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Natural killer (NK) cells and type 1 innate lymphoid cells (ILC1) require signal transducer
and activator of transcription 4 (STAT4) to elicit rapid effector responses and protect
against pathogens. By combining genetic and transcriptomic approaches, we uncovered
divergent roles for STAT4 in regulating effector differentiation of these functionally
related cell types. Stat4 deletion in Ncr1-expressing cells led to impaired NK cell terminal
differentiation as well as to an unexpected increased generation of cytotoxic ILC1 during
intestinal inflammation. Mechanistically, Staz4-deficient ILC1 exhibited upregulation
of gene modules regulated by STATS5 in vivo and an aberrant effector differentiation
upon in vitro stimulation with IL-2, used as a prototypical STAT activator. Moreover,
STAT4 expression in NCR" innate lymphocytes restrained gut inflammation in the dex-
tran sulfate sodium-induced colitis model limiting pathogenic production of IL-13 from
adaptive CD4" T cells in the large intestine. Collectively, our data shed light on shared
and distinctive mechanisms of STAT4-regulated transcriptional control in NK cells and
ILC1 required for intestinal inflammatory responses.

innate lymphocytes | NKcells | JAK/STAT | transcriptional regulations | inflammation

Innate lymphocytes patrol environmentally exposed interfaces by providing fast effector
responses that are required to sustain barrier integrity and to defend against infection
(1, 2). Among innate lymphocytes, natural killer (NK) cells represent the prototypical
cytotoxic subset, while innate lymphoid cells (ILCs) are divided into three main “helper”
groups, ILC1-3, based on their ability to produce polarized cytokine responses (3). ILC1
and NK cells elicit a potent type 1 response upon activation, characterized by production
of the cytokine interferon (IFN)-y, and the chemokines CCL3-5 and XCL1, as well as
these cells are required for protection against intracellular pathogens (4, 5). Although NK
cells and ILC1 have been considered as two functionally distinct cell types, the recent
identification of cytotoxic ILC1 expressing perforin and granzymes as well as the recog-
nition of plasticity enabling NK cells to acquire ILC1-like features have blurred the
boundaries between these two populations (6-11).

The poised effector features of NK cells and ILC1 are established through a stepwise
acquisition of DNA-accessible regulatory elements occurring during development and
prior to the encounter of a pathogen (12, 13). Effector differentiation starts with the
sequential downregulation of markers expressed by NK/ILC progenitors and immature
cells and proceeds with the induction of genes encoding for effector molecules, including
granzymes in ILC1, or adhesion molecules, such as CD11b and KLRGI in NK cells
(7, 14). At the transcriptional level, these functions are regulated by specific transcription
factor (TF) networks, coordinated by the expression of the lineage-defining TFs T-bet and
Eomes and by the signal-regulated TF STAT4 (15-17). Eomes is required for the devel-
opment of NK cells, while T-bet sustains both terminal differentiation of NK cells and
development of ILC1 (18-24). In contrast, the absence of STAT4 in mice is not associated
with developmental defects or changes in the homeostatic numbers of both NK cells and
ILC1 (25-28). Instead, when triggered by interleukin (IL)-12 or IFN-o/p, STAT4 plays
fundamental roles in the initiation of effector responses by promoting fast release of type
1 cytokines in ILC1 and NK cells as well as by sustaining generation and proliferation of
memory or adaptive-like NK cells (29-32). Both high-magnitude gene induction during
acute activation and generation of adaptive-like NK cells require STAT4-dependent epi-
genetic regulation for the establishment of specific sets of accessible enhancers (33, 34).

Due to their capacity to promote potent inflammatory responses, prolonged activation
of innate lymphocytes can lead to tissue damage and exacerbation of several inflammatory
conditions, such as allergy, asthma, or inflammatory bowel disease (IBD) (1, 35, 36). ILCs
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are particularly enriched in the gut mucosal tissue playing either
a protective role, by regulating intestinal homeostasis and tissue
repair, or exerting pathogenic functions, by sustaining inflamma-
tion (37-39). The active colitis occurring in patients with IBD,
including Crohn’s disease (CD) and ulcerative colitis, is charac-
terized by dysregulated expression of cytokines and alterations of
ILC profiles both at the sites of inflammation and in the peripheral
blood (40-42). In particular, type 1 innate lymphocytes accumu-
late in the inflamed intestinal epithelium of CD patients (41, 43),
implying a role for IFN-y-producing ILCs in the context of gut
mucosal inflammation. Plasticity of ILC3 toward the type 1 fate
has been proposed in humans as a main mechanism for this accu-
mulation (44, 45). These transitions have been investigated in
mice by using a Rore-fate map (FM) reporter system, showing that
ILC3-ILC1 plasticity can occur both at steady state and in patho-
logical conditions (27, 46). While ILC3 are considered drivers of
intestinal inflammation downstream of 1L-23 (47), ablation of
NK cells, using genetic approaches or administration of depleting
antibodies, worsens intestinal inflammation in the mouse model
of colitis induced by dextran sulfate sodium (DSS) administration
(48, 49).

Being key mediators for signaling events downstream of many
cytokine receptors, members of the STAT family are particularly
relevant in the pathogenesis of IBD (42, 50). This is supported
by a strong association between genetic variants in the Janus kinase
(JAK)/STAT pathway and risk of developing this pathology as
well as by the recent success of JAK inhibitors for the treatment
of IBD (51-53). While the functions of STAT4 have been exten-
sively investigated in several contexts of the NK cell response to
pathogens, whether this TF can control effector phenotypes of
innate lymphocytes or can impact intestinal inflammation still
remains poorly investigated.

Herein, by generating a mouse model allowing conditional
deletion of the Szat4 gene in innate lymphocytes, we showed that
this TF has critical functions during acute intestinal inflammation.
Stat4 deletion in NCR" innate lymphocytes led to systemic and
local effects during DSS-induced colitis, including dysregulation
of the serum levels of IFN-y as well as increased pathogenic pro-
duction of IL-13 from CD4" T lymphocytes, in the large intestine.
Single-cell RNA-seq analysis revealed divergent roles for STAT4
in controlling effector differentiation of ILC1 and NK cells during
intestinal inflammation. While STAT4 was required for
inflammation-induced NK cell terminal differentiation, its dele-
tion in NCR" cells induced both a paradoxical increased genera-
tion of cytotoxic ILC1 and an altered ability of these cells to
perceive cytokines using STAT' for signaling. Utilizing an in vitro
model, we established that Szar4-deficient ILC1 from distinct
tissues exhibited an accelerated effector differentiation when cul-
tured with IL-2, characterized by increased expression of
granzymes.

Results

STAT4 Signaling in NCR" Innate Lymphocytes Restrains DSS-
Induced Intestinal Inflammation. To measure STAT4 expression
in large intestine lamina propria (lilp) innate lymphocytes, we
employed intracellular flow cytometry using lilp cells isolated
from wild-type (Stat4*") mice (gating strategy in ST Appendix,
Fig. S14). NCR" innate lymphocytes (NKp46" cells), namely
NK cells, ILC1, and NCR" ILC3, expressed high levels of
STAT4, whereas no signal was detected in ILC2 and NCR’
ILC3 (SI Appendix, Fig. S1B). In agreement with these results,
short stimulation with IL-12 triggered phosphorylation of
STAT4 (pSTAT4) in NK cells and ILC1, as well as in a fraction
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of NCR" ILC3 (SI Appendix, Fig. S1C). Given the selective
expression of STAT4 in lilp NCR" innate lymphocytes, we
generated a mouse model allowing for conditional deletion
of the Star4 exon 3 specifically in NKp46" cells, by breeding
Stat#™ mice (generated in this study) with Ner/¥“"“" mice
(54), named here as Ner*5? mice (SI Appendix, Fig. S1D).
The analysis of total- and phospho-STAT4 levels confirmed
that both forms of the protein were efficiently ablated in NCR*
innate lymphocytes isolated from Ner1** mice (ST Appendix,
Fig. S1 E and F). Similar results were obtained using splenic
NCR" cells (ST Appendix, Fig. S1G). The absence of STAT4
in Ner1*¥* mice did not alter the homeostatic pool of large
intestinal NCR" cells (S7 Appendix, Fig. S1 H and 1), consistent
with previous findings obtained by using mice carrgin germline
deletion of Stazr4 (27, 28, 55). Similarly, NerI*¥# mice did
not show either intrinsic defects in the pool of total NCR"
innate lymphocytes in other tissues, such as the spleen, liver,
and bone marrow (S Appendix, Fig. S1]) or extrinsic effects on
other lilp immune cell types, including T helper (Th) cells and
regulatory T cells (Tregs) (ST Appendix, Fig. S1K). In addition,
we found no recruitment of neutrophils in both mouse groups
(ST Appendix, Fig. S1L), indicating that STAT4 expression in
innate lymphocytes is not critical at steady state.

To induce pathological perturbation in the large intestine, we
administered DSS to mice in the drinking water for 7 d. First, we
profiled the features of innate lymphocytes during colitis by using
Stat4™"* mice. DSS-induced inflammation was characterized by a
significant increase of NK cells in the lilp of treated mice, com-
pared with mice left untreated, while the number of other ILC
subsets remained unaltered (S7 Appendix, Fig. S2 A and B). Within
the first 3 d of DSS treatment, lilp ILC1 were more abundant
than NK cells and represented the main source of IFN-y, as eval-
uated after ex vivo stimulation with IL-12 (S/ Appendix, Fig. S2
C and D). NK cells, instead, increased over time, overcoming
ILC1 both in terms of frequency and potential to produce IFN-y,
as observed at days 5 and 7 of DSS treatment (S/ Appendix, Fig. S2
D and E). The increased expression levels of IFN-y and the global
activation state of NK cells during colitis were confirmed by per-
forming bulk RNA-seq of lilp NK cells from Szz#4"* mice treated
with DSS for 7 d, compared with splenic NK cells isolated from
mice left untreated, as control. Differential expression analysis
revealed a total of 244 induced genes in lilp NK cells, including
transcripts conventionally associated with NK cell activation, such
as Ifug, Gzmb, Ccl3, Ccl4, Cd69, and Cish (SI Appendix, Fig. S2F
and Dataset S1 for full gene list).

To evaluate the role of STAT4 expression in innate lymphocytes
during intestinal inflammation, we next challenged both Stard™
and Ner1*¥* mice with DSS for 7 d. Flow cytometry analysis
revealed no major differences in the frequency of NCR" innate
lymphocytes (Fig. 14 and ST Appendix, Fig. S2G), indicating that
STAT4 was neither required for the accumulation of lilp NK cells
nor necessary to control the numbers of ILC1 or NCR" ILC3
during intestinal inflammation. In contrast, FACS-sorted lilp NK
cells and ILC1 isolated from NerI*¥* mice treated for 7 d with
DSS failed to produce IFN-y either when left untreated or stim-
ulated with IL-12 (Fig. 1B). This defect led to an overall decrease
of the serum levels of IFN-y in DSS-treated Ner/*¥*? mice
(Fig. 1C), underlining the importance of STAT4 expression in
innate lymphocytes in the establishment of the systemic IFN-y
levels, during acute intestinal inflammation. Despite the critical
role of STAT4 in promoting IFN-y production in innate lympho-
cytes, Ner1*¥“* mice were more susceptible to develop intestinal
inflammation, showing higher body W%ht loss and Disease
Activity Index (DAI) than littermate Sta#4™" mice (Fig. 1 Dand £
and S7 Appendix, Fig. S2H).
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Fig. 1. STAT4 expression in NCR" innate lymphocytes limits intestinal inflammation. (A) Full gating strategy for prototypical NK/ILC subsets in the lilp in S/ Appendix,
Fig. S1A. Cells were isolated from the lilp of DSS-treated (day 7) Stat4™" and Ncr145# mice. Flow cytometry contour plot of NCR* innate lymphocytes showing
the frequency of NK cells, ILC1, and NCR" ILC3 in the lilp of DSS-treated Stat4" and Ncr7%““ mice. Representative flow panel of at least three independent
experiments performed; n = 3 to 5 per group for each experiment. (B) Box plots show the percentage of IFN-y" NK cells and ILC1 from the lilp of DSS-treated
Stat4™ and Ncr15°* mice, left untreated (NT) or upon ex vivo restimulation with IL-12 (100 ng/mL) for 8 h. Data from two independent experiments performed
are shown; each plot represents an individual mouse. (C) The violin plot shows the concentration of IFN-y, measured by ELISA, in the serum collected from DSS-
treated Stat4™" (n = 10) and Ncr74° (n = 12) mice. (D) The line chart depicts the body weight change, expressed as a percentage of initial weight, in DSS-treated
Stat4™ (n = 18) and Ncr7% mice (n = 21). Data provided represent the mean + SEM of the percentage body weight of pooled data from four independent
experiments. (E) The bar plot shows the DAI for Statd™ (n = 7) and Ner129% (n = 7) mice of pooled data from two independent experiments. For statistical analysis,
unpaired Student’s t test (B, C, and E) and Wilcoxon signed-rank test (D) were used.

These data provide evidence for a protective role of STAT4
expression in NCR" innate lymphocytes during DSS-induced
intestinal inflammation.

STAT4 Limits Effector Differentiation of ILC1 during Acute
Colitis. To further evaluate the impact of Staz4 deletion on the
phenotype and function of NCR" innate lymphocytes, we FACS-
sorted NKp46™ cells from DSS-treated Smtﬁ and Ner 15 mice
and assessed their transcriptomes by single cell RNA-sequencing
(scRNA-seq) (Fig. 24). The analysis of the transcriptional states of
NCR" innate lymphocytes led to the identification of 10 distinct
clusters, which we assigned to NK cells (clusters: a-¢), ILC1 (a-d),
and ILC3 (one cluster), based on the expression of the lineage-
defining TF-encoding genes Eomes, Thx21, and Rorc as well as of
markers used by convention to discriminate NK cells and ILC1,
such as CA200r1, Itgal (encoding for CD49a), ltga2 (CD49b),
and 7/7r (CD127; Fig. 2A, SI Appendix, Fig. S3A, and Dataset S2
for the full list of genes defining the distinct clusters). To obtain
a global view of the genes regulated by STAT4 in total NK cell,
ILC1 and NCR" ILC3 populations, we first performed pseudo-
bulk differential expression analysis. Deletion of Stat4 led to a
higher number of differentially expressed genes (DEGs) in ILC1
compared with NK cells (37 and 21 genes, respectively, Fig. 2B
and Dataset S3); no DEGs were found instead in NCR" ILC3.
As compared to NK cells, Star4-deficient ILC1 showed a higher
proportion of up-regulated genes (10 vs. 3, Fig. 2B). Among
DEGs, genes specifically down-regulated in ILC1 or NK cells
comprised Furin, Cxcr6, Icam1, and Stat3; while Pim2, Mxd1, and
Enpp4 were significantly down-regulated both in ILCI1 and NK
cells (Fig. 2C). We also found that Ce/5 transcript was significantly
up-regulated in ILC1, while decreased in NK cells (Fig. 20),
indicating that opposite mechanisms of regulation are in place
for this gene in the two subsets. Differential STAT4-dependent
regulation of gene expression in NK cells and ILC1 was validated
at the protein level for ICAM and CXCRG6 by flow cytometry
(Fig. 2D). Since no genes were significantly altered in NCR" ILC3
and because these cells are redundant in several models of intestinal
inflammation/infection in T cell-competent mice (56, 57), we next
focused on ILC1 and NK cells.

We next sought to define whether the transcriptional changes
observed in NK cells and ILC1 also reflected alterations in the
frequencies of the distinct clusters. By performing differential
abundance analysis, we found no major differences in the fre-
quency of the five NK cell states and the NCR" ILC3 cluster
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associated with Star4 deletion, while we observed a significant
accumulation of the ILC1y cluster in Ner 2 mice (Fig. 2E),
suggesting a role for STAT4 in limiting this transcriptional state.
To establish the phenotype of the ILC1 population that specifically
expanded in NerI*¥* mice, we next evaluated the - genes defining
the different clusters. In both Stz#4™ and NerI*** mice, the four
ILCI transcriptional states delineated a continuum of cells char-
acterized by the expression of genes, including lcos, Rora, Serpinbla,
and Odcl that were higher in ILC1_; Jun, Rgs1, and KIf6, which
identified ILC1,, and Jzgal, Gzmc, and [/21r defining the cluster
of ILC1, (Fig. 2F). This expression profile was in agreement with
the current model of liver ILC1 effector differentiation, which is
characterized by a transition of ILC1 with helper functions to cells
expressing granzymes and acquiring cytotoxic abilities (7, 58).
Differential expression analysis obtained by comparing the distinct
ILCI transcriptional states from Stat4™ and Nerl*™ mice
revealed that cells belonging to the ILC1, cluster were the most
affected by Szar4 deletion (10 DEGs), followed by ILC1, (9 DEGs),
and ILC1, . (1 DEG for each cluster, gene list in Dataset S3). To
determine whether the enrichment of the ILCl, cluster in
Ner*™* mice matched an increased effector differentiation, we
tracked the ILCI phenotype by flow cytometry, using expression
of Inducible T Cell Costimulator (ICOS) and GzmC as markers
for early and terminal differentiation, respectively. Lilp ILC1 from
DSS-treated Star4™ mice showed a significant increase of ICOS®
cells and minor changes in the expression of GzmC compared to
mice left untreated (Fig. 2G). In contrast, we found that the intes-
tinal inflammation skewed Star4-deficient lilp ILC1 toward an
ICOS GzmC" phenotype (Fig. 2G).

Altogether, these data provide evidence for a role of STAT4
in limiting ILC1 effector differentiation during intestinal
inflammation.

Differential Contribution of ILC3- and NK Cell- Plasticity toward
the GzmC" ILC1 Phenotype during Intestinal Inflammation.
To evaluate the effector differentiation of lilp ILC1, we next
performed trajectory analysis, which delineated a decreased
expression of Rora, 1[7r, and Icos and a parallel increased expression
of Gzme (SI Appendix, Fig. S3B). We validated the gradient
expression of ICOS, CD127, and CD49a in lilp GzmC" and
GzmC' ILC1 isolated from Staz4""* mice treated or not with DSS
by flow cytometry (ST Appendix, Fig. S3 C and D). Differing
from hepatic cells, lilp ILC1 did not acquire high levels of GzmB
and GzmA (SI Appendix, Fig. S3E) and did not extinguish the
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Fig. 2. Effects of Stat4 deletion on the transcriptional states of NCR" innate lymphocytes in the inflamed lilp. (4) Schematic representation of single-cell RNA-
seq workflow. Cells were isolated from the lilp of three Stat4" and three Ncr1*““ mice after DSS treatment. NKp46* cells were sorted after sample tagging
and processed for sequencing. UMAP shows the transcriptional states of lilp NK cells, ILC1, and ILC3 identified by scRNA-seq. (B) Circos visualization depicts the
number of DEGs evaluated by pseudo-bulk analysis of lilp ILC1 and NK cells from Stat4™ and Ncr1#“ mice, treated with DSS for 7 d. A total of 27 genes were
down-regulated in Stat4-deficient ILC1 (ILCT down), while 10 genes were up-regulated (ILC1 up). Eighteen genes were down-regulated in Stat4-deficient NK cells
(NK down), while 3 genes were up-regulated (NK up). Each connecting ribbon links the same genes across groups: Seven genes were down-regulated both in NK
cellsand ILC1 (salmon), 1 gene was up-regulated in both populations (light blue), and 1 gene was down-regulated in NK cells and up-regulated in ILC1 (light gray).
() Violin plots depict the expression of Furin, Cxcr6, Pim2, Icam1, and Cc/5 transcripts in lilp ILC1 and NK cells from Stat4™ and Ncr14°“ mice treated with DSS
for 7 d. (D) Scatter plots show the expression of CXCR6 and ICAM1 in NK cells and ILC1 from the lilp of DSS-treated Stat4™" and Ncr145% mice treated with DSS
for 7 d, evaluated by flow cytometry. A representative experiment out of two performed is shown; n = 3 per group. (E) The histogram plot depicts the frequency
of cells belonging to the NK and ILC1/3 states in Stat4™ and Ncr1%%“ mice treated with DSS for 7 d. Data are represented as mean + SEM (n = 3 per group). (F)
Top marker genes dividing NCR" innate lymphocytes into clusters were defined using the Seurat pipeline. The bubble plot displays the gene expression of top
marker genes for ILC1, discriminated by genotype. (G) Flow cytometry contour plots show the expression of ICOS and GzmC in ILC1 isolated from the lilp of
untreated control and DSS-treated Stat4™ and Ncr125" mice. Scatter plots show the frequency of ICOS" (Left) and GzmC" (Right) ILC1 in the lilp of untreated
control and DSS-treated Stat4™ (blue) and Ncr1%“* (orange) mice. (G) Data from three independent experiments performed are shown; n = 6 to 9 per group.

For statistical analysis, unpaired Student's ¢ test (D), two-way ANOVA (E), or one-way ANOVA (G) was used. B and C described in S/ Appendix.

expression of CD127 and IL-18R1 (87 Appendix, Fig. S3 D and
F), providing evidence for tissue-specific mechanisms of ILC1
effector differentiation. Trajectory analysis also highlighted a high
similarity between less differentiated ILC1 and NCR" ILC3,
raising the question as to what extent ILC3-ILC1 transition might
give rise to ILC1 (namely exILC3) expressing granzymes in the
large intestine. By employing Rorc(yt)-FM reporter mice, we
revealed that Roryt-FM" cells represented between 20 and 30% of
the total ILC1 fraction at steady state, while this frequency further
increased during colitis reaching up to 40% of the total ILC1
(SI Appendix, Fig. S3G). However, Roryt-FM" ILC1 expressed
both ICOS and GzmC, similarly to Roryt-FM™ cells (S Appendix,
Fig. S3H), indicating that after conversion, exILC3 underwent
shared mechanisms of effector differentiation with ILC1. Next,
to rule out a possible contribution of NK-ILCI plasticity in
establishing the pool of ILC1 in colitis settings, CD45.2" NK cells
were adoptively transferred into mice carrying the CD45.1 allele,
which were then treated with DSS for 7 d or left untreated. While
inflammation was necessary for accumulation of NK cells in the
large intestine, transferred cells maintained a CD49b" phenotype
7 d after DSS treatment (8] Appendix, Fig. S31), indicating that
NK cell identity was stable in these settings.

40f 10 https://doi.org/10.1073/pnas.2306761120

Thus, by using fate mapping and adoptive transfer approaches,
we established lineage relationships of lilp NCR" innate lympho-
cytes during acute intestinal inflammation.

STAT4 Supports Inflammation-Driven Terminal Differentiation
of NK Cells. Given the effect of Sa#4 deletion on ILC1 effector
phenotype, we next sought to establish whether this TF could
control aspects of NK cell differentiation that were not revealed by
using pseudo-bulk analysis of total NK cells. Thus, we first defined
the features of the five NK cell clusters in Staz4™ and Ner1*5*
mice that we identified by scRNA-seq (Fig. 2A4). Cells assigned to
the NK, clusters were enriched for genes encoding for structural
proteins and replicative complexes and represented only a minor
fraction of NK cells; for this reason, these states were excluded
from further analysis. Cells belonging to the NK, cluster were
characterized by the expression of /rgax (encoding for CD11c),
Egrl, and Zfp36, an RNA-binding protein recently associated
with immature NK cells (59) and with regulation of cytokine
production in ILC2 (60); NK;, and NK, instead, were defined by
high expression of granzymes, Gzma-b, and the chemokines Cc/3-4
(Fig. 34). NK,_. states also expressed distinct levels of Cd27, Itgam
(encoding for CD11b), and Klrgl (SI Appendix, Fig. S4A), which
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Fig. 3. STAT4 is required for terminal differentiation of NK cells. (A) Top marker genes dividing NCR" innate lymphocytes into clusters were defined using the
Seurat pipeline. The bubble plot displays the gene expression of top marker %enes for NK cells, discriminated by genotype. (B) The flow cytometry contour plot
7l

shows expression of KLRG1 and IRF-8 in lilp NK cells from DSS-treated Stat4™ and Ncr14%“ mice. (C) Scatter plot showing the percentage of KLRG1" and IRF-8

NK cells in the lilp of DSS-treated Stat4™ and Ncr12%“ mice. (B and C) Representative data from two independent experiments performed are shown; n = 4 per
group per experiment. For statistical analysis, unpaired Student’s t test was used. (D) GSEA plots for genes associated with high-density p300 load (established
in ref. 33) in NK cells from Stat4™" and Ncr145°“ mice. () Flow cytometry contour plots showing the expression of KLRG1 (Left) and IRF-8 (Right) in FACS-sorted
KLRG1™ NK cells upon a 4 d-culture with IL-15 alone or IL-15, IL-12, and IL-18 (all at 10 ng/mL). Representative flow panels of two independent experiments
performed are shown; n = 3 per group. (F) FACS-sorted KLRG1™ NK cells from Stat4"" and Ncr14*“ mice were transferred into syngeneic CD45.1 mice. The flow
cytometry contour plot shows the frequency of KLRG1 in donor-derived NK cells, isolated from the lilp of DSS-treated CD45.1 mice. The scatter plot shows the
percentage of donor-derived KLRG1" NK cells in the lilp of DSS-treated mice. Data from two independent experiments performed are shown; n = 6 per group.
For statistical analysis, unpaired Student's t test was used.

therefore represented the three main differentiation stages of NK  Fig. S4B), further suggesting that Smr4-deficient NK cells could
cells (59). Differential expression analysis of the NK cell clusters ~ have impaired terminal differentiation during inflammation.
showed that the NK_ cluster was more affected by Szaz4 deletion  In agreement with this hypothesis, Ner1*9* mice harbored less
(8 DEGs) than NK,, (5 DEGs) and NK, (4 DEGs) clusters (gene IRF-8"8"KL.RG1" NK cells than control mice upon DSS treatment
list in Dataset S3). Although not detected by using a pseudo-bulk  (Fig. 3 B and Cand SI Appendix, Fig. S4C). Reanalysis of available
approach, Stard-deficient NK_ showed a reduced frequency of ~ ChIP-seq data generated by using cytokine-activated NK cells (33)
Klrgl-expressing cells, suggesting a defect in terminal differentiation ~ showed induction of STAT4 binding on the regulatory elements
(81 Appendix, Fig. S4A4). By evaluation of the expression of genes  associated with the /7f8 and KlrgI loci as well as a STAT4-dependent
defining mature NK cells (established in ref. 59), we found that remodeling of the enhancer states nearby these two loci, as measured
Star4-deficient NK cell clusters reached suboptimal expression of by analysis of p300 recruitment (S/ Appendix, Fig. S4D). These data
distinct genes, including Klrgl, ltgam, Gzmb, and Irf8 (SI Appendix, suggested that genes which require intensive enhancer remodeling
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for expression might be highly affected by Star4 deletion during
NK cell effector differentiation. To corroborate this hypothesis, we
performed Gene Set Enrichment Analysis (GSEA), showing that
genes associated with high-density p300 load (established in ref. 33)
were mainly enriched in NK cells from Staz4™ mice compared with
NerI* mice (Fig. 3D). We further validated the role of STAT4
in regulating effector differentiation of NK cells by using an in vitro
model based on stimulation with IL-15, IL-18, and IL-12. In these
settings, sorted splenic KLRG1™ NK cells were characterized by
profound defects in acquiring both IRF-8 and KLRG1 expression
in the absence of STAT4 (Fig. 3E). Moreover, when adoptively
transferred in CD45.1 mice, FACS-sorted KLRG1™ NK cells from
Ner1* showed an impaired ability to differentiate in KLRG1*
cells during intestinal inflammation (Fig. 3F).

Altogether, we provide evidence for a nonredundant role of
STAT4 in driving the acquisition of a terminally differentiated
NK cell phenotype during intestinal inflammation.

Stat4 Deletion in ILC1 Elicits Gene Modules Associated with
STAT5 Signaling during Intestinal Inflammation. Since Stat4-
deficient ILC1 showed a higher number of up-regulated genes

compared with NK cells and enhanced differentiation toward the
cytotoxic phenotype (Fig. 2 B, E, and G), we speculated that
STAT4 expression could repress alternative signaling pathways
selectively in ILC1 during intestinal inflammation. By performing
single sample (ss)GSEA on NK cell and ILCI1 transcriptional
states, we noticed that gene signatures associated with cytokines
activating STAT'S5 signaling (red boxes), such as IL-2, IL-7, and
IL-15, were significantly induced in Szar4-deficient ILC1, (Fig. 4
Aand B). As control, we included gene signatures associated with
the IL-12/STAT4 pathway, which were significantly decreased in
these cells (blue boxes in Fig. 4 A and B). These results suggest that
STAT4 could paradoxically counteract the functions of cytokines
acting through STAT5 during intestinal inflammation, restraining
effector differentiation of ILC1.

Since the absence of Sza#4 in lilp NCR" innate lymphocytes did
not favor STATS phosphorylation upon short treatment with
IL-12 in ILC1 (SI Appendix, Fig. SAE), we investigated whether
the function of cytokines inducing STAT5 might be altered in
ILC1 from Ner1*? mice. Stimulation with IL-2, used as a pro-
totypical STATS activator, resulted in similar pSTATS levels in
ILCI isolated from both Stat#™ and Nerr*** mice (Fig. 4C).
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Fig. 4. Cytokines inducing STATS enhance generation of cytotoxic ILC1 in Ncr7*5® mice. (A) The heat map shows the P values for the ssGSEA for gene sets
associated with STATS and STAT4 signaling from the Molecular Signatures Database (MSigDB). ILC1 and NK cell clusters from Stat4™ and Ncr145° mice were
compared. Gene sets with P value lower than 107 were visualized using a gray scale. (B) The heat map represents the z-score defined using the median expression
of gene sets selected in panel B across ILC1 transcriptional states. (C) Flow cytometry contour plots and scatter plots show the expression of pSTAT5 and pSTAT4
in lilp ILCT and NK cells from Stat4™ and Ner 15 mice, following ex vivo stimulation with IL-2 (1,000 IU/mL), for 30 min. A representative experiment out of two
independent experiments performed is shown; (n = 3, per group). (D) Flow cytometry contour plots show the expression of GzmC, GzmB, and ICOS in ILC1 from
Statd™ and Ncr12519% mice, upon ex vivo stimulation with IL-2 (1,000 1U/mL), for 24 h. (E) The scatter plots show the percentage of ICOS*, GzmA®, GzmB", and
GzmC" ILC1 from Stat4™" and Ncr145° mice, upon ex vivo stimulation with IL-2 (1,000 IU/mL), for 24 h. Representative data of three independent experiments
performed are shown; at least 6 mice per group were used. (F) The scatter plot displays the percentage of specific killing of IL-2 activated ILC1 from Stat4™" and

Ncr145* mice against YAC-1 cells at an effector:target ratio of 25:1.
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Strikingly, despite the known preference for STATS activation,
IL-2 also induced phosphorylation of STAT4 in ILC1 (Fig. 4C).
This property was shared with IL-15 (S] Appendix, Fig. S4F), sug-
gesting that STAT4 could directly act downstream of cytokines
signaling via IL-2Ry, limiting the functions of innate lymphocytes
during activation.

To corroborate this hypothesis, we employed an in vitro system
to track whether Staz4-deficient ILC1 effector differentiation was
altered upon IL-2 activation. Mimicking the enhanced effector
differentiation observed in vivo during acute colitis, IL-2 stimu-
lation led ILCI from Ner/*? mice to express lower levels of
ICOS and higher levels of GzmC and GzmB than ILC1 from
Statd™ mice (Fig. 4 D and E); GzmA instead was not induced
(Fig. 4E). In line with the increased expression of granzymes,
Stard-deficient ILC1 were more cytotoxic against YAC-1 cells than
Star4-sufficient ILC1 (Fig. 4F). To evaluate whether this mecha-
nism of regulation was conserved among ILC1 from distinct tis-
sues, we stimulated ILC1 isolated from the small intestinal lamina
propria (silp) and liver with IL-2. Similar to the findings obtained
using lilp ILC1, IL-2 was able to trigger higher levels of GzmB
and GzmC in silp and hepatic ILC1 from Ner*$™ mice
(SI Appendix, Fig. S4G). In contrast with lilp ILC1, GzmA expres-
sion was also enhanced in Star4-deficient silp and hepatic ILC1,
highlighting the distinct mechanisms of effector differentiation
existing among ILC1 from different tissues.

Altogether, by using ex vivo and in vitro systems, we show that
STAT4 activation induced by cytokines using IL-2Ry/STATS for
signaling is able to limit the effector differentiation of ILC1.

STAT4 Deletion in NCR® Innate Lymphocytes Unleashes
Pathogenic IL-13-Production from T cells during Acute Colitis
Induced by DSS. Previous evidence has shown that mice carrying
germline deletion of STAT4 are more susceptible to intestinal
inflammation induced by DSS due to defects in both Th1 and
Th17 responses (61). Since innate lymphocytes can control several
aspects of intestinal CD4" T cell biology, including maintenance of
Treg cells (62, 63), we hypothesized that deletion of Sta#4 in innate
lymphocytes could alter CD4" T cell functions, contributing to
promote intestinal inflammation. Despite the global reduction of
the IFN-y levels in Ner7*%** mice, we did not detect differences in
the frequency of both IFN-y- and IL-17-producing CD4" T cells
(Fig. 5A4 and SI Appendix, Fig. S1A for gating strategy). Similarly,
we did not observe significant changes in the percentage of Treg
cells (Fig. 5A4). In contrast, the frequency of IL-13- and IL-5-
producing CD4" T cells was significantly increased in DSS-treated
Ner®S mice (Fig. 5B).

In vivo blockade of IL-13 usin§ a neutralizing antibody pro-
tected both Star4™ and Ner1**" mice from developing severe
colitis induced by 3% DSS administration, with mice treated with
the anti-IL-13 antibody showing lower body weight loss and DAI
compared with control groups (Fig. 5 C and D). On the other
hand, we found no significant differences in DAI scores by the
comparison of Ner1*¥* and Star4™" mice treated with anti-IL-13
antibody.

Collectively, our data indicate that the increased levels of
IL-13-producing CD4" T cells contribute to enhance intestinal
inflammation in NerZ*%* mice.

Discussion

Here, by using a mouse model, we have unraveled different modal-
ities of STAT4 regulation in ILC1 and NK cells, which give this
TF a central role in restraining intestinal inflammation induced
by DSS. By integrating transcriptomic and genetic approaches,

PNAS 2023 Vol.120 No.40 e2306761120

we revealed that the inflamed large intestine contains ILC1 with
distinct effector phenotypes. Paradoxically, Staz4 deficiency in
mice leads to a higher propensity to generate cytotoxic ILC1 dur-
ing intestinal inflammation and to unleash signals associated to
cytokines activating STATS. In sharp contrast with the effects
observed in ILC1, we delineated a nonredundant role for STAT4
in driving the acquisition of the NK cell effector phenotype. In
the absence of Star4, NK cells show defects in inducing genes
associated with stretched- or super-enhancer structure, which
overall affect the inflammation-driven formation of terminally
differentiated cells. While STAT4 is widely expressed by both NK
cells and ILC1, the higher impact of its deletion on the differen-
tiated subsets might be due to cumulative effects occurring during
the effector differentiation driven by intestinal inflammation.

NK cells have been employed as a model to study transcrip-
tional and epigenetic regulation mediated by STATs in innate
lymphocytes (33, 64). Cytokine-stimulated NK cells show wide-
spread colocalization of STAT4 and STATS at enhancer sites,
which is associated with the formation of active enhancers and
high-magnitude gene induction (33). Moreover, simultaneous
activation of STAT4 (through IL-12) and STATS (IL-2, IL-15)
is known to produce additive and/or synergistic effects in adaptive
and innate cells (65). Thus, our data showing that STAT4 activa-
tion induced by IL-2 can have inhibitory roles in ILC1 are unex-
pected. Several cytokines can activate multiple STATs in a cell
type—dependent manner (50), including type I IFNs, which can
mainly activate STAT4 and STAT1 in NK cells (29), or IL-2,
which can activate JAK2 and STAT4 in resting human NK cells,
but fails in inducing pSTAT4 in T cells (66). In this regard, our
data provide evidence of how STAT4 can drive cell type—depend-
ent outcomes during intestinal inflammation. Many factors can
account for the differential behavior of Staz4-deficient ILC1 and
NK cells, including the higher sensitivity of ILC1 toward IL-2,
compared with NK cells. Since STAT5 phosphorylation is not
altered in the absence of Sw#4 in ILC1, our model suggests that
STAT4 and STATS can compete at the genomic level, limiting
ILC1 effector differentiation during inflammation.

Our data also reveal that STAT4 expression in innate lympho-
cytes contributes to restrain intestinal inflammation in the
DSS-induced colitis model. In line with our results, mice carrying
germline deletion of the prototypical type 1 TFs, T-bet and
STAT4, are more susceptible to intestinal inflammation induced
by DSS, due to defects in T cell and myeloid cell responses, or
alterations of the gut intestinal microbiota (61, 67). It is important
to consider that T-bet and STAT4 play detrimental roles in the T
cell transfer model (68, 69), where the expression of these TFs is
required for generation of pathogenic Th17 able to produce both
IL-17 and IEN-y (65). As for T cells, STAT4 is critically required
for the production of IFN-y by NCR" innate lymphocytes; how-
ever, decreased levels of this cytokine do not lead to a lower degree
of inflammation in Ner7*%* mice in the DSS model. Thus, our
data are in agreement with clinical studies showing that
antibody-mediated neutralization of IFN-y by fontolizumab is
not associated with strong clinical response (70-72). Moreover,
recent findings show that constitutive activation of STATS in
ILC1 leads to lethal autoimmunity in neonatal mice in a
perforin-dependent manner (8). Thus, an increase of cytotoxic
ILCI has the potential to amplify gut inflammation in Ner 254
mice.

We also observed that STAT4 expression in innate lymphocytes
indirectly controls the number of Th2 in the inflamed intestine.
Recently, by using models of mixed type 1-type 2 inflammation,
it has been observed that the production of IFN-y from adaptive
and innate cells is able to suppress generation of IL-5- and
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Fig. 5. Altered CD4" T cell response in Ncr7*st

mice during intestinal inflammation. (4) Flow cytometry contour plots and box plots show the percentage of

IFN-y and IL-17 expressing cells and Treg cells within CD3e"NK1.1 Tcrp"CD4"CD8™ T cells upon stimulation with PMA/lonomycin in the lilp of DSS-treated Stat4™"
and Ncr145° mice. Tregs were defined as FoxP3" cells among the total CD3e"NK1.1 Tcrp*CD4" T cells (S/ Appendix, Fig. S1A). (B) Flow cytometry contour plots and
box plots show the percentage of IL-5 and IL-13 expressing cells within CD3e"NK1.1 Tcrp"CD4*CD8™ T cells upon stimulation with PMA/lonomycin in the lilp of
DSS-treated Stat4™" and Ner1°® mice. (A and B) Representative data from at least three independent experiments performed are shown; n =4 to 6 per group
for each experiment. (C and D) Anti-IL-13 antibody and control Ig were administered to Stat4" and Ncr145°* mice at days 2, 4, and 6 of DSS treatment in three
independent experiments. The line chart depicts the body weight change, expressed as a percentage of initial weight. Data provided represent the mean + SEM
of the percentage body weight from a representative experiment. The bar plot shows the DAI for Stat4" and Ncr14* mice administered with control Ig (C) or
anti-IL-13 antibody of pooled data from three independent experiments. For statistical analysis, multiple unpaired Student's t test (4, B, and D) and Wilcoxon

signed-rank test (C) were used.

IL-13-producing ILC2 and Th2 cells, restraining lethality associ-
ated with Listeria monocytogenes infection (73). Since we show that
targeting STAT4 expression in type 1 innate lymphocytes leads
to increased production of IL-13 in CD4" T cells, a similar cross
talk by type 1 innate lymphocytes and T cells might also apply to
the model of DSS-colitis, where IL-13 function has been shown
to be detrimental (74, 75) and contributes to increase the inflam-
mation observed in NerZ*%* mice.

Aside from the recognized limitations, preclinical in vivo mod-
els represent fast and reproducible systems to study distinct aspects
of human pathology (76). In this context, understanding mech-
anisms underlying STAT4 functions in innate lymphocytes is
particularly relevant in the context of human IBD since this TF
is downstream of IL-12 and IL-23 signaling (30) and the blockade
of the common I11-12/23 subunit IL-12p40 is effective treatment
for CD patients (77-79). Both mouse studies and clinical data
suggest a major role for IL-23, over IL-12, in driving the intestinal
inflammation (80-85). However, by targeting STAT4, which
blocks most of the biological effects of IL-12, we revealed different
aspects of regulation of intestinal inflammation mediated by type
1 innate lymphocytes, which resulted to be protective, rather than

80f 10 https://doi.org/10.1073/pnas.2306761120

detrimental. Finally, our data further suggest that a broader strat-
egy, based on inhibiting multiple JAKs and/or multiple cytokines
in the context of IBD, may result in better clinical outcomes.

Materials and Methods

Mouse Models. C57BL/6J and CD45.1 (Jackson mouse stock no. 008449) mice
were purchased from Charles River. Ncr1°"“** (54) and Rorc{yt) Cre x ROSA26-
YFP (RORyt-FM reporter) (46) mice were generated previously. Stat4fl/fl mice
were generated in this study through Ozgene Pty Ltd (Bentley WA, Australia). The
targeting construct was electroporated into a C57BL/6 ES cell line, Bruce4 (86).
Homologous recombinant ES cell clones were identified by gPCR and injected
into goGermline™ blastocysts (87). Male chimeric mice were obtained and
crossed to a ubiquitous FLP C57BL/6J mouse line to remove the FRT-flanked
selectable marker cassette and to establish heterozygous germline offspring on
C57BL/6 background. The heterozygous mice were then intercrossed to generate
a homozygous mouse line. Ncr1®*"®* mice were then crossed with Stat4™"
mice. All the experiments were performed using littermates. Mice were housed
inindividually ventilated cages under specific pathogen-free conditions. All the
experiments were performed using 6 to 10 wk old mice. All animal studies have
been approved by the Italian Ministry of Health and performed in conformity with
the directive 2010/63/UE. For sample size, see corresponding figure legends.
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DSS Colitis. Mice received 2 or 3% DSS (Mw ~40,000, 42867, Sigma-Aldrich) in
sterile drinking water ad libitum for 7 d, as indicated in figure legends. After weaning,
Ncr145* and littermates Stat4™" mice were cohoused until the beginning of the
DSS treatment to minimize the influence of the microbiota. For in vivo antibody
administration, mice were injected intraperitoneally with neutralizing mAb against
IL-13 (clone 8H8, InvivoGen), 100 pg at days 2, 4, and 6 of DSS treatment. The DAI
was calculated as previously established (88). The following parameters were used at
day 7 and evaluated by a blinded operator: weightloss, stool consistency, fecal blood,
and rectal bleeding. Forweight loss: 0 = noloss, 1= 1t05%,2 = 5t0 10%, 3 =10
t0 20%, and 4 = >20%. For stool consistency: 0 = normal, 1 = soft, 2 = very soft,
and 3 = diarrhea. Forfecal blood: 0 = no blood, T =red, 2 = dark red, and 3 = black.
For rectal bleeding: 0 = no blood, T = red, 2 = dark red, and 3 = gross bleeding.

Cell Isolation. Cells from the large and small intestinal lamina propria were
isolated after incubation of the intestine in RPMI with 0.5 mg/mL DNase | and
0.25 mg/mL Liberase TL (Roche) and purification with 40% Percoll (Cytiva), as
indicated in ref. 89. Cells from the spleen were obtained after mechanical dis-
sociation and filtration through 70 pm cell strainer filters. Cells from the liver
were obtained after mechanical dissociation and filtration through 70 pum cell
strainerfilters. Next, ymphocytes were isolated by density gradient centrifugation
using Lympholyte cell separation media. Cells from bone marrow were isolated
by extensive flushing of femurs and tibias with PBS.

Ex Vivo Assays. Cells were cultured in Roswell Park Memorial Institute (RPMI)
medium with 10% (vol/vol) FCS, 2 mM glutamine, 100 IU/mLof penicillin, 0.1 mg/
mL of streptomycin, 20 mM N-(2-Hydroxyethyl)piperazine-N'-(2-ethanesulfonic
acid) (HEPES) buffer, pH 7.2 to 7.5, 1 mM sodium pyruvate, nonessential amino
acids (all from Thermo Fisher Scientific), and 2 pM B-mercaptoethanol (Sigma-
Aldrich). Cytokines were used at the following concentrations: IL-2 (1,000 IU/mL,
R&D systems), IL-12 (10 to 100 ng/mL, PeproTech), IL-15 (100 ng/mL, R&D sys-
tems), and IL-18 (10 to 100 ng/mL, R&D systems), according to the experiment
design. T cells were stimulated using the phorbol 12-myristate 13-acetate (PMA)
llonomycin-based cell stimulation cocktail (eBioscience). Golgi stop (Becton
Dickinson) or Brefeldin A (Sigma Aldrich) was added for the evaluation of cytokine
expression. The flow cytometry-based killing assay was performed as previously
described (6). Briefly, lilp ILC1 were sorted and incubated with CFSE-labeled target
cells (YAC-1)at 25:1 effector/target ratio for 4 h. CFSE-labeled cells alone were used
as control. Cells were washed, and 20.000 APC-labeled microbeads (Spherotech)
were added to each sample to allow the calculation of specific lysis.

Flow Cytometry and Fluorescence-activated Cell Sorting (FACS). Flow cytom-
etry analysis was performed on a FACSCanto Il or LSR Fortessa (Becton Dickinson).
Cell sorting was performed using FACSAria Il (Becton Dickinson); FACS-sorted
cells were confirmed to be higher than 95% pure with postsort analysis. Dead cells
were excluded by using Fixable Viability Stain 780 (Becton Dickinson), Zombie
NIR™ Fixable Viability Kit (BioLegend), or Zombie Green™ Fixable Viability Kit
(BioLegend). Antibodies used in this study can be found in S/ Appendix. Flow
cytometry data were analyzed using FlowJo_v10.8.1 (Beckton Dickinson).

Adoptive Transfer Experiments. For adoptive transfer experiments, cells
were isolated from the spleen of Stat4*'*, Stat4™" or Ner12°* mice and NK cells
enriched by magnetic separation, using the NK Cell Isolation Kit, mouse (Miltenyi
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Biotec). Then, total NK cells were FACS-sorted as L/D"CD3e”CD19 NKp46*
cells (SI Appendix, Fig. S31), while KLRG1™ NK cells were FACS-sorted as L/
D"CD3e"CD19 NKp46"KLRG1™ cells (Fig. 3G). A total of 5 x 10° cells were
intravenously injected (250 pl/injection) into syngeneic CD45.1 age-matched
mice, which were administered with 2% DSS. After 7 d, recipient mice were killed
for further analysis.

Enzyme-linked Immunosorbent Assay (ELISA). Serum was prepared after
centrifugation of whole blood harvested from the tail vein. IFN-y concentra-
tion was measured by using IFN gamma "Femto-HS" High Sensitivity Mouse
Uncoated ELISA Kit with Plates (Thermo Fisher).

Statistical Analysis. Detailed information concerning the number of mice
analyzed and the statistical methods used is provided in the figure legends. "n”
represents the number of mice analyzed in each experiment. Experiments were
repeated at least two times as a control for experimental variation. For statistical
analysis of comparison between groups, unpaired Student's t test was used. One-
way or two-way ANOVA was used to analyze experiments with multiple groups
and two independent variables. Al statistical analyses were performed using the
Prism software version 8.0.2 (GraphPad). Data with P values less than 0.05 were

considered significantly different and indicated with stars.
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