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ABSTRACT Revealing the mechanisms by which bacteria establish long-lasting col-
onization in the gastrointestinal tract is an area of intensive investigation. The obli-
gate intracellular bacterium Chlamydia is known to colonize mouse colon for long
periods. A colonization-deficient mutant strain of this intracellular bacterium is able
to regain long-lasting colonization in gamma interferon (IFN-�) knockout mice fol-
lowing intracolon inoculation. We now report that mice deficient in conventional T
lymphocytes or recombination-activating gene (Rag) failed to show rescue of mutant
colonization. Nevertheless, antibody depletion of IFN-� or genetic deletion of inter-
leukin 2 (IL-2) receptor common gamma chain in Rag-deficient mice did rescue mu-
tant colonization. These observations suggest that colonic IFN-�, responsible for in-
hibiting the intracellular bacterial mutant, is produced by innate lymphoid cells
(ILCs). Consistently, depletion of NK1.1� cells in Rag-deficient mice both prevented
IFN-� production and rescued mutant colonization. Furthermore, mice deficient in
transcriptional factor ROR�t, but not chemokine receptor CCR6, showed full rescue
of the long-lasting colonization of the mutant, indicating a role for group 3-like ILCs.
However, the inhibitory function of the responsible group 3-like ILCs was not depen-
dent on the natural killer cell receptor (NCR1), since NCR1-deficient mice still inhib-
ited mutant colonization. Consistently, mice deficient in the transcriptional factor
T-bet only delayed the clearance of the bacterial mutant without fully rescuing the
long-lasting colonization of the mutant. Thus, we have demonstrated that the obli-
gate intracellular bacterium Chlamydia maintains its long-lasting colonization in the
colon by evading IFN-� from group 3-like ILCs.
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Bacteria can establish long-lasting colonization in the gastrointestinal (GI) tracts of
mammalian hosts when the bacterium-host interactions have achieved homeosta-

sis (1, 2). A critical host component responding to bacterial colonization in the GI tract
is the innate lymphoid cells (ILCs) (3–6]). On one hand, ILCs promote the anatomical
containment of bacteria in the GI tract (7, 8); on the other, bacteria have to evade the
effector mechanisms of the same ILCs in order to establish and maintain long-lasting
colonization, although the exact evasion mechanisms are not clear. Illuminating the
mechanisms by which ILCs restrict bacteria or bacteria evade ILC-mediated immunity is
an area of extensive investigations (9, 10), since information thus obtained may be used
to improve human health (11). Both pathogenic (12, 13) and commensal (14–16)
bacterial species have been used to investigate bacterium-ILC interactions (6). Gene-
deficient mice have been routinely used to probe bacterium-gut ILC interactions (17,
18). Besides extracellular and facultative intracellular bacteria (6), the obligate intracel-
lular parasite Toxoplasma gondii has also been shown to interact with ILCs (19, 20),
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although the mechanisms of the T. gondii-ILC interactions remain largely unknown.
Knowledge on the interactions of the obligate intracellular bacterium Chlamydia with
ILCs is limited, although natural killer (NK) cells have been shown to play important
roles in chlamydial infection (21–29). These previous studies did not differentiate NK
cells from non-NK ILCs. Thus, there is a lack of information on how non-NK ILCs interact
with Chlamydia or obligate intracellular bacteria in general. The goal of the current
study was to use Chlamydia as a model to investigate how an obligate intracellular
bacterium interacts with host ILCs by taking advantage of a colon colonization-deficient
clone in combination with gene knockout mice.

Chlamydia muridarum is an obligate intracellular bacterium that is able to establish
long-lasting colonization in the mouse colon but without causing any significant
pathology to the GI tract (30–32). However, when C. muridarum is inoculated into
extra-GI tissues, it may cause pathologies (33–36). Interestingly, depending on the
tissue order of first exposure to Chlamydia, chlamydial colonization in the GI tract may
either exacerbate or prevent chlamydial pathogenicity in extra-GI tissues. Thus, when
naive mice are first exposed to Chlamydia in the GI tract, the GI tract Chlamydia may
function as an oral vaccine to prevent subsequent chlamydial infections elsewhere (37,
38). However, when Chlamydia is first inoculated into the mouse lower genital tract, the
chlamydial organisms may both ascend to the upper genital tract (39) and spread to
the GI tract (40). The genital to GI tract spreading is likely via blood circulation (41). It
has been proposed that chlamydial organisms that spread to the GI tract may induce
responses that exacerbate pathogenicity of the genital Chlamydia in the upper genital
tract (42). Thus, investigating how Chlamydia achieves long-lasting colonization in the
GI tract may also provide important information for both developing chlamydial oral
vaccines and understanding chlamydial pathogenic mechanisms in the upper genital
tract in addition to gaining insights into bacterial interactions with gut ILCs.

ILCs consist of multiple subsets, including the “killer” ILCs that are also called natural
killer cells and the “helper-like” ILCs that are further grouped into subsets of ILC1s,
ILC2s, and ILC3s based on their cell surface markers, cytokine profiles, and the tran-
scriptional requirements during differentiation (43, 44). Although ILCs lack receptors for
directly recognizing either classical pathogen molecular patterns or antigenic epitopes,
bacteria have been shown to activate ILCs indirectly via the help of accessory cells (10,
45), and the ILC-derived effectors then regulate bacterial colonization in the GI tract (7,
13, 46, 47). ILC1s secrete the cytokine gamma interferon (IFN-�) and express their
signature transcriptional factor T-bet (48), while ILC2s may secrete interleukin 5 (IL-5)
and IL-13 and express GATA3 (49). However, ILC3s appear to be more diverse despite
their common signature cytokines IL-22 and IL-17 and transcriptional factor retinoic
acid-receptor-related orphan receptor �t (ROR�t) (50–52). In general, ILC3s are com-
posed of at least three subpopulations, including lymphoid tissue inducer (LTi) cells
that express chemokine receptor CCR6 (arising early during ontogeny and the earliest
discovered ILC3) and CCR6-negative ILC3s, which are either negative for natural cyto-
toxicity receptor 1 (NCR1) or NKp46 (NCR-ILC3s) or positive for NCR1 (NCR1� ILC3) (53).
ILC3s are highly adaptable to local tissue environments (54). For example, local IL-23
may induce NCR1-ILC3s to secrete IL-17 and IFN-� (55) and IL-23R� ILC3s may partic-
ipate in colitis induction (55–57), while IL-12 and/or IL-15 may induce ILC3s to become
NCR1�ILC3s by upregulating T-bet, leading to secretion of both IL-22 and IFN-� (58, 59).
In the absence of T-bet, NCR1�ILC3s are greatly reduced (60). The T-bet- and ROR�t-
coexpressing ILCs are ILC3-like and sometimes designated ex-ROR�t� ILC3 (58, 59).
These cells have been shown to both protect the epithelial barrier and promote
enterocolitis during Salmonella enterica infection (59), and they may also contribute to
the development of ileitis induced by Toxoplasma gondii (20). Various ILC3 to ILC1
transition subpopulations have also been detected in mucosal tissues (61). It remains
unknown whether and how different ILC subsets or transition subpopulations regulate
the long-lasting colonization of the obligate intracellular bacterium Chlamydia in the
mouse colon.

In the current study, we have taken advantage of a colon colonization-deficient
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mutant strain of the obligate intracellular bacterium Chlamydia to assess whether mice
with a given immune component deleted genetically or depleted with a blocking
antibody can show rescue of the colonization of the mutant. We found that mice
deficient in conventional T lymphocytes or a recombination-activating gene (Rag)
lacking both T and B cells failed to show rescue of the mutant colonization. However,
additional antibody depletion of IFN-� or genetic deletion of IL-2 receptor common
gamma chain in Rag knockout mice did rescue, indicating that IFN-�, responsible for
inhibiting the intracellular bacterial mutant, is produced by ILCs. Indeed, depletion of
NK1.1� cells in Rag knockout mice both prevented IFN-� production and rescued
mutant colonization. The inhibitory function of the responsible NK1.1� ILCs not only
requires both IL-7 and IL-15 signaling but also is also dependent on ROR�t, a signature
transcriptional factor of Th17 and ILC3s. The observations together have demonstrated
for the first time that the obligate intracellular bacterium Chlamydia is able to evade
group 3 ILC-derived IFN-� for maintaining its long-lasting colonization in the colon.

RESULTS
IFN-� but not adaptive immunity is necessary for preventing a mutant strain of

the intracellular bacterium Chlamydia from achieving long-lasting colonization in
the colon. As we showed previously (62), the wild-type intracellular bacterium C.
muridarum can colonize mouse colon for long periods, while a mutant clone of this
bacterium designated G28.51.1 failed to do so (Fig. 1). Following intracolon inoculation
with wild-type C. muridarum, mice continuously shed live organisms in rectal swabs for
28 days and live organisms were mainly recovered from colon on day 28. However, the
mutant-infected mice only shed live organisms in rectal swabs up to day 7, and no live
mutant organisms were recovered from any GI tract tissues on day 28. Thus, we defined
this mutant as a colon colonization-deficient mutant. Interestingly, when the mutant
was inoculated into mice deficient in IFN-�, live organisms were continuously shed in
rectal swabs for 28 days and recovered from the large intestine tissues on day 28 (Fig.
2), indicating that this mutant is susceptible to IFN-� inhibition. However, the mutant
failed to establish long-lasting colonization in the colons of mice deficient in CD8� T
cells with or without depletion of CD4� T cells or mice deficient in both T cell receptor
beta and delta chains (TCR�/�) (Fig. 2), demonstrating that conventional T lymphocytes
are not required for inhibition of the mutant. These observations together suggest that
IFN-�, responsible for inhibiting mutant colonization in the colon, may be produced by
nonadaptive immune cells, although the inhibition reached the maximal level on and
after day 7.

FIG 1 Comparison of intracellular bacteria with and without mutations for colonizing mouse gastroin-
testinal tract following intracolonic inoculation. Wild-type (Wt) intracellular bacterium Chlamydia muri-
darum without (clone G13.32.1, inoculation dose at 2 � 105 inclusion-forming units [IFU] [a and b]) and
with (clone G28.51.1, inoculation dose at 1 � 107 IFU [c and d]) mutations were used to infect groups of
C57BL/6J mice (n � 3 to 5) via intracolonic inoculation. On days 3 and 7 and weekly thereafter after
inoculation, rectal swabs were taken (a and c), or on day 28, mouse tissues were harvested (b and d), as
indicated along the x axis for monitoring live chlamydial organisms. The results ae expressed as log10 IFU
per swab or tissue as shown along the y axis. Mouse tissues include different segments of the
gastrointestinal (GI) tract, such as stomach (Sto), duodenum (Duo), jejunum (Jej), ileum (Ile, grouped as
SI for small intestine), cecum (Cec), colon (Col), and anorectum (AR, grouped as LI for large intestine), and
genital tract (GT), spleen (Spl), liver (Liv), kidney (Kid), and mesenteric lymph nodes (LN, grouped as
extra-GI tissues), as listed along the x axis. Note the lack of long-lasting colonization by the mutant
intracellular bacterial strain in the mouse colon. Data are from two independent experiments. P � 0.01,
Wilcoxon rank sum (area-under curves between Wt and mutant-infected groups).
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IFN-�, required for inhibiting colonization of the intracellular bacterial mutant
in the colon, is produced by ILCs. To determine whether IFN-�, responsible for
inhibiting the intracellular bacterial mutant, is produced by innate immune cells, we
compared the mutant colonizations among mice deficient in recombination-activating
gene 1 (Rag1�/�), deficient in Rag2 plus interleukin 2 receptor (IL-2R) common gamma
chain (Rag2�/� IL-2R�c�/�), deficient in Rag1 and treated with a control (Ctrl) immu-
noglobulin (IgG), or deficient in Rag1 and treated with an anti-IFN-� neutralization
antibody (Rag1�/� � �IFN-�). As shown in Fig. 3, mutant colonization was restricted
within 7 days in Rag1�/� mice, validating the above-stated conclusion that innate
immune cells are required for inhibiting mutant colonization, as Rag1�/� mice lack T
and B cells. More importantly, additional deficiency of IL-2Rc� in Rag2�/� mice rescued
the mutant, indicating that innate lymphoid cells (ILCs) are responsible for inhibiting
the mutant. This is because IL-2Rc� is expressed only by lymphoid cells and all
IL-2Rc�-expressing cells in Rag2�/� mice are ILCs. The depletion of IFN-� with an
anti-IFN-� neutralization antibody, but not a control immunoglobulin, rescued mutant

FIG 2 Deficiency in IFN-� but not conventional T lymphocytes rescues the ability of the intracellular
bacterial mutant to establish long-lasting colonization in the large intestine. Mice deficient in IFN-�
(IFN��/� [a and b]) but not CD8� T cells (CD8�/� [c and d]), CD8� T cells plus depletion of CD4� T cells
(IFN��/� � �CD4 [e and f]), or all T cells expressing T cell receptor � (TCR �) or TCR� chain (TCR���/�

[g and h]) were intracolonically inoculated with the intracellular bacterium mutant clone G28.51.1 at an
inoculation dose of 1 � 107 IFU. On days 3 and 7 and weekly thereafter, rectal swabs were taken (a, c,
e, and g), or on day 28, mouse tissues were harvested (b, d, f, and h), as indicated along the x axis for
monitoring live chlamydial organisms as shown along the y axis. Mouse tissues include different
segments of gastrointestinal tract and extra-GI tract tissues as described in the Fig. 1 legend. Note that
while mice deficient in IFN-� showed rescue of long-term colonization of the mutant, the deficiency in
CD4� and CD8� T lymphocytes, or T cells expressing TCR� or TCR� is insufficient to rescue the mutant.
P � 0.01, Wilcoxon rank sum (area-under curves between IFN-� knockout group and any other groups
[n � 4 to 6 from 2 or 3 independent experiments]).

FIG 3 Deficiency in innate but not adaptive immunity is required for rescuing the colonization of the
intracellular bacterial mutant. Mice deficient in recombination-activating gene 1 (Rag1�/� [a]), Rag2 plus
interleukin 2 (IL-2) receptor common gamma chain (Rag2�/� � IL-2�c�/� [b]), mice deficient in Rag1 and
treated with a control (Ctrl) immunoglobulin (Rag1�/� � Ctrl IgG [c]), and mice deficient in Rag1 and
treated with an anti-IFN-� neutralization antibody (Rag1�/� � �IFN-� [d]) were infected intracolonically
with the mutant clone (G28.51.1). On days 3 and 7 and weekly thereafter after the intracolonic
inoculation as shown along the x axis, rectal swabs were taken for monitoring live chlamydial organism
shedding. The results are expressed as log10 IFU per swab as shown along the y axis. Note that either
additional genetic deficiency in IL-2�c or neutralization of IFN-� rescued the ability of the intracellular
bacterial mutant to colonize the colons of Rag1�/� mice. P � 0.01, Wilcoxon rank sum (area-under curves
between Rag1�/� or Rag1�/� with IgG treatment group and Rag1�/� � Ctrl IgG or Rag1�/� � �IFN-�
groups, respectively [n � 3 to 6 per group from 3 independent experiments]).
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colonization in Rag1�/� mice, further confirming that IFN-� produced by ILCs is
responsible for inhibiting the mutant.

NK1.1� ILCs are responsible for producing IFN-� to inhibit the intracellular
bacterial mutant from colonizing the mouse colon. NK1.1, initially identified as a
natural killer (NK) cell receptor (63), is also expressed by subsets of other nonkiller
innate lymphoid cells, including type 1 (ILC1) (48) and type 3 (ILC3) (50). To determine
whether NK1.1� ILCs are responsible for producing IFN-� and inhibiting mutant
colonization, Rag1�/� mice with and without depletion with an anti-NK1.1 antibody
were compared for their susceptibilities to mutant colonization (Fig. 4). Following an
intracolon inoculation, Rag1�/� mice showed significant reductio of mutant coloniza-
tion on day 7 and completely cleared the mutant by day 14. However, depletion of
NK1.1� cells in Rag1�/� mice fully rescued mutant colonization in the colon, demon-
strating that NK1.1� cells are responsible for inhibiting the mutant. Furthermore, when
these mice were sacrificed for monitoring both live bacteria and IFN-� in cecum and
colon tissues (Fig. 5), as expected, significant levels of mutant organisms were recov-
ered from NK1.1� cell-depleted mice but not mice treated with a control antibody. This

FIG 4 Depletion of NK1.1� cells rescues the ability of the mutant intracellular bacterium to achieve
long-lasting colonization in the colon of Rag1-deficient mice. Rag1�/� mice treated with a control mouse
IgG (Ctrl IgG [a]) or a mouse anti-NK1.1 monoclonal antibody (�NK1.1 [b]) were infected via intracolonic
inoculation with 1 � 107 IFU of the mutant intracellular bacterial clone G28.51.1. On days 3 and 7 and
weekly thereafter after intracolon inoculation as shown along the x axis, rectal swabs were taken for
monitoring live chlamydial organism shedding. The results are expressed as log10 IFU per swab as shown
along the y axis. Note that �NK1.1 antibody treatment successfully rescued intracellular bacterial
shedding until day 28 postinfection. P � 0.05, Wilcoxon rank sum (area-under curves for IFU comparison
[n � 3 to 5 from 3 independent experiments]).

FIG 5 Depletion of NK1.1� cells blocks IFN-� production in the colons of Rag1-deficient mice. Rag1�/�

mice treated and infected as described in the Fig. 4 legend were sacrificed on day 28 after infection for
titrating both live organisms (bacterial mutant [a and c], left y axis) and IFN-� (b and d, right y axis) from
cecum (Cec) and colon (Col). Note that mice treated with a control mouse IgG completely cleared the
bacterial mutant from both cecum and colon tissues (a), which correlated with the rise of IFN-� in the
same tissues (b). However, mice treated with an anti-NK1.1 antibody showed rescue of the mutant
colonization in the colon (c), which correlated with the blockade of IFN-� in the same tissues (d). P � 0.01,
Wilcoxon rank sum (area-under curves for IFU comparison between panels a and c and IFN-� between
panels b and d [n � 3 to 6 from two independent experiments]).
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rescue correlated with decreased IFN-� in the same tissue samples. Thus, the above-
desribed observations have together demonstrated that either ILC1s or ILC3s are
responsible for the IFN-�-mediated inhibition of mutant colonization in the colon.

The ILCs required for inhibiting mutant colonization in the colon are depen-
dent on ROR�t, a signature transcriptional factor of ILC3. We further tested whether
the NK1.1� ILCs responsible for inhibiting the intracellular bacterial mutant are depen-
dent on IL-7 and/or IL-15 signaling, since these cytokines have been shown to promote
the development and maturation of ILCs (64, 65) in addition to their roles in promoting
T cell homeostasis (66) and memory T cell development (67). As shown in Fig. 6,
deficiency in either the IL-7 or IL-15 signaling pathway fully rescued mutant coloniza-
tion in mouse colon. Following intracolon inoculation, live organisms of the intracellular
bacterial mutant were continuously recovered from the rectal swabs of mice deficient
in receptors for either cytokine during the entire observation period. On day 28, live
organisms were detected in the large intestine tissues only, including cecum, colon,
and anorectal tissues, indicating that the replication of the intracolonically inoculated
mutant organisms was restricted to the large intestine despite the gene deficiency.
These observations demonstrated that both cytokine signaling pathways are required
for the NK1.1� ILCs to exhibit an antibacterial effect.

Since T-bet is a signature transcriptional factor for ILC1 (68), while ROR�t is one for
ILC3 (51), we compared the bacterial mutant colonizations in mice with and without
deficiency in T-bet or ROR�t (Fig. 7). We found that mice deficient in T-bet only showed
mutant colonization extended by one more week, up to day 14. By day 21, the mutant
was completely cleared, suggesting that T-bet is only partially required for inhibiting
the mutant during the first 2 weeks after inoculation. Thus, we conclude that ILC1s are
not essential for inhibiting the mutant. To our surprise, mice deficient in ROR�t showed
full rescue of colonization of the mutant, indicating that the NK1.1� ILCs responsible for
inhibiting the mutant represent ILC3-like cells.

Furthermore, the inhibitory function of ILC3 cells does not depend on the chemo-
kine receptor CCR6, since mice deficient in CCR6 failed to show rescue of mutant
colonization (Fig. 7). Although the failure of CCR6�/� mice to rescue the mutant
bacteria may not necessarily exclude the contribution of LTi-like ILC3s, it may suggest
that non-LTi ILC3s may be responsible for the inhibition of the mutant. The non-LTi
ILC3s can be divided into two subsets based on their expression of natural cytotoxicity
receptor 1 (NCR1) or natural killer cell p46 (NKp46) (69). We then monitored the

FIG 6 Both IL-7 signaling and IL-15 signaling are required to clear the intracellular bacterial mutant from
the colon. Wild-type C57BL/6J mice (a), IL-7 receptor knockout mice (IL-7R�/� [b]), and IL-15 receptor
knockout mice (IL-15R�/� [c]) were infected with 1 � 107 IFU of the mutant intracellular bacterial clone
G28.51.1 via intracolonic inoculation. On days 3 and 7 and weekly thereafter, rectal swabs were taken (a,
c, and e), or on day 28, mouse tissues were harvested (b, d, and f), as indicated along the x axis, for
monitoring live chlamydial organisms as shown along the y axis. Mouse tissues include different
segments of gastrointestinal tract and extra-GI tract tissues as described in the Fig. 1 legend. Note that
both IL-7R�/� mice (b) and IL-15R�/� knockout mice (c) rescued the ability of the mutant to colonize the
GI tract. P � 0.01, Wilcoxon rank sum (area-under curves for IFU comparison [n � 3 to 5 from 2
independent experiments]).
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colonization of the intracellular bacterial mutant in NCRgfp/gfp mice, since these mice
are genetically deficient in NCR1 and lack ILC1s and NCR1-dependent TRAIL expression
(70, 71). We found that in NCRgfp/gfp mice the mutant colonization was inhibited as
efficiently as in wild-type mice, suggesting that ILC1s are not critical for inhibiting
mutant colonization. Thus, we can conclude that IFN-�-producing ILC3-like cells are
responsible for preventing the intracellular bacterial mutant from establishing long-
lasting colonization in the colon.

DISCUSSION

In the present study, we have used Chlamydia as a model to investigate how an
obligate intracellular bacterium interacts with host ILCs, which has allowed us to reveal
a mechanism by which such a bacterium achieves long-lasting colonization in the colon
and obtain new information for understanding chlamydial pathogenesis (42) and
vaccine development (37). By taking advantage of a colon colonization-deficient mu-
tant bacterium and using mouse gene knockouts and antibody depletion for rescuing
mutant colonization, we have demonstrated that Chlamydia is able to cooperate with
IFN-�-producing ILCs to maintain long-lasting colonization in the mouse colon. First,
the colonization-deficient chlamydial mutant regained long-lasting colonization in
IFN-� knockout mice following intracolon inoculation, indicating that IFN-� is a critical
effector molecule that regulates chlamydial colonization in the colon. It is necessary for
wild-type Chlamydia to evolve functional genes for maintaining a homeostatic rela-
tionship with mouse gut IFN-�-mediated immunity in order to establish long-lasting
colonization in the colon. Second, mice deficient in conventional T lymphocytes failed
to show rescue of the mutant, suggesting that the responsible colonic IFN-� is
produced by innate cells. The failure of mice deficient in the Rag1 gene, which is
required for developing adaptive immune cells, to show rescue of the mutant coloni-
zation further validated the conclusion that innate immune cells are sufficient for
inhibiting the mutant. Third, antibody depletion of IFN-� or genetic deletion of IL-2Rc�

in Rag-deficient mice fully rescued mutant colonization, suggesting that the innate
immune cells responsible for producing colonic IFN-� are ILCs. This is because IL-2Rc�

is only expressed by lymphoid cells and all IL-2Rc�-expressing cells in Rag2�/� mice are
ILCs. Furthermore, depletion of NK1.1� cells in Rag1-deficient mice both prevented

FIG 7 ROR�t is essential for rescuing the intracellular bacterium mutant to achieve long-lasting coloni-
zation in mouse colon. Wild-type C57BL/6J mice (a and b), T-bet knockout mice (T-bet�/� [c and d]),
ROR�t knockout mice (ROR�t�/� [e and f]), CCR6 knockout mice (CCR6�/� [g and h]), and NCR1 knockout
mice (NCR1gfp/gfp or NKp46�/� [i and j]) were intracolonically infected with the intracellular bacterium
mutant at 1 � 107 IFU. On days 3 and 7 and weekly thereafter, rectal swabs were taken (panels a, c, e,
g, and i), or on day 28, mouse tissues were harvested (b, d, f, h, and j), as indicated along the x axis for
monitoring live chlamydial organisms as shown along the y axis. Mouse tissues include different
segments of gastrointestinal tract and extra-GI tract tissues as described in the Fig. 1 legend. Note that
T-bet�/� only extended the colonization of the mutant for an additional 1 week while ROR�t�/� fully
rescued the mutant colonization, although neither CCR6 nor NKp46 was required for clearing the mutant.
P � 0.01, Wilcoxon rank sum (area-under curves for IFU comparison between C57BL6/J and ROR�t�/�

mice [n � 3 to 5 from 2 or 3 independent experiments).

Bacterial Evasion of Gut Innate Lymphoid Cells Infection and Immunity

March 2020 Volume 88 Issue 3 e00798-19 iai.asm.org 7

https://iai.asm.org


IFN-� production and rescued mutant colonization, suggesting that the responsible
ILCs are either NK cells or the nonkiller ILC1s or ILC3s. This is because these cells are
responsible for expressing NK1.1 in Rag1�/� mice. Finally, the inhibitory function of the
responsible ILCs is dependent on both IL-7 and IL-15 signaling, since deficiency in either
receptor fully rescued the mutant colonization. These cytokine receptor-mediated
signaling pathways are required for the development and differentiation of different
ILCs (43, 65, 72).

We have further demonstrated that the IFN-�-producing ILCs responsible for inhib-
iting the bacterium mutant colonization in colon are ROR�t� ILC3-like cells but not
ILC1s. Both the killer ILC1s (conventional NK cells) and the helper ILC1s are considered
the major sources of innate IFN-� (73, 74). Innate IFN-� produced during chlamydial
infection in the airway or genital tract has been attributed to NK cells (21–29). However,
these previous studies did not attempt to differentiate NK cells from other ILCs. Thus,
the relative contributions of distinct ILC subsets to the production of IFN-� upon
chlamydial infection remained unclear. In the current study, we found that mice
deficient in ROR�t, a signature transcriptional factor of ILC3s, were able to show full
rescue of chlamydial mutant colonization. In contrast, deficiency in T-bet, a transcrip-
tional factor of ILC1s, only extended mutant colonization for 1 week, after which the
T-bet-deficient mice were no longer able to show rescue of the mutant. Together, these
observations demonstrate for the first time that the colonic IFN-� responsible for
regulating the long-lasting colonization of the obligate intracellular bacterium Chla-
mydia is produced by ILC3-like cells. Furthermore, the ILC1s were not critical for
controlling mutant colonization, as NCR1-deficient mice showed inhibition of mutant
colonization. NCR1, recognizing complement factor P as a ligand, has been shown to
promote mouse survival during lethal Neisseria meningitidis infections (75). This finding
is consistent with the above-mentioned observation that mice deficient in T-bet, a
transcriptional factor required for expression of NCR1 (69, 70), only showed delayed
clearance of the mutant for a week without full rescue of long-lasting colonization. The
fact that inhibition of mutant colonization is dependent on ROR�t but independent of
NKp46 has led us to both exclude the contribution ILC1s and narrow down the
responsible IFN-�-producing effector cells to a unique subset of ILC3s. The failure of
CCR6�/� mice to show rescue of colonization suggests that CCR6 is not required for
ILC3s to control intracellular bacterium colonization, as LTi-like ILC3s express CCR6 (76).
Thus, despite the roles of CCR6� cells (including many non-ILC cells) in intestinal
mucosal immunity (77), CCR6 expression is not required for inhibiting the intracellular
bacterium mutant colonization.

The IFN-�-producing CCR6� NCR1� ROR�t� ILC3 subset cells have been implicated
in microbial interactions with the host. Many intestinal ROR�t� ILC3s can be negative
for both NCR1 and CCR6 (52, 78). ILC3s are extremely flexible and can produce different
cytokine profiles in response to signals from local tissues (54, 58, 60, 61). For example,
IL-23 has been shown to induce NCR1� ROR�t� ILC3s to secrete both IL-17 and IFN-�
(55), which may participate in microbial induction of colitis (55–57). Although the
colitis-associated NCR1� ROR�t� ILC3s may coexpress T-bet, it remains unclear
whether T-bet coexpression is necessary for these cells to produce IFN-� (55). In
contrast, T-bet seems to be necessary for the function of NCR1� ROR�t� ILC3s (58, 60,
61). These NCR1� ILC3s have been shown to protect the epithelial barrier and promote
enterocolitis during Salmonella enterica infection (59) as well as contribute to the
development of ileitis induced by Toxoplasma gondii (20). In the current study, we have
shown that IFN-�-producing ROR�t� ILC3s are responsible for regulating the long-
lasting colonization of the obligate intracellular bacterium Chlamydia in the colon.
Since the chlamydial colonization in the colon is nonpathological (37), the current study
has provided the first example for the IFN-�-producing ROR�t� ILC3 subset to interact
with gut bacteria under nonpathological conditions, which may provide a suitable
platform for uncovering new mechanisms by which gut microbiota interact with ILCs.
Microbiota are known to confer colonization resistance to pathogenic microbial infec-
tions (79–81). One of the mechanisms is by maintaining the production of IFN-� in the
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mucosal tissue (80). However, it is not clear whether ILCs are required for microbiota to
maintain IFN-�-mediated colonization resistance, although microbiota have been
shown to induce regulatory ILCs for attenuating gut inflammation (9, 16). Here, we have
presented evidence that the nonpathological long-lasting colonization of the obligate
intracellular bacterium Chlamydia is regulated by IFN-�-producing ROR�t� ILC3-like
cells, which suggests that this subset of ILC3s may contribute to microbiota-induced
IFN-�-mediated colonization resistance.

The IFN-� deficiency-dependent rescue of the ability of the chlamydial mutant clone
G28.51.1 to colonize the mouse colon has motivated us to test whether the mutant is
more susceptible to IFN-�-induced cell-autonomous inhibition of chlamydial growth in
a cell culture system. This is because parental wild-type Chlamydia muridarum is known
to evade interferon-induced cell-autonomous mechanisms (82). To our surprise, the
mutant did not show any significant increase in susceptibility to IFN-� inhibition (data
not shown). These results suggest that Chlamydia may be able to evade immunity
mediated by IFN-� produced by CCR6� NCR1� ROR�t� ILC3s via indirect mechanisms
in addition to the cell-autonomous mechanisms. Microbiota have been shown to use
their metabolites, such as short-chain fatty acids, to induce T regulatory cells (Tregs)
(83–85) and suppress Th17/ILC3 (15), which may enable microbiota evasion of antimi-
crobial immunity. Thus, efforts are under way to both optimize the in vitro inhibition
experimental conditions and explore non-cell-autonomous mechanisms in mice.

It is worth noting that besides clone G28.51.1 (86, 87), there are other C. muridarum
mutants that have been shown to be defective in colonizing the GI tract and suscep-
tible to IFN-� inhibition (88, 89). A common property of these mutants is that they all
carry mutations in chromosomal genes. It will be interesting to test whether all these
chromosomal gene mutants are defective in colonizing the large intestine and are
susceptible to inhibition by IFN-� produced by ILC3-like cells. These experiments will
likely reveal how the obligate intracellular bacterium C. muridarum has learned to use
multiple chromosomal genes to deal with innate IFN-� in order to achieve long-lasting
colonization in the colon. We have recently shown that a C. muridarum mutant deficient
in the plasmid-encoded pGP3 remains resistant to IFN-� and can maintain long-lasting
colonization in the colon (62) but is highly susceptible to gastric acid killing (90). Thus,
it appears that the obligate intracellular bacterium C. muridarum may have acquired the
plasmid for aiding its journey to the large intestine, where it may then switch on its
chromosomal genes for living a long life.

MATERIALS AND METHODS
Intracellular bacterial strains. The obligate intracellular bacterial organisms used in the current

study were wild-type Chlamydia muridarum clone G13.32.1 and mutant clone G28.51.1 (86, 87). G13.32.1
and G28.51.1 are isogenic to each other, with two mutations in G28.51.1 genome: a substitution mutation
in gene tc0237 (a guanine at chromosomal position 277313 is replaced with a cytosine [G277313C]),
resulting in an amino acid substitution at codon 117 from glutamine (Q) to glutamic acid (E), designated
mutation TC0237Q117E, and another mutation in gene tc0668 (a guanine at chromosomal position
797979 is replaced with an adenine [G797979A]), resulting in a stop codon at codon 216 originally coding
for glycine (G), designated mutation TC0668G216*. The wild-type G13.32.1 and mutant G28.51.1 clones
were found to achieve similar colonizations in the mouse genital tract (87), but G28.51.1 was significantly
defective in colonizing the mouse GI tract following intragastric inoculation (62, 91). Both of these
intracellular bacterium clones were grown in HeLa cells (human cervical carcinoma epithelial cells; ATCC
CCL-2) for density gradient purification into elementary bodies (EBs) and stored in aliquots at – 80°C until
use as described previously (40).

Mouse infection. The mouse experiments were carried out in accordance with the recommenda-
tions in the Guide for the Care and Use of Laboratory Animals, endorsed by the National Institutes of
Health (92). The protocol was approved by the Committee on the Ethics of Laboratory Animal Experi-
ments of the University of Texas Health Science Center at San Antonio.

The following 5- to 7-week-old female mice used in the current study were all from Jackson
Laboratories, Inc., Bar Harbor, ME: wild-type mice (C57BL/6J, stock number 000664) or mice deficient in
IFN-� (B6.129S7-Ifngtm1Ts/J or IFN-��/�, 002287), CD8 (B6.129S2-Cd8atm1Mak/J or CD8�/�, 002665), both T
cell receptor � and � chains (B6.129P2-Tcrbtm1Mom Tcrdtm1Mom/J or TCR���/�, 002122), recombination-
activating gene 1 (B6.129S7-Rag1tm1Mom/J or Rag1�/�, 002216), recombination-activating gene 2 plus
interleukin 2 (IL-2) receptor common gamma chain (C;129S4-Rag2tm1.1Flv Il2rgtm1.1Flv/J or Rag2�/� �c�/�,
014593), IL-7 receptor (B6.129S7-Il7rtm1Imx/J or IL-7R�/�, 002295), IL-15 receptor (B6;129 � 1-Il15ratm1Ama/J
or IL-15R�/�, 003723) T-bet (B6.129S6-Tbx21tm1Glm/J or T-bet�/�, 004648), ROR�t (B6.129P2-Rorctm1Litt/J or
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ROR�t�/�, 007571), CCR6 (B6.129P2-Ccr6tm1Dgen/J or CCR6�/�, 005793), or NCR1 (B6;129-Ncr1tm1Oman/J or
NCR1gfp/gfp or NKp46�/�, 022739).

All mice were inoculated with C. muridarum EBs at 2 � 105 to 1 � 107 inclusion-forming units (IFU)
per mouse via intracolon inoculation as described previously (62). Briefly, EBs were diluted in 50 �l of SPG
(220 mM sucrose, 12.5 mM phosphate, 4 mM L-glutamic acid [pH 7.5]) buffer that contained the desired
number of IFU and organisms as indicated for individual experiments and delivered to the colon using
a straight ball-tipped needle designed for mouse oral gavage (N-PK 020; Braintree Scientific, Inc.,
Braintree, MA). After inoculation, mice were monitored for live organism shedding in rectal swabs or
sacrificed for titrating live organisms in designated organs/tissues.

Mouse treatments. In some experiments, mice were treated with a rat anti-IFN-� (clone XMG1.2,
IgG1/�) or a mouse anti-NK1.1 (clone PK136, IgG2a/�) antibody (both were purchased from Bio X Cell,
West Lebanon, NH). The control groups were similarly treated with rat IgG (code 012-000-002) or normal
mouse IgG (code 015-000-002; both from Jackson ImmunoResearch Laboratories, Inc., West Grove, PA).
The antibody depletion treatment was carried out in Rag1�/� mice in order to assess the roles of innate
IFN-� and NK1.1� cells in controlling G28.51.1 organism colonization. The treatment began on 5 days
(�5) prior to intracolon infection, followed by �2 days, 2 days after infection, and twice a week thereafter
throughout the experiments. Each injection was administered intraperitoneally with 400 �g of IgG in
400 �l of phosphate-buffered saline (PBS) as described previously (93).

Titration of live chlamydial organisms from mouse swabs and tissues. For monitoring live
organism shedding from GI tracts, rectal swabs were taken on day 3 postinoculation and weekly
thereafter. Each swab was soaked in 0.5 ml of SPG buffer and vortexed with glass beads to release
infectious EBs for quantitation. For titration of live chlamydial organisms recovered from mouse tissues,
various organs/tissues were harvested on designated days after inoculation as specified for individual
experiments. Each organ or tissue segment was transferred to a tube containing 0.5 ml (for each segment
of the genital tract tissue) or 2 ml (for each remaining tissue/organ) of SPG buffer. The organs and tissue
segments were homogenized in cold SPG buffer.

The live C. muridarum organisms released into swab suspensions or tissue supernatants were titrated
on HeLa cells in duplicate as described previously (94). The total numbers of IFU/swab or tissue were
converted into log10 values for calculating the mean and standard deviation across mice of the same
group at each time point. The detection limits of the above titration method are 10 IFU per swab and
40 IFU per tissue sample. This is because we always used 50 �l of the total volume (500 �l for swab and
2,000 �l for tissue), starting with neat tissue homogenates without dilution and then following with serial
dilutions to titrate the number of IFU of a given sample. We counted the entire titration culture well for
chlamydial inclusions when the inclusion density was low, allowing the detection of a single IFU per
50-�l sample.

Immunofluorescence assay. An immunofluorescence assay was used for titrating live organisms as
described previously (37). Briefly, HeLa cells grown on coverslips were fixed with paraformaldehyde
(Sigma) and permeabilized with saponin (Sigma). After being washed and blocked, the cell samples were
subjected to a combination of antibody and chemical staining. Hoechst (blue; Sigma) was used to
visualize nuclear DNA. A rabbit antichlamydial antibody (raised by immunization with C. muridarum EBs
[data not shown]) and a goat anti-rabbit IgG conjugated with Cy2 (green) (Jackson ImmunoResearch
Laboratories, Inc.) were used to visualize chlamydial inclusions. The cell samples after immunolabeling
were used for counting inclusions under an Olympus AX-70 fluorescence microscope equipped with
multiple filter sets (Olympus, Melville, NY).

Measurement of cytokines in mouse tissues using ELISA. An enzyme-linked immunosorbent assay
(ELISA) kit for measuring mouse IFN-� from cecum and colon tissues was purchased from R&D Systems,
Inc. (catalog no. MIF00). The cecum and colon tissues homogenized in SPG buffer were added with a
protease inhibitor cocktail (catalog no. 78430, 100� stock; Thermo Fisher Scientific, Waltham, MA) at a
final concentration of 2�. The neat homogenates were 2-fold serially diluted with PBS containing 2�
inhibitor cocktail, and the diluted samples were applied to 96-well plates precoated with a capture
antibody. IFN-� binding was detected with a detection antibody plus detection reagent. The absorbance
at 450 nm was detected with a Synergy H4 microplate reader (BioTek, Winooski, VT), and the results were
expressed as picograms per milliliter based on the standard curve obtained from the plate.

Statistics. The numbers of live organisms expressed as IFU were compared between groups using
a Wilcoxon rank sum test.
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