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Identification of type 1 innate lymphoid cells (ILC1s) has been
problematic. The transcription factor Hobit encoded by Zfp683 has
been proposed as a major driver of ILC1 programs. Using Zfp683
reporter mice, we showed that correlation of Hobit expression
with ILC1s is tissue- and context-dependent. In liver and intestinal
mucosa, Zfp683 expression correlated well with ILC1s; in salivary
glands, Zfp683was coexpressed with the natural killer (NK) master
transcription factors Eomes and TCF1 in a unique cell population,
which we call ILC1-like NK cells; during viral infection, Zfp683 was
induced in conventional NK cells of spleen and liver. The impact of
Zfp683 deletion on ILC1s and NK cells was also multifaceted,
including a marked decrease in granzyme- and interferon-gamma
(IFNγ)–producing ILC1s in the liver, slightly fewer ILC1s and more
Eomes+ TCF1+ ILC1-like NK cells in salivary glands, and only
reduced production of granzyme B by ILC1 in the intestinal
mucosa. NK cell–mediated control of viral infection was unaf-
fected. We conclude that Hobit has two major impacts on ILC1s: It
sustains liver ILC1 numbers, while promoting ILC1 functional matu-
ration in other tissues by controlling TCF1, Eomes, and granzyme
expression.

innate lymphoid cells j natural killer cells j Hobit j Eomes j liver

Innate lymphoid cells (ILCs) comprise a diverse group of lym-
phocytes devoid of rearranged antigen receptors. ILCs are

classified into three groups based on their functional programs.
The type 1 ILC (ILC1) program driven by Tbet culminates with
production of interferon-gamma (IFNγ); the ILC2 program
dictated by GATA3 promotes secretion of interleukin-5 (IL-5)
and IL-13; the ILC3 program driven by Rorγt leads to produc-
tion of IL-17 and IL-22 (1–3). In mice, ILC1s and natural killer
(NK) cells both require Tbet, produce IFNγ, and express the
cell-surface markers NKp46 and NK1.1. Given these similari-
ties, distinguishing ILC1s from NK cells has been problematic
(4–6). One important distinction between ILC1s and NK cells
is that ILC1s are mainly tissue-resident, whereas NK cells circu-
late in the blood (7). Therefore, ILC1s provide a local source
of IFNγ for prompt control of intracellular pathogens, whereas
NK cells recruited from the blood provide a second wave of
IFNγ (8). Moreover, NK cells are thought to be more cytotoxic
than ILC1s due to superior production of perforin and gran-
zymes, though recent studies have challenged this view (9, 10).
Phenotypically, various specific cell-surface markers have been
identified for each cell type. CD49a, CD200R1, CD69, CD103,
and CD127 are mainly expressed in ILC1s (11), while NK cells
express CD49b, CD62L, as well as NK cell receptors of the
immunoglobulin and C-type lectin families with a semiclonal
distribution (12, 13). However, the expression of these markers
can vary among tissues and can be acquired or modulated in
pathological conditions, such as viral infections and tumors.

ILC1s and NK cells follow different developmental trajecto-
ries. NK cells originate from an early common innate lymphoid
progenitor, whereas all ILCs derive from a downstream Id2+

common helper innate lymphoid progenitor (5, 14, 15); how-
ever, recent reports have identified a shared progenitor that

gives rise to both ILC1s and NK cells (16). Regardless of their
progenitor, NK cells and ILC1s express unique transcription
factors that shape their identities. NK cells depend on Eomes
for development, whereas ILC1s are Eomes-independent (17).
The transcriptional regulator Hobit, encoded by the gene
Zfp683, is highly expressed in ILC1s and is required for liver
ILC1s but not NK cells (18). In a recent single-cell RNA-
sequencing (scRNA-seq) analysis of the ILC1–NK spectrum in
multiple tissues, we confirmed that ILC1s and NK cells are gen-
erally associated with expression of Hobit and Eomes, respec-
tively, but also noticed a considerable tissue heterogeneity of
ILC1s and NK cells (19). For example, salivary glands and
uterus contain a unique cell population that expresses both
Eomes and Hobit, as well as the transcription factor TCF1. We
refer to these cells as “ILC1-like NK cells.” These cells are also
unique for their independence from NFIL3 (20–22), a tran-
scriptional repressor required by both NK cells and ILC1s for
development (23–27). Thus, Hobit may not be a univocal driver
of ILC1s.

To evaluate the association of Hobit with ILC1s and its
impact on their development and functions, we generated a
Hobit reporter mouse that identifies cells expressing Hobit
within the ILC1–NK spectrum, as well as a Hobit fate-map
mouse that identifies ILCs and NK cells that have expressed
Hobit at any time of their development. Using these tools, we
showed that Hobit association with ILC1s and their cell-surface
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markers varies in different tissues. We also showed that Hobit
fate-mapped+ cells can be found in ILC1s and a subset of
ILC3s but not in NK cells, demonstrating that ILC1s repre-
sent a lineage distinct from NK cells, which can in part con-
vert into ILC3s. scRNA-seq and flow cytometric analyses of
mice with a conditional deletion of Zfp683 in the ILC1–NK
spectrum showed that the impact of Hobit on ILC1s also
varies in different tissues. Lack of Hobit has the following
effects: 1) markedly reduced numbers of two ILC1 subsets
specialized in either granzyme or IFNγ production in the
liver; 2) slightly fewer ILC1s that fail to effectively produce
granzyme B along with more Eomes- and TCF1-driven ILC1-
like NK cells in the salivary gland; and 3) only defective
expression of granzyme B by ILC1s in the small intestine.
Finally, we found that murine cytomegalovirus (MCMV)
infection induced Hobit expression in spleen and liver NK
cells, although it was not necessary to sustain NK
cell–mediated control of viral infection in liver. We conclude
that the expression and impact of Hobit are tissue- and
context-dependent in ILC1s and NK cells.

Results
Hobit Association with ILC1 Surface Markers Varies in Different
Organs. To trace cells expressing Hobit and define their features
compared with other innate lymphocytes, we generated knockin/

knockout Hobit reporter mice. We inserted a tandem dimer red
fluorescent protein (tdTomato) and a Cre recombinase linked by
an internal ribosomal entry site (IRES) at the translation initia-
tion site of the Zfp683 gene encoding Hobit (Fig. 1A). We called
these mice Zfp683Red. The size of the Zfp683+ population among
Lin–NK1.1+ cells differed in various tissues; Zfp683+ cells com-
prised a large fraction of NK1.1+ cells in liver, salivary glands,
intestinal lamina propria, and intestinal epithelium, but were
scarce in the spleen (Fig. 1B). We next investigated the association
of Hobit with ILC1 markers in these tissues. CD49a and CD49b
are often used to identify ILC1s and NK cells, respectively (1). In
liver, Zfp683+ cells coincided with CD49a+ cells, whereas CD49b+

cells encompassed Zfp683– cells. In the lamina propria and the
epithelial layer of intestinal mucosa, NK1.1+ cells were mainly
CD49a+ and ∼60 to 80% of these cells expressed Zfp683 (Fig.
1B). In salivary glands, the majority of NK1.1+ cells expressed
both CD49a and CD49b as well as Zfp683, with only relatively
small fractions of CD49a+ or CD49b+ cells lacking Zfp683 (Fig.
1B). The spleen contained mainly CD49b+ cells, which were
largely Zfp683– (Fig. 1B). The receptor for IL-7 (CD127) is
another marker reported to be expressed by most ILCs (11). A
large proportion of Zfp683+ cells expressed CD127 in the intesti-
nal lamina propria and epithelium; around 50 to 70% of Zfp683+

cells expressed CD127 in the liver. Only a very small fraction of
salivary glands and splenic NK1.1+ cells (2 to 7%) expressed
CD127, most of which expressed Zfp683. These results indicate
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Fig. 1. Zfp683 and Eomes define ILC1s and NK cells across tissues. (A) Schematic of targeting construct. (B) Representative flow cytometric dot plots and
quantification of Zfp683+ cells among live, CD45+Lin�NK1.1+CD49a+, CD49b+, or CD127+ cells in the indicated organs. Single-cell suspensions were
obtained from heterozygous Zfp683Red mice. IELs, intraepithelial lymphocytes; SG, salivary gland; siLP, small intestinal lamina propria. Data are represen-
tative of two independent experiments (n = 3 or 4). Data represent mean ± SEM. (C) Expression of Eomes and Zfp683 in single-cell suspensions from
different organs of Zfp683Red heterozygous mice, and their quantification among NK1.1+ cells gated as in B. DP, double-positive; SP, single positive. Data
represent mean ± SEM. Data are representative of two independent experiments (n = 3 or 4).
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that the commonly used cell markers CD49a and CD127 identify
Zfp683+ ILC1s only in part, as the association of these markers
with Zfp683 expression varies in different tissues.

Hobit and Eomes Are Mutually Exclusively Expressed in Most
Tissues. If Hobit and Eomes identify ILC1s and NK cells,
respectively, their expression should be mutually exclusive.
We examined Lin–NK1.1+ cells for intracellular content of
Eomes versus Zfp683 expression in various tissues of
Zfp683Red mice. Cells in liver, intestinal lamina propria,
intestinal epithelium, and spleen exclusively expressed either
Eomes or Zfp683 (Fig. 1C). This pattern corroborated the
existence of Zfp683+ ILC1s distinct from Eomes+ NK cells.
However, about 30 to 50% of NK1.1+ cells in salivary glands
expressed both Eomes and Zfp683 (Fig. 1C), as well as
CD49a (SI Appendix, Fig. S1), and therefore could not be
rigorously classified as NK cells or ILC1s; we refer to these
cells as ILC1-like NK cells.

scRNA-Seq Reveals ILC1 Subsets Differentially Represented in
Distinct Tissues. To further investigate the expression of Hobit
across tissue ILC1s and its association with different markers,
we isolated Lin–NK1.1+ cells from liver, salivary glands, and
intestinal lamina propria, which contain the largest fraction of
Zfp683+ cells, and performed scRNA-seq using the 10X Chro-
mium platform. We profiled a total of quality-controlled 17,660
cells (SI Appendix, Table S1) that were visualized using the uni-
form manifold approximation and projection (UMAP) method,
regardless of the tissue origin. ILC1 and NK cell clusters were
defined based on the top 20 differentially expressed genes (Fig.
2 A and B and SI Appendix, Fig. S2). We promptly identified
ILC1 and NK cell clusters based on expression of Zfp683 and
Eomes, respectively, as well as ILC1-like NK cells expressing
both Zfp683 and Eomes. ILC1-like NK cells also expressed
Tcf7, which encodes TCF1. This distinction was consistent with
the distribution of Itga1 (for CD49a) and Itga2 (for CD49b).
Cd200r1, a marker of ILC1s (8), overlapped with Zfp683 and
Itga1. We further distinguished three groups of ILC1s:

granzyme-producing ILC1s (Gzm ILC1), IFNγ-producing
ILC1s (IFNγ ILC1), and Rorc ILC1s (Rorc ILC1). Gzm+ ILC1s
expressed messenger RNA (mRNA) for granzymes (Gzma,
Gzmb, Gzmc), as well as Itgae (for CD103), Tyrobp (for
DAP12), and the inhibitory receptor Lag3 (Fig. 2 A and B and
SI Appendix, Fig. S2). Gzmc was uniquely expressed by ILC1s,
whereas Gzmb was expressed in both ILC1s and NK cells. Gzm
ILC1s expressed less perforin mRNA (Prf1) than NK cells, sug-
gesting a lower cytotoxic capacity. However, Gzm ILC1s abun-
dantly expressed the IL-21 receptor transcript (Il21r), which
has been shown to enhance cytotoxicity (28). Thus, ILC1 lytic
ability may depend on the levels of IL-21 in the tissue. IFNγ
ILC1s were discriminated by high expression of Ifng, Xcl1, Ltb,
as well as Il7r, Il18r1, and Cd226 (Fig. 2 A and B and SI
Appendix, Fig. S2). The Rorc ILC1 cluster expressed some
ILC3 signature genes, including Rorc, Rora, Maf, Tmem176a,
Tmem176b, Lta, and Ltb. Despite this signature, Rorc ILC1s
expressed no Il17 or Il22, while Ifng levels were similar to the
other ILC1 clusters (Fig. 2 A and B and SI Appendix, Fig. S2).
Thus, Rorc ILC1s may encompass ILC1s that originate from
conversion of Rorγt+ ILC3s, commonly known as “exILC3s”
(29), or from a Rorγt+ progenitor.

NK cells included three major clusters: immature NK
(iNK) cells expressing Cd27, mature NK (mNK) cells
expressing Itgam (for CD11b), and activated NK cells
expressing various cytokines and chemokine genes and the
transcription factors Egr3, Nr4a1, and Nr4a3 (Fig. 2B and SI
Appendix, Fig. S2). iNK cells expressed Tcf7, indicating a pro-
gram for proliferation and lymph node homing (30). Among
mNK cell signature genes, Klf2, Zeb2, Irf8, S1pr5, Klrg1,
Ly6c2, and Prf1 indicated programs for effector function and
recirculation (31–34). The distinction between mNK1 and
mNK2 clusters was based on slightly different expression lev-
els of mNK signature genes. We also identified a “stressed”
NK cell cluster based on high expression of the stress
response genes Hspe1 and Hsp90ab1, as well as a cluster of
proliferating NK cells expressing Mki67, Tuba1b, Stmn1, and
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Tubb5 (SI Appendix, Fig. S2). We also detected a small NK
cell cluster enriched for the IFN-stimulated genes (Ifit1, Ifit3,
Ifi209, Irf7, Iigp1, Ifi208, Isg20), which was termed “IFN-
stimulated” NK cells (SI Appendix, Fig. S2). The representa-
tion of the ILC1 clusters was skewed in a tissue-specific manner.
The liver included all major ILC1 subsets, Gzm ILC1s, IFNγ

ILC1s, and Rorc ILC1s; salivary glands contained a relatively
large population of ILC1-like NK cells; and IFNγ ILC1s and
Rorc ILC1s predominated in the intestinal lamina propria (Fig.
2C). Together, these data show that although all ILC1s express
Hobit, they include disparate subsets with specialized effector
functions, which are differentially represented in various tissues.
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pendent experiments (n = 4). Data represent mean ± SEM. *P < 0.05, ***P < 0.001, ****P < 0.0001; n.s., not significant. MFI, mean fluorescence intensity;
WT, wild type.
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Liver Gzm and IFNγ ILC1s Require Hobit. We sought to validate
liver Gzm and IFNγ ILC1s by flow cytometry. We examined
liver Lin–NK1.1+ for surface expression of CD49a, CD49b,
and CD127 and intracellular content of IFNγ and granzyme

B. CD49a+CD127+ ILC1s produced more IFNγ but less
granzyme B than did CD49a+CD127– ILC1s (Fig. 3 A and
B). Since TCF1 limits granzyme B expression in NK cells
(35), we also analyzed intracellular levels of TCF1 in ILC1s.
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In line with elevated granzyme B production, CD49a+CD127–

ILC1s expressed less TCF1 than did CD49a+CD127+ ILC1s (Fig.
3C). We conclude that liver ILC1s include a CD127+TCF1hi sub-
set specialized in IFNγ production and a CD127–TCF1lo subset
specialized in granzyme production. To validate liver Rorc ILC1s,
we examined liver ILC1s in Rorc-Cremice crossed with Rosa26RYFP

mice (RorcFM), in which cells that express or have expressed
Rorγt+ can be fate-mapped as YFP+. A considerable percentage of
liver CD49a+ ILC1s were RorcFM+ (Fig. 3D), suggesting that they
derive, at least in part, from the conversion of Rorγt+ ILC3s or
from a Rorγt+ progenitor.

Since it has been shown that Hobit is required for liver ILC1s
(18), we asked whether IFNγ ILC1, Gzm ILC1, and Rorc ILC1
subsets depend on it. We generated Zfp683fl/fl mice and crossed
them with Ncr1Cre mice, which express Cre recombinase in NK
cells and ILC1s, thereby abrogating Hobit expression in both pop-
ulations. scRNA-seq analysis of NK1.1+ cells from Zfp683fl/fl

Ncr1Cre versus Zfp683fl/fl mice revealed a reduction of both Gzm
and IFNγ ILC1s, whereas Rorc ILC1s seemed unaffected (Fig.
3E). Flow cytometric analysis corroborated a marked reduction of
both CD127+ and CD127– ILC1s in Zfp683fl/fl Ncr1Cre mice, while
NK cells were not significantly affected (Fig. 3F). The few remain-
ing ILC1s present in Zfp683fl/fl Ncr1Cre mice maintained produc-
tion of IFNγ and granzyme B, perhaps representing cells escaped
from Cre recombination (Fig. 3G).

To further examine the impact of Zfp683 deletion in liver
ILC1s, we reclustered ILC1s from our scRNA-seq data (Fig. 3
H and I and SI Appendix, Fig. S3). This analysis corroborated
the presence of Gzm, IFNγ, and Rorc ILC1s and the strong
reduction of Gzm ILC1 and IFNγ ILC1 clusters in the absence
of Zfp683. However, we noticed a small relative increase of
Rorc ILC1s in Zfp683fl/fl Ncr1Cre samples, suggesting that this
subset may be less affected or unaffected by Zfp683 deletion.
All ILC1 clusters expressed Zfp683 and Ifng. Rorc ILC1s shared
expression of Kit, Il7r, and Tcf7 with IFNγ ILC1s, whereas
Gzmb was preferentially expressed in Gzm ILC1s. Together,
these data demonstrate that liver ILC1s include two function-
ally polarized ILC1 subsets that are Hobit-dependent and a
third Hobit-independent subset that may derive from Rorγt+
ILC3s or from a Rorγt+ progenitor.

ILC1 Requirement for Hobit Varies in Different Tissues. We further
examined the impact of Hobit deficiency on ILC1s in salivary

glands and intestinal lamina propria by scRNA-seq of
Lin–NK1.1+ cells isolated from Zfp683fl/fl Ncr1Cre mice
and control Zfp683fl/fl mice. Salivary glands harbored both Gzm
and IFNγ ILC1s, as well as ILC1-like NK cells. Fewer Gzm and
IFNγ ILC1s and more ILC1-like NK cells were present in
Zfp683fl/fl Ncr1Cre mice than in Zfp683fl/fl mice, whereas NK
cells were similarly represented in the two (Fig. 4 A and B). We
confirmed this observation in Zfp683Red mice. Since the
reporter cassette disrupts the Zfp683 allele, homozygous
Zfp683Red mice lack functional Hobit-encoding genes; again,
fewer ILC1s and more ILC1-like NK cells were found in the
salivary glands of homozygous than in heterozygous Zfp683Red

mice (SI Appendix, Fig. S4).
Since ILC1s are TCF1lo Eomes–, whereas ILC1-like NK cells

are TCF1hi Eomes+ (Fig. 2), we further investigated the impact
of Hobit deficiency on TCF1 and Eomes by flow cytometry. A
reduction of Eomes– TCF1lo cells paralleled by an increase in
Eomes+ TCF1hi ILC1-like NK cells was noted in the salivary
glands of Zfp683fl/fl Ncr1Cre mice (Fig. 4C). These results sug-
gest that Hobit negatively regulates expression of Eomes and
TCF1 in salivary gland ILC1s and ILC1-like NK cells. We
also examined the impact of Zfp683 deletion on effector func-
tions: violin plots indicating the expression of Gzmb in
each ILC1–NK subset showed a clear reduction of Gzmb in
ILC1s from Zfp683fl/fl Ncr1Cre mice (Fig. 4D). Flow cytometric
analysis validated that Zfp683 deletion led to reduced intracel-
lular content of granzyme B, whereas IFNγ was unchanged
(Fig. 4E).

scRNA-seq exposed no marked impact of Zfp683 deletion
on the abundance of ILC1s in the Lin–NK1.1+ cells of the intes-
tinal lamina propria (Fig. 4 F and G). Moreover, flow cytomet-
ric analysis corroborated that Zfp683 deletion had no obvious
impact on Eomes or TCF1 expression (Fig. 4H). However,
granzyme B mRNA and protein expression were significantly
impaired in Zfp683-deficient lamina propria ILC1s, as observed
in salivary glands (Fig. 4 I and J). Overall, these results demon-
strate that the impact of Zfp683 deletion on the representation
of ILC1 subsets and their expression of TCF1, Eomes, and
granzyme B varies considerably depending on the tissue.

ILC1s Show Limited Conversion into ILC3s in Steady State. Several
studies of ILC1–NK cell lineage relationships have proposed
that ILC1s and NK cells are distinct lineages (14, 15, 17),
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although other reports disagree (16). Prior studies utilized
either adoptive cell transfer or ex vivo culture systems but did
not analyze lineage relationships in unperturbed physiological
conditions. To overcome these limitations, we crossed
Zfp683Red mice with Rosa26RYFP mice to generate Zfp683 fate-
map (Zfp683FM) mice, in which cells that currently express
Zfp683 are Tomato+, while cells that have expressed Zfp683 at
any time point of their development are YFP+. We focused on
Lin–NK1.1+ cells, which include ILC1s and NK cells. Analysis
of Zfp683FMþ (YFP+) versus Zfp683þ (tdTomato+) Lin–NK1.1+

cells in various tissues revealed that Zfp683FMþ cells are almost
exclusively detected within the Zfp683+ population, while rarely
observed in Zfp683–NK1.1+ cells (Fig. 5 A and B). These data
corroborate that ILC1s are a distinct lineage from NK cells. Of
note, ∼30 to 50% of Zfp683+ ILC1s were Zfp683FMþ, suggest-
ing a partial efficiency in the recombination induced by Zfp683-
driven Cre recombinase.

Since it was shown that human ILC1s can convert into ILC3s
when cultured with IL-12, IL-23, and IL-1β (36), we next

investigated whether this conversion occurs in vivo in our
reporter mice. We examined the small intestine lamina propria,
in which ILC3s are particularly abundant. First, we assessed the
intracellular content of Rorγt and Eomes in Lin–NKp46+ cells
of Zfp683FM mice, which include ILC1s, NK cells, and
NKp46+NK1.1– ILC3s. Zfp683+ (Tomato+) ILC1s, Eomes+ NK
cells, and Rorγt+ ILC3s appeared as distinct populations
(Fig. 5C). However, ∼5 to 10% of Rorγt+ ILC3s were
Zfp683FMþ (YFP+) (Fig. 5 D and E), suggesting that a small per-
centage of ILC3s derive from ILC1s. None of the Eomes+ cells
were Zfp683FMþ, corroborating that ILC1s do not convert into NK
cells. We conclude that in the small intestine only a limited per-
centage of ILC1s generate ILC3s, whereas ILC1s and NK cells
remain distinct lineages.

NK Cells Express Hobit during MCMV Infection. Previous studies
indicated that NK cells acquire phenotypical features of ILC1s
in the tumor microenvironment (37, 38) and during Toxoplasma
gondii infection (39). In these studies, the ILC1-like phenotype
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was defined based on expression of CD49a, whereas Hobit
expression was not assessed. We took advantage of our
Zfp683Red mice to study the expression pattern of Hobit during
MCMV infection in spleen and liver NK1.1+NKp46+ cells. Cor-
roborating previous reports, CD49a was induced in spleen and
liver NK cells as early as 1.5 d postinfection and continued to
be expressed until 7 d postinfection (SI Appendix, Fig. S5). On
day 1.5 postinfection, spleen and liver Eomes+ NK cells did not
express Zfp683; however, Zfp683 appeared in a significant frac-
tion (15 to 30%) of Eomes+ NK cells on day 3.5 postinfection
and persisted until day 7 postinfection (Fig. 6 A–D). Thus, NK
cells can express Zfp683 and CD49a during MCMV infection.

Consistent with previous studies (40), we observed that
Zfp683+ ILC1s in the liver went through a transient contraction
phase at day 1.5 post–MCMV infection and returned to base-
line levels in absolute numbers by day 3.5, whereas the numbers
of Eomes+ NK cells expanded throughout (Fig. 6E). To test
whether the initial ILC1 contraction was due to conversion of
ILC1s into NK cells, we examined MCMV infection in
Zfp683FM mice. Zfp683FMþ cells were exclusively present in the
Zfp683+ population at steady state and entirely disappeared on
day 1.5 postinfection (Fig. 6 F and G), indicating that ILC1s
remain distinct from NK cells also during MCMV infection.

To identify the cytokines that may control Hobit expression
in NK cells, we isolated spleen NK cells from Zfp683Red mice and
cultured them with IL-2, IL-15, IL-12, transforming growth
factor-beta (TGFβ), and IFNα, either alone or in different combi-
nations. After 72 h, Zfp683 was induced by IL-2 or IL-15 alone,
and expression was further enhanced by TGFβ (Fig. 6 H and I).
On the contrary, IFNα inhibited IL-2–mediated up-regulation of
Zfp683 expression. Although IL-12 is a proinflammatory cytokine
that activates NK cells, it had no impact on Zfp683 expression.
Thus, while Zfp683 is a faithful ILC1 marker in homeostasis, it is
induced in NK cells in pathological conditions that generate an
environment rich in cytokines such as IL-15, IL-2, and TGFβ.

It was previously shown that Hobit+ ILC1s provide a very
early source of IFNγ for the control of MCMV in the liver 1 d
after mice have been infected by hydrodynamic or intraperito-
neal (i.p.) injection (8). Given that Hobit is also expressed in
spleen and liver NK cells 3.5 d after infection, we wanted to
evaluate whether Hobit deficiency impacts control of viral
infection at a later time point when NK cells expand and
become involved (41). Zfp683fl/fl Ncr1Cre and control mice were
infected i.p. with MCMV and viral titers were assessed in the
liver and spleen at day 7. No major differences in viral titers
were detected at this time point (SI Appendix, Fig. S5). We con-
clude that NK cell control of MCMV infection is Hobit-
independent.

Discussion
Hobit is a transcriptional repressor encoded by Zfp683 that has
been proposed as a master transcription factor for tissue-
resident memory T cells and ILC1s (18, 42). Using Zfp683Red

mice, we showed that the association of Hobit with ILC1s is tis-
sue- and context-dependent. In liver and intestinal mucosa,
Zfp683 expression correlated well with ILC1s; however, Zfp683
was coexpressed with Eomes in an ILC1-like NK cell subset
uniquely present in salivary glands. Using Zfp683FM mice, we
corroborated that ILC1s and NK cells are distinct lineages in
the steady state. However, Zfp683 was induced in spleen and
liver Eomes+ NK cells during MCMV infection and was
up-regulated in vitro by cytokines, such as IL-15 and TGFβ
that have been shown to induce markers of tissue residency
(43). The impact of Hobit on ILC1s and NK cells was also tis-
sue- and context-dependent. Comparing Zfp683fl/fl mice and
Zfp683fl/fl Ncr1Cre mice exposed the variable impacts of Zfp683
deletion: a drastic reduction of Gzm ILC1s and IFNγ ILC1s in

the liver; fewer ILC1s and more Eomes+ ILC1-like NK cells,
along with decreased granzyme B production by ILC1s, in the
salivary glands; and, solely, the reduction of granzyme B+

ILC1s in the small intestine lamina propria. Zfp683 deletion
did not affect the ability of NK cells to control MCMV infec-
tion in the liver at late time points, when NK cells are the major
anti-MCMV effectors (41). We conclude that Hobit predomi-
nantly defines ILC1 programs and numbers, whereas it is less
impactful when coexpressed with Eomes in ILC1-like NK cells
and conventional NK cells.

A recently published study by Friedrich et al. showed that
liver ILC1s encompassed a CD127+TCF1hi IFNγ+ subset and a
CD127–TCF1lo cytotoxic subset and noted that germline
Zfp683 deletion increased the representation of the former ver-
sus the latter, indicating that CD127+TCF1hi IFNγ+ ILC1s are
the progenitors of CD127–TCF1lo cytotoxic ILC1s and that
Hobit is required for this transition (44). While our study iden-
tifies similar subsets of liver ILC1s, conditional deletion of
Zfp683 in the ILC1–NK lineage markedly reduced both subsets.
Thus, our results are more consistent with the possibility that
both IFNγ and Gzm ILC1 subsets develop from another pro-
genitor through a Hobit-dependent process. The reason for the
discrepancy between the two studies remains unclear. It should
be noted that Friedrich et al. divided liver CD127±TCF1hi

ILC1s into cKit+ and cKit– subsets and indicated that the cKit–

subset was predominantly diminished by Hobit deficiency, while
the cKit+ subset was unchanged. This latter subset may overlap
with the Rorc ILC1 subset we detected in liver, which was unaf-
fected by lack of Hobit and, in fact, relatively expanded under
these conditions. Whether this Rorc ILC1 subset is a precursor
developmentally related to other ILC1s, corresponds to a liver
ILC1 progenitor recently identified (45), or encompasses
exILC3s (29) remains to be investigated.

Hobit is a transcriptional repressor that inhibits the expres-
sion of molecules, such as the sphingosine-1-phosphate
receptor, CCR7, and L-selectin, that mediate lymphocyte
recirculation, facilitating the retention of a pool of memory T
cells in tissues (46). Our study shows that Hobit is required
for the presence of ILC1s in liver and, to a lesser extent, sali-
vary glands. It remains unknown whether Hobit is necessary
for the development of ILC1s or their retention in the tissue
after they have developed. In the former case, Hobit may
inhibit Eomes expression, directing a Tbet+ progenitor
toward an ILC1 fate. In the latter case, one would expect
ILC1s to be released from liver and salivary glands into the
bloodstream in Hobit-deficient mice. In vivo imaging of tissue
ILC1s will be essential to detect their movement in and out
of tissues.

Beyond its function in tissue homing and retention, our study
demonstrates that Hobit promotes expression of granzyme B
while restraining expression of Eomes and TCF1. These effects
are likely to be linked. It has been shown that TCF1 promotes
Eomes expression in CD8 T cells (47). Moreover, TCF1 curbs
the activity of a granzyme B–associated regulatory element, lim-
iting granzyme B expression in TCF1-expressing NK cells (35).
Thus, Hobit may directly inhibit expression of TCF1, causing
reduced expression of Eomes and increased expression of gran-
zyme B. This model is reminiscent of a similar role of Blimp, a
Hobit homolog, in repressing TCF1 in NK cells (30). Thus,
Hobit and Blimp may have parallel functions in controlling
functional maturation of ILC1s and NK cells, respectively.
Future epigenetic studies will be necessary to validate the pres-
ence of regulatory elements in the TCF1 region that are bound
and repressed by Hobit. We do not exclude that Eomes and
Hobit may also cross-regulate each other, as recently reported
in CD8 Tcells (48).

Although ILC1s have long been considered noncytotoxic,
our study shows that ILC1s express granzymes A, B, and C.
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Granzyme C seems to be uniquely expressed in ILC1s, whereas
granzymes A and B are also present in cytotoxic NK cells. Since
granzyme C is induced by TGFβ (37), its expression may reflect
ILC1 location in TGFβ-rich tissue niches. ILC1s also expressed
perforin mRNA, but to lower levels than NK cells, perhaps
reflecting a lower cytotoxic capacity. However, Gzm ILC1s
highly expressed the receptor for IL-21, a cytokine known to
enhance NK cell cytotoxicity and inhibit NK cell survival and
expansion (28). Thus, IL-21 may increase the lytic capacity of
ILC1s while restraining their lifespan. ILC1s have previously
been shown to provide an immediate source of IFNγ against
MCMV infection in the liver upon hydrodynamic injection,
which allows preferential delivery of virus to the liver (8).
Although we found that Hobit expression was also induced in
spleen and liver NK cells a few days after MCMV infection,
Hobit deficiency had no effect on NK cell numbers or their
ability to control MCMV infection in our model. It will be
important to see whether Hobit impacts ILC1 or NK cell func-
tions in other contexts, such as tumor growth and bacterial
infections, or affects long-term memory of NK cells and ILC1s
(49, 50).

ILCs have exhibited a certain degree of plasticity (1, 51, 52).
Conversion of ILC3s into ILC1s has been shown both in vitro
and in vivo using Rorγt fate-map mice (29, 53, 54). The reverse
conversion from ILC1s to ILC3s has also been reported (36),
although not formally demonstrated in an unperturbed system.
Our analysis of Zfp683FM mice demonstrates that some ILC3s,
although Zfp683–, have expressed Zfp683 at a certain point,
suggesting that they derive from ILC1s or from a Zfp683-

expressing progenitor. In contrast, we saw no evidence for
ILC1s converting into NK cells. These results corroborate the
plasticity of ILCs and reaffirm ILC1s as a lineage distinct from
NK cells.

Materials and Methods
Experimental details on animals, cell extraction from tissues, antibody staining
for flow cytometry and sorting, cell culture and stimulations, scRNA-seq analy-
ses, MCMV infection, and statistical analyses for this study are described in
detail in SI Appendix,Materials andMethods.

All animal studies were approved by the Washington University Institu-
tional Animal Care and Use Committee.

Data Availability. All scRNA-seq data reported in this paper have been depos-
ited in the Gene Expression Omnibus (accession no. GSE185346).

All study data are included in the article and/or SI Appendix.
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