. S4B). Similar results were obtained
in Ifngri-deficient (GRKO) mice (Fig. 2E) and
in mixed fetal liver chimera experiments, in
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which fewer liver ILCls were generated from
GRKO than from WT donor cells (Fig. 2F). By
contrast, siLP ILC1 and cNK cell numbers were
similar in GKO mice and their WT counter-
parts (fig. S4D), indicating a selective impact
of IFN-y signaling on liver ILC1s. Phenotypic
analyses did not reveal any differences in liver
cNK cell or ILCI maturation or activation
status between Ifng-deficient and WT mice
(fig. S5). We then assessed the effect of IFN-y
on liver ILC1 development by delivering a
plasmid containing the IFN-y cDNA to GKO
mice via hydrodynamic tail-vein injection.
High IFN-y levels were maintained (Fig. 2G)
and were accompanied by an increase in the
frequency and number of liver ILC1s in GKO
mice (Fig. 2, H and I). By contrast, liver cNK
cell numbers increased transiently after injec-
tion but rapidly returned to normal levels (fig.
S6). Thus, signaling through IFN-y and its re-
ceptor positively regulate the cellularity of
liver ILCls.

IFN-y signaling controls ILC1 development
from intrahepatic hematopoietic progenitors

Despite the role of IFN-y in the development
of liver ILCls, the IFN-y receptors (including
IFN-yR1 and IFN-yR2) were barely detectable
on these cells (Fig. 3, A and B). By contrast,
IFN-y receptors were coexpressed by liver LSM
cells but present at low to undetectable levels on
BM LSK HSCs and on liver Lin"CD122"CD49a"
cells and ILCIs (Fig. 3, A and B). Consistent with
these data, we observed that the frequencies of
proliferative (Ki67") LSM cells in the liver were
lower in GKO mice than in WT mice (Fig. 3C).
However, the frequencies of annexin V* cells
were similar across genotypes (Fig. 3C). By
contrast, the hydrodynamic injection of the
IFN-y plasmid into GKO mice increased the
numbers of liver LSM cells (Fig. 3D). Further-
more, the proliferation of ILCls was not affected
by Ifng deficiency (Fig. 3E). Additionally, in
NerI™ Ifngr™™ mice, in which IfngrI expres-
sion is conditionally abolished on NKp46™ cells,
liver ILC1 numbers were unaffected by their lack
of IFN-yR1 (Fig. 3F). This observation was con-
sistent with the weak or nonexistent expression
of this receptor on mature ILC1s (Fig. 3, A and
B). Finally, immunodeficient mice receiving
equal numbers of GRKO and WT LSM cells
presented liver ILCls predominantly derived
from WT donors (Fig. 3G). Thus, IFN-y sig-
naling promotes the expansion and differentia-
tion of LSM cells but not of ILCls, supporting
a mechanistic model in which IFN-y acts on
these local progenitors to facilitate liver ILC1
development.

IFN-y signaling promotes the intrahepatic
development of liver ILCls in a
T-bet-dependent manner

Previous studies have shown a strict require-
ment of T-bet (encoded by the Tbx21 gene) for

ILC1 development (7). We adoptively transferred
equal numbers of Tbx2I-deficient (CD45.2")
and WT (CD45.1"CD45.2") fetal liver cells
into lethally irradiated CD45.1" mice. Most
of the ILCls in the livers of recipients were
derived from the WT rather than the 7bx21-
deficient donor (fig. S7A). Thus, T-bet acts
as an intrinsic factor that governs liver ILC1
development. Assessment of T-bet expres-
sion by CD45"Lin~ progenitors revealed that,
regardless of IFN-y production, T-bet was ex-
pressed by a subset of CD45"Lin~ liver cells
but rarely by phenotypically similar cells in the
BM and spleen (fig. S7, B and C). We in-
vestigated the relationship between IFN-y sig-
naling and T-bet during ILC1 development in
more detail, by culturing T-bet-deficient and
WT fetal liver cells in the presence or absence
of IFN-y. The addition of IFN-y to the culture
system significantly promoted the generation
of CD49a'CD49b™ ILCls from WT fetal liver
cells but had no effect on CD49a"CD49b" cNK
cell production (fig. S7, D and E), consistent with
the results obtained in vivo. However, Tbx21-
deficient fetal liver cells failed to generate ILCls,
even after stimulation with IFN-y (fig. S7, D and
E). Furthermore, the overexpression of IFN-y in
Tba21-deficient mice via hydrodynamic injec-
tion failed to restore the frequency and num-
ber of liver ILCls (fig. S7, F and G), further
confirming that T-bet is required for IFN-y-
promoted liver ILC1 development from pro-
genitors in situ. The frequency and number of
LSM cells were higher in 7ba21-deficient mice,
as was the level of IFN-y receptor expression
(fig. S7, H to K). Thus, T-bet is not required for
LSM cell development. Furthermore, 7bx21
deficiency impedes LSM cell differentiation
into ILCls.

IFN-y produced by ILC1s promotes their
development in the liver

We then studied multiple mouse models with
deficiencies of specific cell populations to ex-
plore the cellular source of IFN-y that affects
liver ILC1 production. ILC1 numbers were un-
affected in the absence of T or B cells in Cd4 /",
Cds™-, and uMT-deficient mice (fig. S8). We
therefore investigated whether the production
of IFN-y by the liver ILCs themselves was in-
volved in the development of liver ILCls. We
generated mice with a conditional ablation of
the Ifng gene in NKp46* cells (Fig. 4, A and B,
and fig. S9). Notably, Ner1°™/* Ifng™™ mice
harbored a selective deficiency of liver ILCls,
with no change in the numbers of liver cNK
cells or of other hepatic lymphocytes or siL.P
ILCls (Fig. 4, C and D, and fig. S4,Cand E). A
selective lack of IFN-y production by NKp46*
cells therefore reproduced the selective defi-
ciency of liver ILCl1s observed in total IFN-y
deficiency, indicating that IFN-y derived from
NKp46™" cells controls the production of ILCls.
We previously demonstrated that conditional
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Fig. 2. IFN-y signaling is required for liver ILC1 development. (A and

B) Representative plots (A) and absolute cell numbers (B) of NK1.1*CD3™ cells in
the indicated organs of WT and IFN-y—knockout (GKO) mice (n = 5 per group
from one experiment representative of at least three independent experiments).
(C) Representative plots showing CD49a and CD49b expression on NK1.1*CD3~
cells in the liver of WT and GKO mice. (D) Percentage (among CD3"NK1.1*
cells) of liver ILC1s (CD3™NK1.1'CD49a*CD49b™) and absolute cell numbers
for liver ILC1s and cNK cells (CD3"NK1.1'CD49a"CD49b") in WT and GKO
mice (n = 28 to 34 per group from at least three independent experiments).
(E) Absolute cell numbers for ILC1s (left) and cNK cells (right) in the liver
of WT and IFN-yR1-deficient (GRKO) mice (n = 4 per group from one
experiment representative of two independent experiments). (F) Lethally
irradiated CD45.1*CD45.2* WT mice received 10° fetal liver cells from

GRKO mice (CD45.1°CD45.2%) mixed with 10° fetal liver cells from WT mice
(CD45.17CD45.27) and were analyzed 6 weeks after transfer (left).

Eomes deficiency in NKp46"* ILCs leads to an | Conclusion

Representative plots showing the expression of CD49a and CD49b on GRKO
donor-derived and WT donor-derived CD3"NK1.1* cells in the liver of recipients
(middle) and absolute cell numbers for GRKO donor-derived and WT donor-
derived liver ILC1s from recipients (right) (n = 6 to 7 per group from one
experiment representative of two independent experiments). (G) IFN-y levels in
the serum and liver tissue homogenate from WT mice and GKO mice after a
hydrodynamic injection of 5 ug pLive-IFN-y or pLive control plasmid (60 days
after injection for the liver tissue) (n = 5 per group from one experiment
representative of two independent experiments). (H and 1) Representative plots
(H) showing the expression of CD49a and CD49b on liver CD3"NKL1" cells and
absolute cell numbers for liver ILCls (1) in mice 60 days after treatment, as
described in (G) (n = 5 per group from one experiment representative of two
independent experiments). Bar graphs depict means + SDs {ANOVA tests [(G)
and ()] or t tests [(B), (D), and (E)]; ns, not significant; *P < 0.05; **P < 0.01;
***p < 0.001; ****P < 0.0001}.

liver ILCls are not dependent on Eomes for

absence of ¢cNK cells, with no impact on liver
ILC1s (20), ruling out a role for ¢cNK cells in
liver ILC1 development. Because all NKp46*
ILCs that produce IFN-y are either cNK cells
or ILC1s, IFN-y production by ILC1s therefore
promotes the development of ILCls in the
liver through its action on their progenitors.

Bai et al., Science 371, eaba4177 (2021)

26 March 2021

The discovery of ILC1s has led to numerous
studies showing that, in addition to its com-
mon properties, the phenotype of this pop-
ulation is organ specific, even at steady state
(6, 7, 21). Liver ILCls constitute a distinctive
population among the diverse ILCls. Indeed,
as opposed to salivary gland or uterus ILCIs,

their development (2I) and have a selective
requirement for the transcription factor Hobit
(22). As a possible explanation for the particu-
lar phenotype of liver ILCls, we show here that
fetal liver-derived tissue-resident LSM hema-
topoietic cells are present specifically in the
adult liver and include cells with the potential
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Fig. 3. IFN-y signaling controls ILC1 development from intrahepatic hema-
topoietic progenitors. (A and B) Representative plots (A) and percentages
(B) for the expression of IFN-yR1 and IFN-yR2 on BM LSK cells, liver LSM cells,
liver Lin"CD122"CD49a" cells, and liver ILCls of adult WT mice (n = 4 per group
from one experiment representative of two independent experiments).

(C) Percentage of Ki67" or AnnexinV*7-AAD™ cells among the liver LSM cells of
WT and GKO mice (n =7 to 11 per group from three independent experiments).
(D) Absolute numbers of liver LSM cells at various time points after the
hydrodynamic injection of 5 ug of pLive-IFN-y or pLive control plasmid into GKO
mice (n = 4 to 5 per group from one experiment representative of two
independent experiments). (E) Percentage of Ki67" or AnnexinV*7-AAD™ cells

to generate liver ILCls via an IFN-y-dependent
pathway. Besides the well-known roles of IFN-y
in innate and adaptive immunity to intracellular
infections and in tumor control, there is grow-
ing evidence for a role of IFN-y in regulating cell
differentiation and homeostasis. In addition to
its capacity to regulate the differentiation and
proliferation of T helper 1 cells (23), IFN-y also
affects B cell and myeloid cell differentiation
and maturation (24). However, it remains un-
clear whether hematopoietic progenitors are
also affected by IFN-y. Both stimulatory and
suppressive effects of IFN-y on hematopoietic
homeostasis have been reported. IFN-y has a
negative effect on the maintenance of human
CD34"CD38~ HSCs, by promoting their differ-
entiation, rather than self-renewal (25). The
maintenance of murine HSCs has also been
reported to be inhibited by IFN-y through the
impairment of HSC proliferation in vitro (26), but
in mycobacterial infection models, increases in
HSCs were found to be dependent on IFN-y (27).

Bai et al., Science 371, eaba4177 (2021) 26 March 2021

We show here that the IFN-y produced by
liver ILC1s promotes their own development,
through effects on the proliferation of their
progenitor cells. Our data also provide mech-
anistic insights into the role of IFN-y in this
process. First, the presence of ILC1 progeni-
tors in the liver, in contrast to the presence of
cNK cell progenitors in the BM, is consistent
with the preferential action of liver IFN-y on
ILC1s in situ. Second, IFN-y positively supports
ILC1 differentiation, as LSM cells express the
IFN-y receptors, and this signaling pathway is
active in these cells. This finding is supported
by scRNA-seq analysis, which revealed that
IFN-y-induced genes [such as interferon reg-
ulatory factor (I7f) 1 and 72, signal transducer
and activator of transcription 1 (Statl), Cd44,
and beta-2 microglobulin (B2m)] are expressed
in these cells (fig. S10). Finally, IFN-y signaling
promotes the expansion and differentiation
of LSM cells, but not of ILC1s, in a T-bet-
dependent manner. However, the mechanisms

among the liver ILC1s of WT and GKO mice (n = 5 per group from one
experiment representative of two independent experiments). (F) Absolute cell
numbers for liver ILCls in Ifngrl™™ and Ner1®®*Ifngr1™ ™ mice (n = 12 per group
from three independent experiments). (G) Irradiated (2 Gy) NSG mice received
equal numbers of GRKO (CD45.17CD45.2") LSM cells and WT (CD45.1*CD45.27)
LSM cells and were analyzed 4 to 7 weeks after transfer (left). Representative
plots show donor-derived liver ILCls in recipient mice (middle) and percentages
of GRKO donor— and WT donor—derived liver ILC1s among recipient liver ILCls
(right) (n = 4 per group from two independent experiments). Bar graphs depict
means + SDs {ANOVA test (B) or t tests [(C), (E), (F), and (G)]; ns, not significant;
*P < 0.05; **P < 0.01; ****P < 0.0001}.

by which ILC1-derived IFN-y supports ILC1 dif-
ferentiation, whereas cNK cell-derived IFN-y
does not, remain to be determined. It is tempting
to speculate that microanatomic factors in the
liver maintain ILCI1 progenitors and their prog-
eny in the same niches, but we were unable to
test this hypothesis owing to a lack of tools for the
reliable localization of ILC1 progenitors, ILCls,
and cNK cells in liver tissues. The liver contextual
information underlying steady-state IFN-y pro-
duction by ILCls also remains to be determined,
together with the other pathways or cytokines
potentially involved in liver ILC1 differentiation.
Indeed, in the absence of IFN-y, we observed a
decrease in the number of liver ILCIs but not the
total disappearance of these cells, indicating that
IFN-y acts in an amplification loop of liver ILC1
development in which other factors are also
required.

Our findings reveal the contribution of ex-
tramedullary hematopoiesis to specialized

immune cell origins and a distinctive regional
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Fig. 4. Requirement of the IFN-y produced by NKp46" cells in liver ILC1 development. (A and
B) Representative plots (A) and percentages (B) of IFN-y* cells among WT (NcrI®®*Ifng*’*) and IFN-y—

conditional knockout (Ner1®*|

fng™™) liver and spleen cells after 4 hours of stimulation with IL-12 and

IL-18 (n = 7 per group from two independent experiments). (C and D) Representative plots (C) showing
CD49a versus CD49b expression on NKp46"NKL1* cells in the liver of NcrI®®*Ifng*’* and Ner1®® *ifng™™
mice. Percentages (D) (among TCRB"NKp46*NK1.1* cells) and absolute numbers of liver ILCls and cNK
cells from NerI®®*Ifng*’* and Nerl®®*ifng™ ™ mice (n = 9 per group from three independent experiments).
Bar graphs depict means + SDs (t tests; ns, not significant; **P < 0.01; ***P < 0.001).

immune feature within the liver. These results
are reminiscent of the local development of
macrophages from embryonic precursors that
selectively seed the tissues (28, 29) and of the
in situ differentiation of lung ILC2s from tissue-
resident progenitors (30, 3I). They extend our
knowledge of the importance of extramedullary
hematopoiesis to cells of lymphoid origin.

Materials and methods

Mice

WT C57BL/6 (B6) mice were purchased from the
Shanghai Experimental Animal Center. Ifingrl /=
(GRKO) and Rag]’/ ~ mice were purchased
from GemPharmatech Co., Ltd (Nanjing, China).

Bai et al., Science 371, eaba4177 (2021)

26 March 2021

CD45.1" mice (002014), Tba21 '~ mice (004432),
and Ifngr1™™ (025394) mice were purchased
from The Jackson Laboratory. The NerI®™ mice
were generated as previously described (32).
Ifng’/ ~ (GKO) mice (33) were provided by S. Su
(Shantou University, Shantou, China). Cd4'~
mice (34), Cd8”~ mice (34), and uMT-deficient
mice (35) were provided by Z. Lian (South China
University of Technology, Guangzhou, China).
CD45.1°CD45.2" mice and NerI™[fngr™® mice
were bred in-house. The Ifng" °* mice were a
gift from A. Tedgui (Paris Cardiovascular Re-
search Center, France). No abnormalities were
detected in terms of the reproduction, devel-
opment and life span of NerI®™*Ifng”" mice in

SPF housing conditions. The mice described
above all have a B6 background. NSG mice
(Balb/c background) were purchased from
Shanghai Model Organisms Center, Inc. All mice
were maintained under specific pathogen-free
conditions, in accordance with the guidelines for
the handling and care of experimental animals
at the University of Science and Technology of
China and with French and European guide-
lines for animal care. For experiments com-
paring WT and gene knockout mice, all mice
were sex-matched and age-matched (male and
female, 6 to 12 weeks of age).

Cell preparation

Liver mononuclear cells (MNCs) were isolated
with a slightly modified version of a previously
described method (36). Briefly, livers were
collected and passed through a 200-gauge
stainless steel mesh. The cells were then iso-
lated by gradient centrifugation with 40 and
70% Percoll. Splenocytes and fetal liver cells
were isolated by forcing the tissues through a
stainless steel mesh and lysing erythrocytes.
The BM cells were obtained by flushing femurs
and then lysing erythrocytes. The isolation of
siLP lymphocytes was performed as previously
described (37, 38). Briefly, the small intestine
was resected and cleaned of residual fat tissue.
Peyer’s patches were removed and the intestine
was cut open longitudinally and washed in
ice-cold phosphate-buffered saline (PBS). The
small intestine tissue was then incubated
in PBS containing 5% fetal bovine serum
(Gibco), 5 mM ethylenediaminetetraacetic
acid (EDTA; Sinopharm), and 15 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES; BBI Life Sciences) for 60 min with
shaking at 37°C. The supernatant was dis-
carded and the remaining tissue was further
cut into small pieces and incubated at 37°C for
2 hours with shaking in Iscove’s Modified
Dulbecco’s Medium (IMDM) (HyClone) with
1 mg/ml Collagenase IV (Sigma) and 0.5 mg/ml
DNase I (Sigma). The supernatant was collected
after each incubation step, and the preparation
was further enriched in lymphocytes by Percoll
gradient centrifugation.

Sorting and adoptive transfer

For studies of the development of liver ILCls,
fetal liver cells from 13.5-day-old fetuses or
adult BM cells were used for adoptive transfer
into lethally irradiated [10 grays (Gy) admin-
istered 1 day before adoptive transfer] mice via
tail-vein injection. We studied the development
potential of liver hematopoietic progenitors
by sorting CD45"Lin~Sca-1"Mac-1" (LSM) cells,
CD49a"CD122*NK1.1"CD3 CD19" cells, and
CD49a CD122*NK1.1"CD3 CD19~ cells from
adult CD45.1" mice and using these cells for
adoptive transfer into sublethally irradiated
(5 Gy administered 1 day before adoptive
transfer) RagI™’~ mice via hepatic portal-vein
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injection (for LSM cells) or tail-vein injection
(for CD122" progenitors). We evaluated the ef-
fect of IFN-y signaling on LSM cell development
potential, by purifying LSM cells from adult
GRKO and CD45.1" mice, and transferring
them into 2 Gy-irradiated NSG mice via tail-
vein injection. Cell populations were purified
on a FACS Aria II Cell Sorter or FACSAria
Fusion (BD Biosciences).

Cell cultures

The generation of NK cells from fetal liver
cells can be reproduced in vitro in a two-step
procedure, as described for multipotent stem
cells (39, 40). On day 0, fetal liver cells from
13.5-day-old fetuses were cultured at a density
of 10° cells per well in complete Roswell Park
Memorial Institute (RPMI) medium supple-
mented with 5% fetal bovine serum (GIBCO),
30 ng/ml mouse SCF (stem cell factor, PeproTech),
10 ng/ml mouse Fit3L (PeproTech), and 0.5 ng/ml
mouse IL-7 (PeproTech), with or without 20 ng/ml
mouse IFN-y (PeproTech). Cells received fresh
supplemented medium on day 3 to stimulate their
differentiation into NK cell progenitors. On day 5,
cells were collected and cultured on a confluent
monolayer of OP9 stromal cells (GNM17, Chinese
Academy of Sciences, Shanghai, China) in com-
plete RPMI medium supplemented with 5%
fetal bovine serum and 30 ng/ml mouse IL-15
(PeproTech). On day 8, cells were re-fed with
the same medium to promote the generation of
mature NK cells. On day 10, cells were collected
and analyzed by flow cytometry. For ex vivo cell
stimulation, liver and spleen mononuclear cells
were incubated with I1-12 (25 ng/ml; eBioscien-
ces), IL-18 (20 ng/ml; MBL International), or
PMA (200 ng/ml; Sigma), ionomycin (1 pug/ml;
Sigmay), and protein transport inhibitor GolgiPlug
(BD Biosciences) for 4 hours. We compared
the expression of effector molecules between
liver ILCls and cNK cells, by culturing liver
mononuclear cells with IL-12 (10 ng/ml; Pepro-
tech), IL-15 (10 ng/ml; Peprotech), and IL-18
(50 ng/ml; R&D) for 18 hours, with the addition
of monensin (2.5 ug/ml; Sigma-Aldrich) for
the last 4 hours. Purified liver ILCls or cNK
cells were plated at a density of 5 x 10* cells
per well in 96 well-plates, and cells were
cultured with IL-12 (10 ng/ml; Peprotech), IL-15
(10 ng/ml; Peprotech), and IL-18 (50 ng/ml;
R&D) for 24 hours. The culture supernatant
was collected for determinations of the con-
centration of granzyme B.

SCcRNA-seq

Purified liver LSM cells and Lin"CD122*CD49a"
cells from adult WT mice were stained with 0.4%
Trypan blue to check their viability (>90% before
processing for scRNA-seq). Sequencing libraries
were prepared with randomly interrupted whole-
transcriptome amplification products, to enrich
the 3' end of the transcripts linked to the cell
barcode and UMI. Library construction was

Bai et al., Science 371, eaba4177 (2021)
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performed according to the manufacturer’s
standard protocol (CG0O00206 Rev D, 10X
Genomics). Sequencing libraries were quanti-
fied with a High Sensitivity DNA Chip (Agilent)
on a Bioanalyzer 2100 and with the Qubit High
Sensitivity DNA Assay (Thermo Fisher Scientific).
The libraries were sequenced on a NovaSeq6000
(Illumina). Reads were processed with the Cell
Ranger 2.1.0 pipeline, using the default and
recommended parameters. FASTQs generated
from the Illumina sequencing output were
aligned with the mouse genome, version GRCm38,
with the STAR algorithm. Gene-barcode matrices
were then generated for each individual sample by
counting UMISs and filtering non-cell-associated
barcodes. Finally, we generated a gene-barcode
matrix containing the barcoded cells and gene
expression counts. This output was then im-
ported into the Seurat (v2.3.0) R toolkit (41) for
quality control and downstream analysis of our
scRNA-seq data. LSM cell and Lin"CD122"CD49*
cell samples were first analyzed separately. Low-
quality cells were excluded in an initial quality-
control (QC) step, by removing cells expressing
genes expressed in fewer than three cells, cells
expressing fewer than 200 genes, and cells
expressing more than 3000 genes. Cells with
more than 5% mitochondrial-associated expressed
genes or with less than 15% ribosome-associated
expressed genes were also removed. QC resulted
in 2930 LSM cells and 1208 Lin CD122"CD49*
cells being retained for further analysis. Library-
size normalization was performed on the UMI-
collapsed gene expression values for each cell
barcode, by scaling by the total number of
transcripts and multiplying by 10,000. The
data were then log-transformed before further
downstream analysis with Seurat (3.1.5) (4).
We first selected genes with a high variance,
using the FindVariableGenes function with
the “vst” method and nfeatures set to 2000. We
then reduced the dimensionality of our data
by principal component analysis (PCA) and
performed clustering with the FindNeighbors
and FindClusters functions (20 pcs and a reso-
lution of 0.5). For visualization, we applied
RunUMAP, using 20 pcs. We then integrated
the samples with the FindIntegrationAnchors
function, using “cca” as a reduction parameter,
and IntegrateData function, using 30 pcs for
both of them. Clustering was performed with
the FindNeighbors and FindClusters functions,
using 30 pcs and a resolution of 0.4. We iden-
tified cluster markers with FindMarkers, with
the parameter only.pos set to TRUE, to obtain
only genes up-regulated relative to all other
cells for use as markers. Marker genes were
defined as genes with an adjusted P-value
<0.05 tested in a non-parametric Wilcoxon
rank-sum test. ST-HSC, LT-HSC, and CLP scores
were calculated using previously published
signatures (75). Liver ILC1 and cNK cell scores
were calculated with gene signatures extracted
from previously published microarray data for

liver ILC1s and ¢NK cells (18). The T cell signa-
ture was composed of genes with a correlation
coefficient of more than 0.75 with the Tcrb-J
gene in biogps (http://biogps.org/). Module
scores for these signatures were calculated
with the AddModuleScore function from Seurat.
Pseudotime analysis was performed with the
Monocle3 package (0.2.3). The start of the tra-
jectory was set to the cluster with the highest
ST-HSC signature score.

Antibody staining and flow cytometry

The antibodies listed in table S2 were used
for flow cytometry. AnnexinV were purchased
from BD Biosciences (San Jose, CA). Cells were
incubated with rat serum for 30 min to block
Fc receptors, and then stained with fluores-
cently labeled monoclonal antibodies (mAbs).
Intracellular cytokine and transcriptional
factors were stained with the BD Cytofix/
Cytoperm Fixation/Permeabilization Kit or
the Foxp3 staining kit (eBioscience). Data
were collected on a flow cytometer (LSR II and
LSRFortessa; BD) and analyzed with FlowJo
V10 software.

Plasmids

Mouse Ifng cDNA was inserted into the pLive
vector (Mirus Bio) to force gene expression
under the control of the mouse albumin pro-
moter. Mice overexpressing IFN-y were estab-
lished by intravenously injecting 5 ug of
pLive-IFN-y plasmid dissolved in 2 ml of PBS
into mice over a period of 5 to 6 s.

Enzyme-linked immunosorbent assay

IFN-vy levels in serum were measured with
mouse [FN-y ELISA Kkits according to the
manufacturer’s instructions (DAKEWE). Gran-
zyme B levels in the culture supernatant were
determined with mouse granzyme B ELISA Kits,
according to the manufacturer’s instructions
(Multisciences).

Parabiosis

Parabiosis was performed as previously de-
scribed (6, 21). Briefly, a longitudinal incision
was made along the lateral surface of adult
CD45.2" (WT or GRKO) and CD45.1" WT mice.
The mice were then joined at the elbow and
knee with dissolvable sutures and the inci-
sion was closed. After surgery, the mice were
administered an antibiotic [sulfamethoxazole
and trimethoprim (Sulfatrim)] solution for
14 days.

Statistical analysis

The statistical significance of differences was
determined in Student’s ¢ tests or analysis of
variance (ANOVA) tests with Brown-Forsythe
and Welch corrections when required. The
statistical analysis in fig. S3 was performed
with Dunn'’s test. Differences with a P-value
<0.05 were considered statistically significant.
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An IFN-# feedback loop

Innate lymphoid cells (ILCs) play important roles in tissue homeostasis and host defense. Type 1 ILCs (ILC1s)
produce interferon-# (IFN-#) and require the transcriptional master regulator T-bet. The pathways underlying how
these cells develop and differentiate have remained poorly understood. Bai et al. found that the adult mouse liver
contains a population of Lin—Sca-1Mac-1 hematopoietic stem cells (LSM HSCs) that preferentially differentiate
into tissue-resident liver ILC1s. They further show that IFN-# produced by mature ILC1s promotes the expansion
and differentiation of LSM HSCs into ILC1s but not natural killer cells. This work expands our understanding of
extramedullary hematopoiesis and underscores the unique immune status of the liver.
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