
Conventional CD4þ T cells regulate
IL-22-producing intestinal innate lymphoid cells
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The innate and adaptive immune systems in the intestine cooperate tomaintain the integrity of the intestinal barrier and

to regulate the composition of the resident microbiota. However, little is known about the crosstalk between the innate

and adaptive immune systems that contribute to this homeostasis. We find that CD4þ Tcells regulate the number and

functionof barrier-protective innate lymphoid cells (ILCs), aswell asproductionof antimicrobial peptides (AMPs), Reg3c
andReg3b. RAG1� /� mice lackingTandBcells hadelevated ILCnumbers, interleukin-22 (IL-22) production, andAMP

expression, which were corrected by replacement of CD4þ Tcells. Major histocompatibility class II� /� (MHCII� /� )

mice lacking CD4þ T cells also had increased ILCs, IL-22, and AMPs, suggesting that negative regulation by CD4þ
T cells occurs at steady state. We utilized transfers and genetically modified mice to show that reduction of IL-22 is

mediated by conventional CD4þ Tcells and is T-cell receptor dependent. The IL-22-AMP axis responds to commensal

bacteria; however, neither the bacterial repertoire nor the gross localization of commensal bacteria differed between

MHCIIþ /� and MHCII� /� littermates. These data define a novel ability of CD4þ Tcells to regulate intestinal IL-22-

producing ILCs and AMPs.

INTRODUCTION

The innate and adaptive immune systems collaborate at
mucosal borders such as the lung, skin, and intestine to
maintain barrier integrity and homeostasis with commensal
microorganisms. The intestine uniquely balances requirements
for nutrient breakdown and absorption with protective
containment of microorganisms. Innate intestinal epithelial
cells and Paneth cells, macrophages, dendritic cells, innate
lymphoid cells (ILCs), and secreted mucus and antimicrobial
peptides (AMPs), respond to intestinal microbes.1,2 T and B
lymphocytes, the cells that define the adaptive immune system,
contribute to intestinal homeostasis via microbial antigen-
specific responses, with secretion of cytokines and bacteria-
neutralizing immunoglobulin A (IgA).2

Studies have begun to explore the cooperative interplay
between innate and adaptive immunity in the intestine. For
example, in the setting of defective innate functions, CD4þ T
cells induce protective IgA,3 and systemic B cells produce

bacteria-specific IgG in response to poorly contained commen-
sals.4 Similarly, ILCs prevent systemic invasion of microbes in
RAG1� /� mice lacking adaptive immunity.5 Thus, adaptive
and innate immunity compensate for each other, but whether
they directly regulate each other is not well understood.

Mucosal ILCs maintain barrier homeostasis and protect
against pathogens through secretion of signature cytokines.
Three subclasses of ILCs in the intestine parallel the effector
functions of CD4þ helper T-cell subsets: ILC1s (classical NK
cells) secrete interferon gamma (IFNg), ILC2s express GATA-3
and secrete interleukin-5 (IL-5) and IL-13, and ILC3s express
RORgt and secrete IL-22 and IL-17.6 ILC3-derived IL-22 acts
on IL-22 receptor-positive intestinal epithelial cells and Paneth
cells to increase production of a subset of AMPs, including the
Reg3 (regenerating islet-derived 3) family. Reg3g and Reg3b
neutralize Gram-positive and -negative bacteria, respectively,1

and Reg3g maintains physical separation between luminal
bacteria and the epithelium.7 The IL-22-AMP axis contributes
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to intestinal homeostasis during a variety of challenges to the
intestinal barrier.8

Despite the overlap of T-cell and ILC function, adaptive
immune regulation of ILCs has not been established. We used
adoptive transfer and genetic approaches to demonstrate that
CD4þ Tcells regulate ILCnumbers, IL-22 production, and the
expression of the downstream AMPs, Reg3g and Reg3b. This
regulation was independent of T-cell-dependent IgA, but
dependent on antigen-specific T-cell receptor (TCR) signals.
The regulation by CD4þ T cells was not mediated by changes
in the intestinal microbiota as the presence or absence of
CD4þ T cells had no effect on the microbiota composition.
Therefore, we have defined a novel ability of CD4þ T cells to
regulate this critical innate immune component.

RESULTS

IL-22-dependent innate responses are regulated by the
adaptive immune system

To determine if the IL-22/Reg pathway is regulated by the
adaptive immune system, we utilized quantitative real-time
PCR to compare mRNA expression of the IL-22-responsive
AMPs, Reg3g and Reg3b, in total RNA from the distal small
intestine, cecum, and proximal large intestine of age-matched
RAG1� /� and RAG1-heterozygous (þ /� ) het mice. AMP
mRNA levels were increased in RAG1� /� mice on average
six- or four-fold (Reg3g and Reg3b, respectively) in the small
intestine, and approximately 100- or 200-fold in the cecum and
large intestine (Figure 1a). Reg protein production is regulated
by both epithelial and Paneth cell-intrinsic mechanisms and in
response to cell-extrinsic production of the cytokine, IL-22.
Elevated AMP levels in RAG1� /� mice were uniformly
associated with approximately 25-fold increased expression of
IL-22 mRNA in the small intestine and 30- to 40-fold in the
large intestine and cecum. Therefore, in the absence of adaptive
immunity, the IL-22-dependent bacterial sensing pathway was
enhanced.

To ask if the altered expression of IL-22 and AMPs in
RAG1� /� mice could be regulated, the adaptive immune
systems of RAG1� /� mice were reconstituted with
B50� 106 cells from the spleen and mesenteric lymph nodes
of wild-type (WT) mice. T and B cells were reconstituted both
peripherally and in the small intestine lamina propria (Si-LP)
and restored small intestine luminal IgA to WT levels by 8
weeks after transfer (Figure 1b and c). Transfer of lymphocytes
was associated with decreases in small intestine AMP and IL-22
mRNA levels of approximately 2- and 10-fold, respectively
(Figure 1a). Similar results were obtained at 3 and 6 weeks after
transfer (data not depicted) and comparable decreases were
observed in the cecum and large intestine. Therefore, IL-22-
dependent innate responses are regulated by the adaptive
immune system.

ILCs are a dominant IL-22 producer in the intestine and a key
upstream regulator of Reg protein production by intestinal
epithelial and Paneth cells.2,8 We compared the number and
function of ILCs in the small intestines of RAG1� /� mice
with those of age-matched RAG1þ /� mice. The total

numbers of Si-LP and small intestine intraepithelial ILCs
were increased four- to sixfold in RAG1� /� mice compared
with RAG1þ /� mice (Figure 2c). The frequency of RORgt-
positive ILC3 among total ILCs was slightly increased in
RAG1� /� mice, from approximately 75 to 85% (Figure 2d).

We next examined the proliferative capacity of ILC3s.
Approximately 2–5% of RORgtþ ILC3 cells were proliferating
in RAG1þ /� mice, as assessed by Ki-67 positivity; in
RAG1� /� mice, the frequency of proliferating ILC3’s was
approximately doubled (Figure 2a and e). In addition to the
increased ILC numbers and proliferation, the percentage of
ILCs producing IL-22 was also elevated; 42% of Si-LP ILCs
produced IL-22 in RAG1� /� mice compared with 14%
in RAG1þ /� mice (Po0.0001), and approximately 4%
co-produced IL-22 and IL-17, compared with 1% in RAG1þ /�
mice (Po0.0001; Figure 2e and g). Therefore, coordinate
elevations in AMPs and IL-22 reflect increased ILC numbers,
proliferation, and function.

CD4þ T cells are sufficient to regulate IL-22-dependent
innate responses in an IFNc-independent manner

CD4þ T cells are mediators of intestinal homeostasis2 and we
hypothesized that they would be sufficient to downregulate the
IL-22/Reg pathway. In all, 10� 106 CD4þ T cells sorted from
the spleens and mesenteric lymph nodes of WT mice were
transferred to RAG1� /� mice. Cells transferred included
naive, memory, and regulatory T cells (Tregs), but excluded
NK1.1þ cells. Recipients were analyzed six to eight weeks later.
CD4þ T cells were found throughout the intestine (compris-
ing 10–40% of cells in the Si-LP), whereas neither B cells nor
luminal IgA were detected in recipient mice (Figure 2b).
Therefore, outcomes reflected functions of CD4þ T cells
independent of the induction of IgA.

Six weeks after CD4þ T-cell transfer, we examined the
number and function of Si-LP ILCs. Total ILC numbers in
Si-LP and small intestine intra-epithelial of RAG1� /�
recipients were reduced by two-thirds (Po0.0001 and
Po0.05; Figure 2c). In parallel with reduced total ILC
numbers, the percentage of ILC3 cells among total ILCs
decreased toWT levels (Po0.0001; Figure 2d). Both CD4þ T
cells and ILCs rely on IL-7 for survival and express IL-7
receptor.6,9,10 Expression of IL-7ra on ILC3 cells, however, was
not appreciably altered by the addition of CD4þ T cells
(Figure 2a and data not depicted). Still, the percentage of ILC3
cells that were Ki-67þ was reduced to WT levels (Po0.0001;
Figure 2a and e). ILC-derived IL-22 in Si-LP was also reduced
twofold, and the IL-17/IL-22 doubling producing population
was restored to wild type (Po0.0001; Figure 2f and g).
Therefore, CD4þ T cells were sufficient to reduce ILC
proliferation, numbers, and IL-22 production.

A recent study demonstrated that a small percentage of
ILC3s express major histocompatibility class II (MHCII), with
functional consequences for CD4þ T cells and inflammation
in the Si-LP.11 The impact of CD4þ T cells on ILC3 expression
ofMHCIIwas therefore assessed.We found that approximately
10% of ILC3 cells expressed MHCII in RAG1þ /� mice
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(Figure 2i and j); MHCII levels on these cells were similar to
those of MHCIIþ dendritic cells (Figure 2i). In RAG1� /�
mice, only 5% of ILC3 cells were MHCIIþ (Figure 2j). Six to
eight weeks after the transfer of CD4þ T cells, the percentage
of ILC3 cells that was MHCIIþ in recipient RAG1� /� mice
was restored to WT levels (Figure 2j). These data implicate
CD4þ T cells in the regulation of MHCII expression on ILC3
cells, in addition to ILC3 numbers and function.

mRNA levels of both AMPs and IL-22 were reduced in
parallel with ILC numbers in RAG1� /� recipients of CD4þ
T cells, most strikingly in the small intestine, where AMP
mRNA levels were lowered by twofold and IL-22 expression
was lowered by threefold compared with unmanipulated
RAG1� /� mice (Figure 2h). Total intestinal IL-22 mRNA
levels were decreased and the percentage of transferred CD4þ
T cells producing IL-22 was comparable to endogenous

Figure 1 Interleukin-22 (IL-22)-dependent innate responses are enhanced in RAG1� /� mice and reduced after restoration of adaptive immunity.
RAG1� /� micewere reconstitutedwith 50� 106 cells fromwild-type (WT) spleen andmesenteric lymph nodes; recipients were analyzed 8weeks later
(RAG� /� þTotal). Un-manipulatedRAG1� /� andRAG1þ /� micewere controls. (a) TotalmRNA from tissue sections from terminal ileum, cecum,
or proximal colon was reverse transcribed and analyzed by real-time PCR. Data were analyzed using the DDCTmethod normalized to a RAG1þ /� for
each experiment and GAPDH. Error bars show s.e.m., *Po0.05, **Po0.01, ***Po0.001, ****Po0.0001. ns, not significant. Data pooled from three
experiments. (b) Representative plots showing T cells (TCRbþ ) and B cells (CD19þ ) in Si-LP and spleen. (c) Bar graph of representative IgA enzyme-
linked immunosorbent assay small intestine luminal contents. Data in panels b and c are representative of the three experiments.
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production in RAG1þ /� mice (Figure 3). Comparable
percentages of transferred and endogenous CD4þ T cells
also generated IL-17. Fewer transferred CD4þ T cells
produced IL-2 or IL-10, whereas significant percentage

produced IFNg (Po0.0001; Figure 3). Therefore, CD4þ
T cells are sufficient to regulate ILCs, their IL-22 production,
and levels of downstream AMPs, and this regulation does not
require IgA.
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The increased IFNgproduction byCD4þ Tcells transferred
to RAG1� /� mice raised the possibility that the cytokine was
regulating ILC3s; this possibility was assessed by transferring
10� 106 IFNg� /� CD4þ T cells to RAG1� /� mice. Five
or 6weeks later, the transferred cells could be found in the Si-LP
and, as expected, were not producing IFNg (Figure 4a). ILC
numbers still fell by approximately two-thirds, comparable to
the transfer of WT CD4þ T cells (Figure 4b). The percentage
of ILC3 cells that were Ki-67þ also decreased (Po0.0001;
Figure 4c). The percentages of IL-22 and IL-22/IL-17 double-
producing ILCs were restored to WT levels (Po0.0001;
Figure 4d). Thus, the ability of CD4þ T cells to down-
regulate ILC numbers, proliferation, and function was not
dependent on IFNg. Surprisingly, RAG1� /� mice that
received IFNg� /� CD4þ T cells developed wasting and
grossly visible, pan-intestinal colitis (data not depicted).12

Therefore, CD4þ T cells are sufficient to regulate ILCs, their
IL-22 production, and levels of downstream AMPs. This
regulation does not require IgA or IFNg production by CD4þ
T cells, and, importantly, occurs even in the presence of gross
intestinal inflammation.

CD4þ T cells are important in steady-state regulation of
ILCs/AMPs

To ask if CD4þ T cells regulate ILC numbers, IL-22
production, and additionally the Reg proteins at steady state,
we made use of mice with more selective adaptive immune
deficiencies; MHCII� /� mice lack MHCII expression and
MHCII-restricted CD4þ T cells (Figure 5a). However,
MHCII� /� and MHCIIþ /� mice do contain quantita-
tively similar amounts of IgA in the small intestine (data not
depicted) in agreement with previous work showing that IgA

Figure 2 CD4þ Tcells are sufficient to reduce interleukin-22 (IL-22)-dependent innate responses.RAG1� /� mice received10� 106 sortedCD4þ T
cells; recipients were analyzed 6–8 weeks later (RAG� /� þCD4). (a) Representative flow cytometric analysis of transferred cells, ILCs, and Ki-67
staining on ILC3 cells in the small intestine lamina propria (Si-LP) of RAG1þ /� , RAG1� /� , and RAG1� /� þCD4 mice. (b) Representative
immunoglobulin A (IgA) in the small intestinal lumen 8 weeks after transfer of CD4þ T cells. (c) Si-LP and small intestine intraepithelial (Si-IEC) innate
lymphoid cell (ILC) numbers. (d) The percentage of RORgtþ , ILC3 cells among total ILCs. (e) Ki-67þ percentage among ILC3 cells. (f) Representative
flow cytometric analysis of cytokine production by Si-LP ILCs; plots are gated on lineage-cd90.2þ cells. (g) Cytokine production by Si-LP ILCs. (h)
Reg3g, Reg3b, and IL-22 mRNA expression in total terminal ileum (small intestine) tissue, analyzed by quantitative real-time PCR as in Figure 1. (i)
Representative staining ofmajor histocompatibility class II (MHCII) onSi-LP ILC3 cells inRAG1� /� mice (solid light gray line), RAG1þ /� mice (dotted
dark gray line), and RAG1� /� þCD4 mice (solid black line). MHCII-negative T-cell (light gray filled) and MHCII-positive dendritic cell (thin gray line)
controls from RAG1þ /� mice are also depicted. (j) Percentage of ILC3 cells that are MHCIIþ . Data in panels c, d, e, g, and h (IL-22 andReg3g) were
pooled from four experiments. Data in panels h (Reg3b) and j were each pooled from two of the four experiments. Error bars show s.e.m., *Po0.05,
**Po0.01, ***Po0.001, ****Po0.0001. ns, not significant.

Figure 3 Transferred CD4þ T cells preferentially produce interferon gamma (IFNg). Cytokine production by endogenous or transferred sorted CD4þ
T cells (RAGþ /� or RAG� /� þCD4, respectively) frommice analyzed 6–8 weeks after cell transfer. (a) Representative flow cytometic analysis from
small intestine lamina propria (Si-LP); plots are gated on CD4þTCRbþ cells. (b) Cytokine production by Si-LP CD4þ T cells. Data are pooled from
either two (interleukin-2 (IL-2), IL-10) or all four (IFNg, IL-17, IL-22) of the experiments shown in Figure 2. Error bars show s.e.m., *Po0.05, **Po0.01,
****Po0.0001.
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production can be T-cell independent.13 ILC numbers were
increased approximately twofold in MHCII� /� mice
compared with MHCIIþ /� controls, as was the percentage
of ILCs producing IL-22 (Figure 5b and c). The percentage of
ILCs producing IL-22 in MHCII� /� mice was variable
(7–31%). Consistent with these observations, both IL-22 and
Reg3g mRNA in ileum and large intestine tissue, although also
variable, were also increased (Figure 5d). These data are in
contrast to RAG1� /� mice, where ILC numbers and ILC-
derived IL-22 and AMPs were consistently elevated.

MHCII� /� mice contain CD8þ T cells, as well as NKT
cells and other atypical MHCI-restricted CD4þ T cells. We
used beta-2 microglobulin (b2m)� /� mice that lack normal
expression ofMHCI and these T-cell populations to assess their
contribution to ILC regulation. ILC numbers in b2m� /�
mice were intermediate between MHCIIþ /� /b2mþ /�
(WT) and MHCII� /� mice although not statistically
different from those in MHCII/b2mþ /� mice, suggesting
that b2m-restricted cells have aminimal effect on ILC numbers
(Figure 5b). The percentage of ILCs producing IL-22 in
b2m� /� mice was equivalent to those in MHCIIþ /�
animals (12%±0.8%), confirming that b2m-restricted cells are
dispensable for regulation of IL-22 production by ILCs
(Figure 5c). These data suggest that MHCII-restricted
CD4þ T cells (but not MHCI-restricted CD8þ T cells)
are important to control ILC numbers, their IL-22 production,
and levels of Reg3g. However, the variability in ILC function in

MHCII� /� mice suggests that this pathway is not absolutely
required.

Would depletion of CD4þ T cells from adultWTmice have
the same effect as the developmental defect in MHCII� /�
mice? WT mice were treated with CD4-depleting antibody
(GK1.5), leading to the eradication of CD4þ T cells from the
Si-LP (Figure 6a). Six weeks after depletion, both ILC numbers
and ILC3 proliferation trended upward, but differences failed to
reach statistical significance (Figure 6b and c), whereas the
percentage of ILC3 cells expressing MHCII fell by one-third
(P¼ 0.014; Figure 6d). Similarly, the percentages of ILCs
secreting IL-22 and IL-22/IL-17 trended upward; although,
they were not statistically significantly increased (Figure 6e).
However, the upward shifts in both ILC numbers and IL-22
production were associated with a 2.5-fold increase in tissue
mRNA expression of Reg3g in CD4-depleted mice (Figure 6f).
Overall, these data are consistent with the variably increased
ILC numbers, IL-22 secretion, and tissue AMP and IL-22
mRNA expression observed in MHCII� /� mice, but again
suggest that CD4þ T cells are not absolutely required in WT
mice to downregulate ILC function at steady state.

CD4þ T cells do not alter the large intestine microbiota or
bacterial localization

In our specific pathogen-free mouse facility, both IL-22 pro-
duction and secondary AMP production in RAG1� /� mice
are antibiotic sensitive (Figure 7a), suggesting a dependence on
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local intestinal bacteria. In antibiotic-treated RAG1� /�
mice, ILC numbers additionally fell by approximately one-
third, and IL-22 production decreased by twofold (Figure 7b).
To address two different explanations for the enhanced
response to the commensal bacterial microbiota, we asked
if CD4þ T cells altered either the repertoire of commensal
bacteria and/or host sensing of the commensal bacteria.

To address differences in bacterial repertoire, we defined the
composition of the commensal intestinal bacteria inMHCII� /�
mice and their MHCIIþ /� littermates. As measures in the
small intestine revealed relatively few bacteria (data not
depicted), we focused on the large intestine. To minimize
environmental and husbandry differences that can drive
microbial diversity,14 pregnant mothers were separated into

Figure5 IL-22-dependent innate responsesareenhanced in theabsenceof T-cell receptor (TCR)-stimulatedCD4þ Tcells. (a)Representativeplots of
CD4þ and CD8þ T cells in the small intestine lamina propria (Si-LP) of major histocompatibility class II (MHCII)þ /� , MHCII� /� , K14 (beta-2
microglobulin (b2m)wild-type (WT) or þ /� ), and b2m� /� (all MHCIIþ /� )mice. (b) Innate lymphoid cell (ILC) numbers and (c) ILC-derived cytokines
in the indicated mice. (d) Reg3g and IL-22mRNA expression in total intestinal tissue, analyzed by quantitative real-time PCR as in Figure 1. Error bars
show s.e.m., *Po0.05, **Po0.01, ***Po0.001, ****Po0.0001. ns, not significant. Data are pooled from six or seven experiments.
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their own cages before giving birth, and littermates were
weaned into individual cages at 3–4 weeks of age and killed at 6
weeks, at which point total colonic DNA was prepared from
each individual animal. Quantitative PCR analyses showed that
the expression ofMHCII and the presence ofCD4þ Tcells had
no statistically significant effect on the total numbers of either
Eubacteria or major bacterial families, with the exception of a
less than twofold effect on lactobacilli (Figure 7c). In addition,
deep sequencing analysis of the16S ribosomal DNA genes of
colonic commensals found that qualitative differences in
bacterial repertoire between MHCIIþ /� and MHCII� /�
genotypes did not achieve significance, as measured by principal
coordinate analyses of litters (Figure 7d). In contrast, there
were statistically significant differences in the numbers and
bacterial repertoires of RAG1� /� mice and their littermate
controls (Figure 7f and g). In the setting of these small
differences, we could not detect quantitative changes in
RAG1� /� mice with reconstitution of the adaptive immune
system (data not depicted). In all the strains examined, litter
and maternal effects on bacterial composition dominated over
genotype (Figure 7e and h). These data suggest that the effects
of CD4þ T cells on ILC biology are not secondary to altered
microbial composition.

To explore the possibility of altered bacterial sensing in the
absence of CD4þ T cells, we utilized fluorescence in situ
hybridization to eubacterial 16S to assess bacterial localization
in the large intestine in littermate or extensively co-housed
mice; differences in bacterial localization could alter bacterial
sensing in the absence of compositional differences. Blinded
images were scored based on the proximity of bacteria relative
to epithelium (Figure 8a). Overall bacterial localizationwas not

different in MHCII� /� mice compared with MHCIIþ /�
mice, nor in RAG1� /� mice compared to RAG1þ /� mice
or CD4þ T-cell-reconstituted RAG1� /� mice (Figure 8b
and c). These data suggest that effects of CD4þ T cells on
altered ILC biology is not driven by large-scale differences in
bacterial localization.

CD4þ T-cell regulation of ILCs requires MHCII–TCR
interactions

The effect of CD4þ T cells on IL-22-producing ILCs in the
small intestine may require antigen-dependent T-cell activa-
tion, or, alternatively, be mediated by antigen-independent
competition with ILCs for a niche and survival factors. To
distinguish between these possibilities, we asked if CD4þ
T cells require antigen-specific TCR signals to regulate the
IL-22/Reg pathway. We made use of K14-Abb mice (K14), in
which MHCII is restricted to thymic cortical epithelium;
CD4þ T cells are positively selected but are not exposed to any
peripheral TCR signals.15 Positive selection leads to increased
frequencies of CD4þ T cells in the Si-LP of K14 mice as
compared with the residual CD4þ T-cell population in
MHCII� /� mice (Figure 5a). ILC numbers and the
percentage of ILCs producing IL-22 in K14 mice were
equivalent to those in MHCII� /� mice; both strains had
increased numbers of ILCs compared with MHCIIþ /� mice
(Figure 5b and c). Similarly, levels of IL-22 and Reg3g mRNA
were increased in K14 andMHCII� /� mice (Figure 5d). The
comparable elevations in MHCII� /� and K14 mice in
ILC numbers, function, and AMP levels strongly suggest
that CD4þ T cells require TCR signals to regulate ILCs, IL-22,
and AMPs.
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Tregs are not sufficient to regulate ILC-derived IL-22 in the
small intestine

Foxp3þ Tregs dampen immune responses and prevent inte-
stinal inflammation in multiple settings.16 To determine if the
CD4þ effect on ILC regulation was mediated by Tregs, green
fluorescent proteinþ (GFPþ ) Tregs sorted from Foxp3-GFP
reporter mice were transferred into RAG1� /� mice in
numbers comparable to the number of Tregs in the initial

inoculum of 10� 106 total CD4þ T cells (B0.5–1� 106).
Transferred cells comprised 1–5% of cells in the Si-LP six weeks
after transfer (Figure 9a). The purity of the Treg population
was reduced by 40–80% after transfer, consistent with past
descriptions of reconstitution of lymphopenic mice17

(Figure 9a). ILC numbers were inconsistent at six weeks
after transfer (Figure 9b). However, the percentage of ILCs
producing IL-22 and IL-22/IL-17, as well as levels of IL-22 and

Figure 7 Impact of CD4þ T cells and adaptive immunity on the large intestine microbiota. (a) Reg3g, Reg3b, and interleukin-22 (IL-22) mRNA
expression in total terminal ileum (small intestine) tissue of antibiotic-treated or control mice, analyzed by quantitative real-time PCR as in Figure 1,
pooled from two experiments. (b) Innate lymphoid cell (ILC) numbers and IL-22 production in antibiotic-treated or control RAG1� /� mice, pooled from
two experiments. Error bars show s.e.m., **Po0.01, ***Po0.001. (c) Quantitative PCR of major bacterial groups in major histocompatibility class II
(MHCII)þ /� and MHCII� /� littermates (MHCIIþ /� n¼9–12, MHCII� /� n¼ 13–14), analyzed using genomic reference DNA standards. (d)
Principal coordinate plot of a representative MHCII litter, with þ /� genotype shown in red and � /� in blue. (e) Principal coordinate analyses of all
MHCIIþ /� or MHC� /� mice sequenced, colored by genotype (þ /� in red and � /� in blue), mother (purple and green), and litter (blue and brown
tones). (f–h) The same analyses performed for MHCII mice, applied to RAG1þ /� or RAG1� /� littermates (for e, RAG1þ /� n¼ 47, RAG1� /�
n¼35). NS, not significant.
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AMP mRNA remained elevated in the small intestine
(Figure 9c and d). Thus, although Tregs may influence the
numbers of Si-LP ILCs, Tregs do not mediate the negative
regulation exerted on ILC function by CD4þ T cells in the
small intestine.

DISCUSSION

Past studies have elucidated mechanisms by which the
microbiota and the innate immune system regulate CD4þ
T-cell responses.2 Our studies establish that conventional

CD4þ T cells negatively regulate innate responses. We found
that conventional CD4þ T cells reduce ILC numbers,
proliferation, and IL-22 production in the intestine, as well
as expression of the IL-22-responsive AMPs, Reg3g and Reg3b.
This regulation required neither IgA nor changes in the
intestinal commensal microbiota, but required antigen-specific
TCR signals. CD4þ T cells and ILCs have functional overlap;
however, CD4þ T cells and ILCs do not simply have
redundant functions, as transferred CD4þ T cells did not
produce significant amounts of IL-22 and the total level of IL-22

Figure 8 Large intestine bacterial localization is not altered by the presence of CD4þ T cells. (a) Representative images of fluorescence
in situ hybridization (FISH) staining of large intestine demonstrating localization scores: 1—no bacterial contact with epithelium and preserved mucus
layer; 2—bacterial penetration into mucus layer without epithelial contact; 3—epithelia contact; 4—extensive epithelial contact. Images were acquired
and analyzed in a blindedmanner, with three to six images acquired per large intestine. Image scoreswere averaged to acquire a single score permouse.
(b) Localization scores from major histocompatibility class II (MHCII)þ /� and MHCII� /� mice. (c) Localization scores from RAG1þ /� mice,
RAG1� /� mice, and 6-week CD4þ T-cell-reconstituted RAG1� /� mice. Error bars show s.e.m.

Figure 9 Tregs are not sufficient to reduce interleukin-22 (IL-22)-dependent innate responses. RAG1� /� mice that received 0.5–1� 106 Tregs were
analyzed 6 weeks after transfer. (a) Representative plots from small intestine lamina propria (Si-LP) showing regulatory T cell (Treg) purity. (b) Si-LP
innate lymphoid cell (ILC) numbers and (c) ILC-derived cytokines from the same experiments shown in panels b, c pooled from two experiments.
(d) Reg3g, Reg3b, and IL-22mRNA expression in total terminal ileum (small intestine) tissue, analyzed by quantitative real-time PCR pooled from two
experiments, analyzed as in Figure 1. Error bars show s.e.m., **Po0.01, ***Po0.001, ****Po0.0001. ns, not significant.
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mRNA in CD4þ T-cell-reconstituted RAG1� /� mice was
significantly decreased.

We propose that CD4þ T-cell regulation of ILCs is TCR
dependent, as demonstrated by elevated ILC numbers in
function in K14 mice. The TCR signals could differentiate or
expand naive populations, or activate pre-existing memory
populations that subsequently regulate ILCs. Although AMP
expression correlated with ILC production of IL-22, separate
regulatory mechanisms may also operate. A recent study
showed that ILC3s express MHCII, and that this expression
regulates intestinal homeostasis11 and we observed differential
expression of MHCII on ILC3 cells of RAG1þ /� and
RAG1� /� mice. Furthermore, CD4þ T cells were sufficient
to restore levels of MHCII on ILC3 cells in RAG1� /� to WT
levels. Hepworth et al. suggested that MHCII on ILC3 cells
affected CD4þ T-cell function. Our data implicate CD4þ
T cells in the converse regulation ofMHCII on ILC3s; although,
they do not address whether that regulation is via cognate
CD4þ T-cell–ILC3 interactions. Nonetheless, the putative
requirement for TCR signals on CD4þ T cells to regulate ILC3
cells makes this direct interaction an attractive potential
mechanism.

The ability of CD4þ T cells to regulate ILCs and AMPsmay
have resided within Tregs, which prevent colitis in RAG1� /�
mice reconstituted with effector CD4þ T cells.16 However,
Tregs did not reduce IL-22 orAMPs inRAG1� /� mice, while
variably altering ILC numbers. Perhaps this variability
stemmed from outgrowth of conventional CD4þ T cells
from the original transferred population. Alternatively, Tregs
and ILCs both utilize IL-2 and TLR2 signals,16,18 raising the
possibility of signaling crosstalk between these populations.
Transfer of a larger number of Tregs may have further altered
ILCs. Nonetheless, these data suggest that Tregs do not have a
significant role in the regulation of ILC3s.

CD4þ T cells transferred to RAG1� /� mice produced
more IFNg than any other cytokine; yet, WT mice contain
relatively few IFNg-producing Th1 cells in the Si-LP at steady
state. Indeed, we found that CD4þ T-cell-mediated regulation
of ILCs was IFNg independent. Consistent with past work,12

RAG1� /� recipients of IFNg� /� CD4þ T cells developed
colitis and wasting; these data show that regulation of ILCs by
CD4þ T cells still occurs in overt inflammation. A recent study
suggested that ILC3 cells may downregulate Th17 cells.19

However, the impact of IL-17 on ILCs is uncertain and future
studies should directly address its role. Conversely, epithelial
cell-derived IL-25may downregulate ILC3-derived IL-22;20 the
potential for CD4þ T-cell action in this pathway could also be
explored.

Our results do not rule out that the possibility that CD4þ
T cells and ILCs additionally compete for an anatomic niche or
for a soluble factor. Although IL-7ra levels on ILC3 cells were
not appreciably altered by the presence of CD4þ T cells, IL-7
might still regulate such a niche; both ILC and CD4þ T-cell
survival depend on IL-7 and in the presence of exogenous IL-7,
ILCs expand.6,9,10 In RAG1� /� mice, IL-22 mRNA levels are
common gamma chain dependent.21 However, it is equally

likely that CD4þ T cells could compete with ILCs for as yet
undefined metabolites.

As ILCs and AMP-producing epithelial cells respond to
commensal and pathogenic bacteria and are sensitive to
changes in intestinal microorganisms, CD4þ T cells could
affect ILCs andAMPs secondarily to regulating eithermicrobial
composition or sensing. In contrast to previous studies
examining the microbial consequences of alterations in subsets
of CD4þ T cells,22,23 we found no significant evidence that
CD4þ T cells alter the composition of the intestinal
microbiota. Eliminating specific CD4þ T-cell subsets could
induce greater immune malfunction and secondary microbial
dysbiosis than loss of all CD4þ T cells. However, in agreement
with Ubeda et al., maternal and litter effects dominated over
genotype differences in our hands.14 We similarly did not find
altered bacterial localization that could lead to altered bacterial
sensing at the epithelium. However, these studies lacked the
sensitivity to reliably identify bacteria invading across the
epithelium, which could also contribute to altered sensing.
Future studies should also examine the small intestine, which
contains fewer bacteria but where Reg3g has the greatest role in
bacterial localization7 and where our observed ILC effects were
most robust. These data suggest that CD4þ T-cell regulation
of ILCs andAMPs occurs independently of gross changes in the
composition or localization of the commensal microbiota.

Along with others, we find that the microbiota has a
stimulatory effect on IL-22 and AMPs.21,24–26 In contrast, a
recent report by Sawa et al. found an inhibitory role for
commensal microbiota on IL-22-producing ILCs except in
extreme inflammation. Consistent with our data, Sawa et al.20

observed increased IL-22 production by ILCs in RAG1� /�
mice, although surprisingly this did not translate into increased
levels ofAMPs. The regulation of ILChomeostasis and function
by commensals remains unclear.27 Although confusing, these
distinct data support the idea that regulatory pathways that
determine IL-22 production by ILCs are both dependent and
independent of the commensal microbiota; regulation by
CD4þ T cells could be a microbiota-independent pathway.

Although CD4þ T cells decreased ILC numbers and IL-22
production independent of IgA, our results do not negate a
possible complementary role for this or other mucosal actors,
such as gdT cells, that control bacteria at themucosal surface or
prevent intestinal injury.13,28 Indeed, in contrast to RAG1� /�
mice, MHCII� /� mice had quite variable levels of ILC-
derived IL-22, and depletion of CD4þ T cells in WT mice did
not statistically significantly alter ILCs, although Reg3g was
increased. One explanation could lie in the ability of other cell
subsets to influence the signals delivered to ILCs independently
of CD4þ T cells. Why this influence is variable is unclear. It is
possible that ILCs respond to a specific microbiota species with
differing levels across MHCII� /� mice; sequencing analyses
may not be sufficiently robust to detect such differences.

We can begin to speculate how CD4þ T-cell-mediated
regulation of ILCs will fit into the regulatory networks govern-
ing innate- and adaptive-immune cooperation to maintain
homeostasis at steady state; whereas, most studies to date have
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examined pathologic settings.29–31 This work demonstrates a
non-redundant role for conventional CD4þ T cells in the
regulation of IL-22-producing ILC3s in the intestine. Perhaps
this regulation checks the potential for inappropriate innate-
driven inflammation, substituting a more tailored adaptive
response. Further study of this pathway should help explain the
maintenance of intestinal homeostasis and could reveal
additional therapeutic targets for treatment of its breakdown
in disease.

METHODS

Mice. WT CD45.1, RAG1, C57BL/6J were originally purchased from
Jackson Laboratories (Bar Harbor, ME). b2m/Abb� /� mice32 were
acquired from Taconic (Hudson, NY). MHCII� /� (Abb),33 K14-
Abb,15 andFoxp3-GFPmice34were bred in-house.Allmicewerehoused
under specific pathogen-free conditions (norovirus and Helicobacter-
colonized) in accordance with the University of Pennsylvania animal
care and use guidelines, and fed autoclaved Labdiet Rodent Diet 1050
(Animal Specialties and Provisions). Mice used in ILC and transfer
experiments were 2–5 months old and were littermates or extensively
co-housed. Breeding and husbandry of mice used for quantitative
bacterial PCR and sequencing analyses are in Results section.

Antibodies, flow cytometry, and cell sorting. Antibodies were
purchased from eBioscience (San Diego, CA), Biolegend (San Diego,
CA), BD (Franklin Lakes, NJ), or Invitrogen (Grand Island, NY). Live/
Dead Fixable Aqua (Invitrogen) or 4,6-diamidino-2-phenylindole
(DAPI) was used for live/dead discrimination. ILCs were defined as
CD45.2þ , CD90.2þ , lineage negative. Lineage markers included
TCRb, CD3, CD11c, and B220 or CD19, Gr-1, CD11b, and CD5. The
Foxp3/Transcription Factor Staining Buffer Set (eBioscience) was used
for transcription factor stains. For intracellular cytokine stains,
samples were fixed with 1.6% paraformaldehyde and stained in 0.5%
saponin after stimulation. Samples were collected on a BD LSRII or
FACs Canto and analyzed using Flowjo software (Treestar, Ashland,
OR). For cell sorting, CD4þ T cells were enriched by negative selec-
tion as previously described,35 and further sorted on DAPI– CD4þ
B220–CD8b–IAb–CD11c–CD11b–Gr1–NK1.1– cells. For Treg trans-
fers, CD4-enriched cells from Foxp3-GFP mice were additionally
sorted on GFPþ cells. Sorting was performed on a BD Aria.

CD4 depletion. Mice were injected intraperitoneally with 1mg GK1.5
(BioXcell, West Lebanon, NH) or Rat IgG isotype control (Sigma,
St Louis, MO) every 2 weeks for 6 weeks.

Antibiotic treatment. Drinkingwater was supplementedwith ampicillin
(0.5mgml–1), gentamicin (0.5mgml–1), metronidazole (0.5mgml–1),
neomycin (0.5mgml–1), and vancomycin (0.25mgml–1) plus sucralose
sweetener for 2 weeks as previously described.36

Preparation of lamina propria and intraepithelial cells. Single-cell
suspensions of lamina propria were prepared by standard techniques,
utilizing epithelial stripping in 1mMDTT and 5mMEDTA followed by
digestion with 0.1mgml–1 Liberase TL and Dnase (Roche, India-
napolis, IN). Intraepithelial cells were obtained from the stripped
epithelial fraction after centrifugation in 30% Percoll (GE Healthcare
Life Sciences, Pittsburgh, PA). In experiments with MHCII� /� ,
b2m� /� , or K14mice, Peyer’s patches were first removed. Cytokine
production was assessed after stimulation of LP cells with phorbol
12-myristate 13-acetate 50 ngml–1 and Ionomycin 500 ngml–1 in the
presence of Brefeldin A 1 mgml–1, at 1� 106 cellsml–1 for 3.5 h at
37 1C.

RNA isolation and reverse transcription. Tissue pieces were cleared
of stool, placed in RNAlater (Ambion, Grand Island, NY) for storage,
and homogenized using a PowerGen700 Homogenizer (Fisher,

Waltham,MA). RNA isolations and reverse transcription were carried
out using theRNeasy kit (Qiagen, Valencia, CA) and theHighCapacity
cDNA Reverse Transcription Kit (Applied Biosystems, Grand Island,
NY), respectively.

Bacterial DNA isolation. Large intestines were homogenized in sterile
PBS. Bacterial DNA isolation was performed using the QIAmp DNA
Stool Kit (Qiagen) with optional high temperature step.37

Quantitative and real-time PCR. The following primers were uti-
lized:37 total Eubacteria (Total), and group-specific primers for
Bacteroides (Bact), Lactobacilli/enterococcus (Lact), and E. rectale/C.
coccoides (Erec). Additional primer sequences were: Reg3g F:
50-TTCCTGTCCTCCATGATCAAAA-30, Reg3g R: 50-CATCCACC
TCTGTTGGGTTCA-30; Reg3b F: 50-TCCCAGGCTTATGGCTCC
TA-30, Reg3b R: 50-GCAGGCCAGTTCTGCATCA-30; IL-22 F:
50-TCCGAGGAGTCAGTGCTAAA-30, IL-22 R: 50-AGAACGTCTT
CCAGGGTGAA-30; GAPDH F: 50-TCATCAACGGGAAGCCCATC
AC-30, GAPDH R: 50-AGACTCCACGACATACTCAGCACCG-30.
SYBR-green (Applied Biosystems) was utilized for all reactions.

IgA enzyme-linked immunosorbent assay. IgA enzyme-linked
immunosorbent assays were performed similarly to published
techniques.38 Briefly, plates were coated with 1:500 goat anti-mouse
Ig(Hþ L) (Southern Biotech, Birmingham, AL), blocked with 10%
soymilk (8th Continent, Santa Ana, CA) plus 0.05% Tween 20,
incubated with small intestine lumen supernatants, followed by 1:2000
goat anti-mouse IgA(a) detection antibody conjugated to horseradish
peroxidase. Plates were developed with o-Phenylenediamine and read
at 405 nm.

454 Sequencing. Sequence determination was carried out using the
454/Roche pyrosequencing method.39 DNA samples were amplified
using bar-coded DNA primers that annealed to the 16S ribosomal
RNA gene within the V1V2 region essentially as described.40 Sequence
reads were analyzed with QIIME pipeline41 using UniFrac.42,43

Sequence reads have been deposited in the NCBI Sequence Read
Archive and are available under the SRAProject accession SRP021545.

Fluorescence in situ hybridization. 16S fluorescence in situ
hybridization was performed as previously described.44 Briefly, 5 mm
longitudinal sections were hybridized to 16s ribosomal RNA eubac-
terial probe ([AminoC6þAlexa488]GCTGCCTCCCGTAGGAGT
[AmC7-QþAlexa488], (Eurofins MWG Operon, Huntsville, AL) at
1 mM. Images were acquired on a Zeiss LSM 710 confocal microscope
and analyzed using Fiji (ImageJ) software.45

Statistics. Significance was determined by one-way analysis of
variancewith aBonferroni post-test (Figures 1, 2, 4, and 7) or unpaired
Student’s T-test (Figures 3 and 5a). Graphs shown on a log scale were
log-transformed before analysis. For quantitative bacterial PCRs, a
separate analysis of covariance was performed for each dependent
measure (log10 bacterial count), with genotype as the fixed
independent variable and parent and litter as random effects. This
allowed comparison between the þ /� and � /� genotype, while
controlling for litter and parent effects. Analyses were performed using
SAS software (Cary, NC).
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