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FIGURE 4. Intestinal ILC3s selectively express the IL-21 receptor and
respond to IL-21.

(A) IL-21R expression was determined by real-time PCR on FACS-
sorted ILC2s and ILC3s from the Sl and LI lamina propria of WT mice;
splenic B cells were used as a positive control. ILC2s were identified
as lineage” CD45*Thyl.2™KLRG1*; ILC3s were identified as lineage™
CD45*Thy1.2"KLRG1™IL-7Ra*. Data combined from three experiments.
Error bars show SEM; one-way ANOVA with Dunnett multiple compar-
isons test. (B and C) Intracellular p-STAT3 staining in ILC3s from WT mice
after IL-21 stimulation. (B) Representative plots gated on ILC3s (lineage™
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the IL-21R (31). These data indicate that ILC3s are capable of
responding to IL-21.

It has been shown that STAT3 signaling is critical for the
production of IL-22 by ILC3s and, thus, for innate defense against
Citrobacter rodentium infection (32). Because IL-21 has been
shown to be a potent inducer of STAT3 activation (14), we tested
ILC phosphorylated STAT3 in response to IL-21. Cells were
isolated from the mesenteric lymph nodes (mLNs) and LI lamina
propria of WT mice, cultured in the presence or absence of IL-21
for 30 min, and then ILCs were evaluated for expression of
p-STAT3. Stimulation with IL-21 induced a 2-fold and a 4.5-fold
increase in the frequency of p-STAT3" cells in mLNs and LI,
respectively, compared with cells cultured with media alone (Fig.
4B, 4C). This is also reflected in the total number of p-STAT3"
ILC3s. This effect is specific to IL-21 signaling, as p-STAT3 is not
induced by IL-21 in ILCs that lack IL-21R (data not shown).
Collectively, these data indicate that IL-21 can induce STAT3
activation in ILCs via IL-21R and are consistent with our
previous observations that discrete subsets of ILC3s are
modulated by IL-21.

Loss of IL-21R by innate immune cells is associated with
exacerbated CD4 T celt-mediated colitis

IBD is characterized by chronic intestinal inflammation, the
causes of which are still largely unknown. There is much evidence
that the IL-23/IL-17A axis plays a role in driving intestinal
inflammation, as genome-wide association studies have iden-
tified polymorphisms in IL-23R and STATS3 that are associated
with IBD (33-35). Recent studies have revealed that ILCs are
innate sources of IL-17A that drive intestinal inflammation
(27, 29). In contrast, several groups have shown that IL-
22-producing ILC3s are protective against CD4 T cell-driven
intestinal inflammation (23, 36, 37). Because we found that
ILC3s have enhanced IL-22 yet reduced IL-17A production in
the presence of CD4 T cell-derived IL-21, we posited that IL-21
signaling on ILCs would be protective in the CD45RB™ transfer
model of colitis. To test this, we transferred naive CD4 T cells
(CD4* CD45RB™ CD257) from WT mice into Ragl / IL-21R "/~
recipients or Ragl ™/ IL-21R"" littermate controls and evaluated
disease severity by weight loss and intestinal histology score.
Recipient mice deficient in IL-21R expression lost weight more
rapidly than their littermate controls (Fig. 5A). These mice also
had more severe intestinal pathologic disease score in both the
cecum and colon, as evidenced by epithelial hyperplasia, goblet
cell loss, crypt exudate, and inflammatory cell accumulation
(Fig. 5B, 5C). These data support a protective role for IL-21

ThyL.2"KLRG1™IL-7Ra*) from mLN and LI lamina propria. (C) Graphs
indicate the paired frequencies of p-STAT3* ILCs from mLN LI lamina
propria in media versus IL-23/IL-18 conditions. Data are from four to six
independent experiments (n = 12-14). Paired samples t test compares
p-STAT3 levels in media versus cytokine stimulation conditions.
***p < 0.005, *p < 0.05, ns, not significant.
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FIGURE 5. Loss of IL-21R by innate immune cells is associated with exacerbated CD4 T cell-mediated colitis.

Colitis was induced by transfer of WT CD4 T cells (CD4*CD45RBMCD257) into Ragl™~IL-21R™/~ mice or Ragl™/"IL-21R*’~ littermate controls.
(A) Weight loss combined from two independent experiments (n = 13-18). Error bars show SEM; t test with Holm-Sidak multiple comparisons test.
(B) Representative H&E-stained colon sections of Raglf/’lL—ZlRf/f mice or Ragl’/flL—21R*/7 littermate controls that received WT CD45RB" CD25~
CDA4 T cells. Original magnification X20. (C) Histology scores of recipient mice. Data from two independent experiments (n = 12-17). Mann-Whitney

U test. **p < 0.01, *p < 0.05.

signaling in nonadaptive cells, including ILC3s, in CD4 T cell-
mediated colitis.

DISCUSSION

It is critical to understand the cytokine networks active in regu-
lating ILC3 subsets to fully elucidate their function and role in the
complex intestinal niche. To our knowledge, in this study, we have
revealed IL-21 as a new player in ILC3 regulation; IL-21 signaling
on ILC3s results in reduced IL-17A production and augmented
IL-22 and Tbet expression, culminating in a protective variety of
ILCs that can dampen pathogenesis. Further, our data suggest a
novel mechanism by which IL-21 production by activated CD4
T cells directs the phenotype and function of ILCs, implying a
unique function for this innate cell subset beyond the recruitment
and activation of the adaptive immune response.

IL-211is associated with chronic inflammation in the intestine,
and single-nucleotide polymorphisms in the IL-2/IL-21 gene locus
are linked with the development of IBD (38), yet how IL-21
contributes to disease is still unknown. IL-21 is known to impact
numerous cell types, including many that reside in the intestine
(14, 39), and it has been shown that during Thi17 differentiation,
IL-21 supports the upregulation of IL-23R and promotes IL-17A
expression (13). In this study, we show that IL-21 actually

decreases IL-17A and augments IL-22 production by ILC3s,
illustrating an additional mechanism by which IL-21 may
contribute to intestinal homeostasis and disease. Moreover, these
data reveal both parallel and divergent regulatory networks that
exist between ILC3s and Thl7 cells. Interestingly, we find that
stimulation of ILC3s with IL-21 does not directly enhance IL-22
production (data not shown); however, ILC3s from mice with
intact IL-21 respond to stimulation with IL-23 and IL-1 with
higher IL-22 production. Therefore, IL-21 possibly gives a priming
signal that enhances the responsiveness of ILC3s, perhaps through
upregulation of IL-23R or IL-1R1. Further investigation will be
necessary to delineate the effector molecules influencing IL-21-
mediated ILC3 activation.

The influence of tissue microenvironments, especially the
commensal microbes of the intestine, on the phenotype and
function of ILC populations is becoming increasingly evident
(40). Recent transcriptome analysis reported little to no IL-21R
expression by ILC3s isolated from the SI (41), which is in stark
contrast to our data demonstrating striking IL-21R expression by
ILC3s in the intestine. Because commensal bacteria and their
metabolic products play a role in many aspects of ILC develop-
ment, function, and phenotype (40, 42, 43), it is possible that this
environmental factor influences the proportion of specific ILC3
subsets. Importantly, single-cell analysis of ILCs was recently
used to track transcriptome responses to changes in microbial

https://doi.org/10.4049/immunohorizons.1900005
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colonization and demonstrated that the abundance and compo-
sition of the microbiota has an impact on the diversity and
phenotype of intestinal ILC3s (7). It will be important to evaluate
the influence of the microbiota on the ability of the ILC population
to detect proinflammatory signaling molecules such as IL-21, as
this could influence treatment plans for ILC-mediated auto-
inflammatory conditions.

In this study, we show that IL-21 can regulate the phenotype
and function of the ILC3 population. Interestingly, recent reports
reveal that IL-21R is expressed by ILCls in the intestine, salivary
glands, and, to a lesser extent, in the spleen and liver (7, 41), yet the
effect of IL-21 on this ILC subset is unknown. ILCls have been
found to be associated with the inflamed lesions in IBD patients,
and these cells can produce the proinflammatory cytokines IFN-y
and TNF-a (44, 45). Future work investigating whether IL-21 is
required for the development, maintenance, or function of ILCls
and how this affects the progression of inflammatory disease will
enhance understanding of the overall impact of IL-21 on ILC
responses.

Finally, our data highlight the heterogeneity and diversity of
the ILC3 population. In line with recent evidence that there is
functional compartmentalization under the ILC3 umbrella (7, 46),
we show that cytokine signaling specifically directs the activity
of IL-22-producing ILC3s without influencing MHC II" ILC3s.
Further, IL-21 signaling on this subset of ILC3s is necessary to
protect against T cell-mediated intestinal inflammation. The
demonstration that IL-21 acts on this small but crucial subset of
ILCs may be of critical importance to understanding the mecha-
nisms by which chronic intestinal inflammation is mediated and
sustained.
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Supplemental Figure 1: ILC sorting strategy and verification



Figure S1. ILC staining, sorting strategy and verification.

(A) Staining strategy and representative plots for ILC2 and ILC3 identification.

(B) Sorting strategy and representative plots for ILC2 and ILC3 subsets.

(C) Real-time PCR for GATA-3 and ROR[]t was performed using cDNA generated from
Sl and LI lamina propria ILC subsets. Data represent three independent experiments.
Error bars show SEM. One-way ANOVA with Holm-Sidak multiple comparisons test.

****p<0.0001, ***p<0.001



