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ABSTRACT Innate lymphoid cells (ILCs) comprise five distinct subsets. ILCs are
found at mucosal barriers and may fight invading pathogens. Chlamydia is an intra-
cellular bacterium that infects the mucosa of the genital tract and can cause severe
tissue damage. Here, we used a mouse infection model with Chlamydia muridarum
to measure the reaction of genital tract ILCs to the infection. Tissue-resident natural
killer (NK) cells were the largest group in the uninfected female genital tract, and
their number did not substantially change. Conventional NK cells were present in
the greatest numbers during acute infection, while ILC1s continuously increased to
high numbers. ILC2 and ILC3s were found at lower numbers that oscillated by a fac-
tor of 2 to 4. The majority of ILC3s transdifferentiated into ILC1s. NK cells and ILC1s
produced gamma interferon (IFN-g) and, rarely, tumor necrosis factor (TNF), but only
early in the infection. Lack of B and T cells increased ILC numbers, while the loss of
myeloid cells decreased them. ILCs accumulated to a high density in the oviduct, a
main site of tissue destruction. ILC subsets are part of the inflammatory and immune
reaction during infection with C. muridarum and may contribute to tissue damage
during chlamydial infection.
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C hlamydia trachomatis is the most common agent of sexually transmitted bacterial
disease worldwide. The prevalence of C. trachomatis in young adults is in the order

of 3% to 5%, and the global yearly incidence is about 130 million cases (1, 2). The main
clinical problem of genital infection with C. trachomatis is the propensity of the bacte-
ria to ascend through the female genital tract, with the potential of permanent tissue
damage and infertility and ectopic pregnancy (3, 4). The inflammatory response is a
major contributor to tissue damage (4). The immune reaction is complex, and although
it is not well understood in humans (5), animal models agree that Chlamydia can be
cleared by the immune response (6–8). A number of factors have been identified that
contribute to tissue damage as well as to immunity, mostly in the infection model of
mice with Chlamydia muridarum (9). Depletion of neutrophils reduces tissue damage
(10). CD4 as well as CD8 T cells have been implicated in tissue damage (11, 12), and tu-
mor necrosis factor (TNF) signaling appears to play a role (12, 13). A protective role of
CD4 T cells during chlamydial infection has also been reported, and the cytokines
gamma interferon (IFN-g) and interleukin 12 (IL-12) contribute to protection (8).

Innate lymphoid cells (ILCs) are lymphocytes lacking diversified T or B cell receptors.
ILCs are part of the innate immune system and are currently divided into five cell types.
Apart from the lymphoid tissue inducer (LTi) cells, ILCs have equivalents in the T-cell
lineage, with one cytotoxic cell type (natural killer [NK] cells) and three cell types with
particular specificities in terms of cytokine production (ILC1 to ILC3, producing a similar
pattern of cytokines as TH1, TH2, and TH17 cells) (14). ILCs, with the exception of NK
cells, are scarce in lymphoid organs but are mostly present at mucosal surfaces (14).
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The reason for this localization is not entirely clear (15), but one interpretation is that
ILCs have a role in defense against pathogens invading through these surfaces; a num-
ber of examples for this activity have been reported in experimental infections of the
lung or the intestine (16). All types of ILCs are present in differing numbers in the
mouse female genital tract (17). The two known types of NK cells, conventional NK
(cNK) and tissue-resident NK (trNK) cells show substantial variation in the uterus
depending on sexual maturity (18), and mice lacking NK cells had a higher viral load
upon genital infection with herpes simplex virus (19). A direct antibacterial activity of
NK cells in decidua has recently been described (20). Depletion of NK cells was associ-
ated with a loss of early IFN-g production during infection and an exacerbation of the
C. muridarum infection (21), although this study has the limitation that the depletion
method used (anti-asialo-GM1 antibodies) also affects other cell populations, such as
ILC1s, some T cells, and basophils. A recent study investigated the role of ILCs by com-
paring RAG-deficient mice (which have no T or B cells) with RAG/IL-2R common
g-chain-deficient mice (which additionally have no ILC) and found a role of ILCs as pro-
ducers of IFN-g in containing the human pathogen Chlamydia trachomatis (22) during
mouse infection. Indeed, the transfer of ILC3-like cells could protect mice from intesti-
nal colonization with a C. muridarum mutant strain that was sensitive to IFN-g (23). We
provide here a detailed study of the dynamics and activity of the various ILC popula-
tions in the murine female genital tract (FGT) in response to infection with C. murida-
rum. We found distinct reactions of the various cell populations, which differed
between the FGT organs and depended substantially on the presence of myeloid cells.

RESULTS

We measured the numerical dynamics of ILCs in the FGT during C. muridarum infec-
tion. Bacterial replication starts at the cervix uteri and ascends to the upper parts of the
FGT, and bacteria are cleared after 3 to 4 weeks (24). We devised a gating strategy to
detect ILCs in single-cell suspensions prepared from the whole FGT of mice and were
able to identify cNK/trNK cells, ILC1s, ILC2s, and ILC3s by multicolor staining and flow
cytometry (see Fig. S1 in the supplemental material). All populations were detectable in
uninfected mice (Fig. 1), with NK cells (cNK and trNK; the two groups are discussed sepa-
rately further below) at about 30,000 cells being by far the largest population. The lowest
numbers were found for ILC3s (around 100 cells per FGT). Upon infection, NK cell num-
bers expanded 2- to 3-fold over the first 3 days and then stayed relatively constant until
day 30. When mice were reinfected on day 50, no substantial change in numbers was
seen (Fig. 1A). A high interindividual variability was observed at some time points. It is a
characteristic of this model that many but not all mice develop a severe inflammatory
phenotype, associated with higher numbers of inflammatory cells, and this very likely
contributes to the observed variation (see also Fig. 6). ILC1s expanded by a factor of 5 to
10 over 30 days, contracted significantly by day 50, and showed no significant changes
upon reinfection (Fig. 1B). There were small changes in the numbers of the ILC2 popula-
tion; a nonsignificant reduction in cell numbers occurred between days 4 and 7, but the
numbers throughout remained around 1,000 to 3,000 cells per total FGT (Fig. 1C).
Similarly, ILC3s showed some variation and, overall, even lower numbers, in the range of
approximately 100 to 400 cells per FGT (Fig. 1D).

The (small) loss of ILC2s between days 4 and 7 may have been due to apoptosis, and
we therefore tested vav-bcl-2 transgenic mice. These mice express high levels of human
Bcl-2 under the vav promoter, and all hematopoietic cells investigated have been found
to have high Bcl-2 levels (25). We tested the expression of human Bcl-2 in ILCs and found
high levels in these cell populations as well, indicating expression of the transgene (Fig.
S2A). Most forms of “contractions,” i.e., reductions in population size in immune cell popu-
lations, are inhibited by Bcl-2 (see for instance reference 26). We found no difference
between the strains, suggesting that Bcl-2-inhibitable apoptosis is not involved in the
reduction; similarly, day 30 counts of NK cells were not elevated in vav-bcl-2mice, arguing
against a major role of mitochondrial apoptosis in the turnover of these cells (Fig. S2B to
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FIG 1 Dynamics of innate lymphoid cell (ILC) numbers in whole FGTs upon infection with Chlamydia
muridarum. Wild-type (wt) mice were infected intravaginally with 5 � 105 inclusion-forming units (IFUs) of C.
muridarum. FGTs were isolated at the indicated time points, and leucocytes of whole FGTs were analyzed by
immunostaining and subsequent flow cytometry. Absolute cell numbers were obtained by including a defined
number of reference beads. (A) Natural killer (NK) cells were defined as CD451, Lin(CD3, CD5, CD19, TCRb ,
TCRgd , F4/80, Fc«R1a, Ly6G)2, NK1.11, Eomes1 cells. (B) ILC1s were defined as CD451, Lin2, NK1.11, Eomes2

cells. (C) ILC2s were defined as CD451, Lin2, CD1271, ST21, GATA31 cells. (D) ILC3s were defined as CD451,
Lin2, CD1271, RORgt1 cells. Data show mean and standard error of the mean (SEM) of 3 to 9 mice; the
numbers of mice and experiments are separately listed in Table S1 in the supplemental material. Significance
between means was tested by Tukey’s multiple-comparison test (*, P , 0.05; other differences were not
significant). ILC, innate lymphoid cell; NK, natural killer; dpi, days postinfection. (E, F) EomesGFP/1 Rosa26YFP/1

Rorc(gt)-Cretg mice were infected intravaginally with 5 � 105 IFUs of C. muridarum. FGTs were isolated at the
indicated time points, and leucocytes of whole FGTs were analyzed via immunostaining and subsequent flow
cytometry. Percentage of exRORgt-ILC3s (defined as CD451, Lin2, NK1.11, Eomes2, RORgt-fm1) relative to ILC1s
(defined as CD451, Lin2 NK1.11, Eomes2) (B) and absolute exRORgt-ILC3 numbers (C) were calculated using
absolute ILC1 numbers (Fig. 1B). Data show means and SEM of 2to 6 mice. Significance between means was
tested by Sidak’s multiple-comparison test (*, P = 0.05).
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D). There were no significant changes in ILC3 numbers during the observation period. We
had expected that ILC3s, which play a role in the defense against a bacterial pathogen in
the mouse intestine (27), might also contribute to the reaction during chlamydial infec-
tion. ILC3s further can contribute to hyperinflammation in the intestine (28), and an
inflammatory effect plays a role in C. muridarum-induced tissue damage. ILC3s have the
potential to transdifferentiate into ILC1s under the influence of proinflammatory cytokines
(29). We therefore considered the possibility that such transdifferentiation was the reason
for the lack of ILC3 expansion and used fate map reporter mice to detect such a potential
conversion. EomesGFP/1 Rosa26YFP RorcCre-Tg mice permit the identification of all cells that
at one stage have expressed the transcription factor RORgt (30). Because RORgt is
expressed by ILC3s but lost again if they convert to ILC1s, these mice permit the identifi-
cation of exRORgt-ILC3s. We infected these mice with C. muridarum and measured the
number of cells that were phenotypically ILC1 but expressed yellow fluorescent protein
(YFP) as a marker of the history of RORgt expression (exRORgt-ILC3s) (31). The relative
number of exRORgt-ILC3s as a percentage of all ILC1s was remarkably constant at about
10% throughout the infection (Fig. 1E). Because of the large increase in ILC1s, there was,
however, a substantial increase in total cell number to about 2,000 exRORgt-ILC3s on day
30, with exRORgt-ILC3s outnumbering ILC3s by a factor of about five (Fig. 1F). Although
relatively few ILC1s had a history as ILC3s, this conversion substantially reduced the num-
bers of ILC3s and may have been functionally relevant during the course of the infection.

We proceeded to an analysis with higher spatial resolution and analyzed parts of the
FGT separately. The infection starts at the cervix and ascends into the uterine horns and
eventually into the upper parts of the FGT, comprising oviducts and ovaries (here referred
to as oviducts). We divided the FGT and analyzed these parts separately. Depending on
the readout, the FGT was analyzed in 3 to 6 parts, as illustrated in Fig. S3. A high load of C.
muridarum was found in the cervix on days 3 to 7; the number of detectable bacteria
declined until day 21, and bacteria were undetectable by day 30 (genome equivalents
were quantified by PCR; see Fig. S4). The bacteria spread surprisingly quickly through the
uterus and reached a peak at day 7 in the oviducts; again, no bacteria were detectable on
day 30. The inflammatory activity in the various organs of the FGT is likely important.
Clinically relevant tissue damage occurs especially in the oviduct, where scarring compro-
mises its function and leads to blockade of the passage and to hydrosalpinx, a dilation of
the oviducts through fluid retention. Loss of oviduct function causes infertility. Severe
inflammation in the adjacent uterine horns may have similar effects.

cNK cells were found at high abundance, especially in the uterine horns (Fig. 2A).
However, relative to the size of the organs (expressed as cells per mg tissue), cNK cells were
most abundantly found in the oviduct/ovary (oviduct) tissue (Fig. 2A). cNK cells were, how-
ever, found at only very low numbers on day 30, indicating a transient role. trNK cells were
mostly located in the uterine horns, and their numbers showed little variation, although a
small increase in the oviduct around 7 days postinfection (dpi) was seen (Fig. 2B). The con-
tinuous increase of ILC1 over 30 days was mostly confined to the uterine horns, with a tran-
sient accumulation in the oviduct that had almost resolved on day 30 (Fig. 2C). ILC2s,
although at lower numbers, were also found, especially in the oviduct on day 7 (Fig. 2D).
Overall, little ILC accumulation was seen in the cervix (Fig. 2). The results suggest that the
inflammatory responses at the uterine horns versus the oviduct follow different kinetics
and are not strictly determined by the actual bacterial presence.

NK cells are important producers of IFN-g. ILC1 can produce both TNF and IFN-g
(32). We measured the production of TNF and IFN-g by group 1 ILCs (NK cells and
ILC1s) by flow cytometry. Few cells produced TNF at any of the tested time points;
ILC1s were the main producers, with about 5% of cells expressing detectable TNF pro-
tein on day 4 (Fig. 3A to C). The proportion of cells producing IFN-g reached about 15%
to 20% in cNK cells, trNK cells, and ILC1s (Fig. 3D to F); the absolute numbers of the
cells are given in Fig. 3G to I. The most surprising aspect here was that cytokine pro-
duction had a clear peak earlier on, and hardly any cells produced IFN-g on day 30, de-
spite the continued presence (NK cells) or even continuous numerical expansion
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FIG 2 Dynamics of ILC numbers in FGT parts per mg tissue upon infection with C. muridarum. wt mice were
infected intravaginally with 5 � 105 IFUs of C. muridarum. FGTs were isolated at the indicated time points, and
leucocytes of the various FGT parts were analyzed by immunostaining and flow cytometry. Absolute cell
numbers were obtained by including a defined number of reference beads and are represented relative to the
corresponding tissue weight. (A) cNK cells were defined as CD451, Lin(CD3, CD5, CD19, TCRb , TCRgd , F4/80,
Fc«R1a, Ly6G)2, NK1.11, Eomes1, CD49a2 cells. (B) trNK cells were defined as CD451, Lin2, NK1.11, Eomes1,
CD49a1 cells. (C) ILC1s were defined as CD451, Lin2, NK1.11, Eomes2, CD49a1 cells. (D) ILC2s were defined as
CD451, Lin2, CD1271, ST21, GATA31 cells. Panels on the left give total cell numbers and panels on the give cell
numbers per tissue weight. Data show means and SEM of 3 to 9 mice (only two mice for uninfected uterine
horns, group 1 ILCs). The numbers of mice and experiments are separately listed in Table S1. Significance
between means was tested by Tukey’s multiple-comparison test (*, P , 0.05; other differences were not
significant). ILC, innate lymphoid cell; cNK, conventional natural killer; trNK, tissue-resident natural killer; dpi,
days postinfection.
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(ILC1s) of the cells. We attempted to study ILC1 function during C. muridarum infection
by the use of ncr1-deficient mice, which had been reported to have a severe reduction
in ILC1s (NCR1-GFP/GFP mice [33]). However, in our colony, these mice had, unexpect-
edly, normal numbers of cNK and ILC1s, with a minor reduction in trNK cells in their
FGT (Fig. S5), and were therefore not suitable for this purpose.

We next measured the expression of cytokines known to activate ILCs by PCR in
FGT tissue. An increase in IL-15, known to activate group 1 ILCs, was detectable on day
4 and, surprisingly, again on day 21, especially in the uterine horn. IL-18, also a group 1
ILC-activating cytokine, was also measured, but there were no significant changes,
while IL-33, an ILC2-activating cytokine, was elevated on day 4 (Fig. 4).

To understand the role of ILCs as part of the reacting immune system, we infected
mouse strains with deficiencies in immune cell populations with C. muridarum and
monitored the dynamics of ILC populations. RAG1-deficient mice (which have no B or
T cells) had normal group 1 ILC and ILC2s when uninfected, but group 1 ILCs expanded
more strongly, while the ILC2 population in RAG1-deficient mice did not contract at
the end of the first week as it did in wild-type (wt) mice (Fig. 5A to C; because RAG1-de-
ficient mice cannot clear the infection, we did not analyze later time points).

FIG 3 IFN-g and TNF production by group1 ILCs upon infection with C. muridarum. wt mice were infected
intravaginally with 5 � 105 IFUs of C. muridarum. FGTs were isolated at indicated time points and leucocytes of
FGT uterine horns were analyzed via immunostaining and subsequent flow cytometry. TNF (A to C) and IFN-g
(D to I) production of group 1 ILCs. cNK cells were defined as CD451, Lin(CD3, CD5, CD19, TCRb , TCRgd , F4/80,
Fc«R1a, Ly6G)2, NK1.11, Eomes1, CD49a2 cells. trNK cells were defined as CD451, Lin2, NK1.11, Eomes1,
CD49a1 cells. ILC1s were defined as CD451, Lin2, NK1.11, Eomes2, CD49a1 cells. Percentages (D to F) and
absolute numbers (G to I) of cells positive for gamma interferon (IFN-g). Data show means and SEM of 6 to 9
mice. The exact numbers of mice and experiments are separately listed in Table S1. Significance between
means was tested by Sidak’s multiple-comparison test (*, P , 0.05; other differences were not significant). ILC,
innate lymphoid cell; cNK, conventional natural killer; trNK, tissue-resident natural killer, dpi, days postinfection.

Barth et al. Infection and Immunity

November 2021 Volume 89 Issue 11 e00800-20 iai.asm.org 6

https://iai.asm.org


A salient feature of the early response to C. muridarum infection is the accumulation
and activation of myeloid cells in the FGT (9). We therefore used a mouse model in
which myeloid cells show a strongly reduced response to the infection. The chemokine
receptor CCR2 is expressed by inflammatory monocytes, and mice deficient in CCR2
have lower numbers of monocytes in blood and in infected organs, presumably due to
reduced egress of the cells from the bone marrow (34). Upon C. muridarum infection,
there was a massive accumulation of monocytes in the FGT during the first week, but
monocyte numbers were reduced to about 1% of those in the wt in CCR2-deficient
mice (Fig. S6B). Neutrophils were less strongly reduced in these mice (about 5-fold)
(Fig. S6C). We observed reductions in NK and ILC1 numbers in CCR2-deficient mice, but
only early on (day 4) and only by about half (Fig. 5D and E); a reduction in ILC2s was

FIG 4 mRNA levels of ILC-activating cytokines in wt mice upon infection with C. muridarum. wt mice were
infected intravaginally with 5 � 105 IFUs of C. muridarum. FGTs were isolated at the indicated time points, and
RNA was obtained from the various FGT parts for quantitative PCR (qPCR). Relative mRNA levels of interleukin
15 (IL-15) (A), IL-18 (B), and IL-33 (C) (normalized to b-actin) are shown. Data show means and SEM of 3 to 9
mice (only two mice for cervix d21 IL-18). The exact numbers of mice and experiments are separately listed in
Table S1. Significance between means was tested by Tukey’s multiple-comparison test (*, P , 0.05; other
differences were not significant). dpi, days postinfection; ctrl, control.
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also seen (Fig. 5F). Myeloid cells, which are recruited rapidly upon C. muridarum infec-
tion, thus contribute to the accumulation of ILCs at the earlier stages of the infection.

We finally investigated the association of ILC presence with tissue damage upon C.
muridarum infection. Tissue destruction in this model can be macroscopically observed
from about 3 weeks on and exacerbates at later stages, although bacteria are unde-
tectable during this time (Fig. S4). One relevant form of tissue damage is the inflamma-
tion-associated scarring of the oviduct that leads to hydrosalpinx. Of 49 mice analyzed
on day 30, 30 had developed hydrosalpinx, 15 of them two-sided. Using oviduct tissue
weight as a quantitative indicator of inflammation, we found clear and significant posi-
tive correlations between inflammation and the individual presences of NK, ILC1s and
ILC2s (Fig. 6A to D). No significant correlation was found between CD45-negative

FIG 5 Dynamics of ILC numbers in whole FGTs comparing WT, RAG12/2, and Ccr22/2 mice upon infection with
C. muridarum. wt, RAG12/2, and Ccr22/2 mice were infected intravaginally with 5 � 105 IFUs of C. muridarum.
FGTs were isolated at the indicated time points, and leucocytes of whole FGTs were analyzed via
immunostaining and subsequent flow cytometry. Absolute cell numbers were obtained by including a defined
number of reference beads. (A to C) Comparison of wt and RAG12/2 mice. (D to F) Comparison of wt and
CCR22/2 mice. (A, D) NK cells were defined as CD451, Lin(CD3, CD5, CD19, TCRb , TCRgd , F4/80, Fc«R1a,
Ly6G)2, NK1.11, Eomes1 cells. (B, E) ILC1s were defined as CD451, Lin2, NK1.11, Eomes2 cells. (C, F) ILC2s were
defined as CD451, Lin2, CD1271, ST21, GATA31 cells. Data show means and SEM of 3 to 9 mice. The exact
numbers of mice and experiments are separately listed in Table S1. Significance between means was tested by
unpaired t test (*, P = 0.05). All statistically significant differences are indicated.
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(nonimmune) cells and tissue weight (Fig. 6E). However, similar correlations were
observed for neutrophils, monocytes, and T cells (Fig. S7), suggesting that general, sus-
tained inflammatory activity involving various immune cells—rather than the activity
of individual cell populations—contributes to chronic inflammation. A strong correla-
tion between the weight of the uterine horns and the presence of cNK cells and ILC1s
was observed, and, less strongly, with the presence of trNK cells and ILC2s (Fig. S8).

DISCUSSION

This study provides an analysis of the dynamics of ILC populations in the FGT within
the immune response during the infection with C. muridarum. While NK cells were the

FIG 6 Correlation of the absolute numbers of ILCs or CD45-negative cells and the corresponding oviduct
weight. wt mice were infected intravaginally with 5 � 105 IFUs of C. muridarum. FGTs were isolated at 30 dpi,
and leucocytes of FGT oviducts were analyzed via immunostaining and subsequent flow cytometry. Data points
represent the absolute number of cells in the oviduct, which were obtained by including a defined number of
reference beads, and corresponding oviduct weights. (A) cNK cells were defined as CD451, Lin(CD3, CD5, CD19,
TCRb , TCRgd , F4/80, Fc«R1a, Ly6G)2, NK1.11, Eomes1, CD49a2 cells. (B) trNK cells were defined as CD451,
Lin2, NK1.11, Eomes1, CD49a1 cells. (C) ILC1s were defined as CD451, Lin2, NK1.11, Eomes2, CD49a1 cells. (D)
ILC2s were defined as CD451, Lin2, CD1271, ST21, GATA31 cells. (E) Nonhematopoietic cells were defined as
CD45 negative. The exact numbers of mice and experiments are separately listed in Table S1. Significance was
tested by linear regression (*, P , 0.05; **, P , 0.01; ***, P , 0.001; n.s., P . 0.05). ILC, innate lymphoid cell;
cNK, conventional natural killer; trNK, tissue-resident natural killer.
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largest population of ILCs, ILC1s also accumulated substantially, and ILC3s made an
interesting contribution through their conversion into ILC1s; ILC2s were present in rela-
tively low numbers. The kinetics differed not only between ILC populations but also
within the various organs of the FGT; cNK cells, ILC1s, and ILC2s all accumulated, espe-
cially in the oviducts. ILC population dynamics partly depended on other immune cell
populations. The results suggest that ILCs are part of the complex immune and inflam-
matory response to chlamydial genital infection.

Other models have shown, using parabiotic mice, that ILC populations other than
cNK cells expand locally rather than through recruitment from the blood; only in a
chronic (worm) infection were ILC2s also recruited (35). Injection of human ILC precur-
sor cells into alymphoid mice also supports this concept of tissue residency (36).
Similarly, uterine trNK cells have been demonstrated to be a distinct, tissue-resident
population (37); even during chlamydial infection in the model we used, this popula-
tion expanded only mildly. Inhibition of apoptosis by the transgenic expression of Bcl-
2 had no major impact, suggesting that mitochondrial apoptosis, which regulates pop-
ulation size in many types of immune reaction, does not substantially contribute to the
dynamics of population size. The contribution of uterine NK cells to C. muridaum infec-
tion has been tested previously. YAC cell cytotoxicity (which measures NK cell activity)
was observed in a previous study; the same study found that depleting NK cells (and
some additional cell populations) with anti-asialo-GM antibody reduced IFN-g secretion
and led to an increase in bacterial load (21). NK1.1-positive cells have been found to
secrete IFN-g during the first week of infection (38). Depleting NK1.1-positive cells
(group 1 ILC) prior to infection had no major effect on numbers of bacteria shed from
the cervix of infected mice (39), although it enabled intestinal colonization of mice
with an IFN-g-sensitive strain of C. muridarum (23). Uterine trNK cells were described a
few years ago as a separate lineage of NK cells (37). As expected, the variation in NK
cell numbers during C. muridarum infection was largely in the cNK population, which
expanded about 20-fold during the first week. Both NK cell populations produced IFN-
g—although at a rather low frequency of about 20%—but this did not correlate well
with either the presence of bacteria or the recruitment of the cells. There was strong
ongoing recruitment of cNK cells between days 4 and 7 postinfection, and an increase
in bacterial number. However, by day 7, less than 5% of cNK cells (but 20% of trNK
cells) produced IFN-g. Even more strikingly, about 25% of ILC1s produced IFN-g on day
4, but almost none did on day 30, although the accumulation of the cells continued
until at least day 30. This suggests two conclusions, as follows: first, there may be a dif-
ferent localization, with different exposure to bacteria and other activating cells (epi-
thelial cells, myeloid cells, and T cells) of the three types of group 1 ILC. Second, it
appears that recruited cells are either inactive or have some other activity. Although by
mRNA expression pattern, resting uterine trNK cells cluster more closely with ILC1s
than with cNK cells (18), their reaction patterns in terms of accumulation and cytokine
production were rather different. The ILC1 population that accumulates during C. muri-
darum infection may be functionally different from the small resident ILC1 population.
Approaches permitting more comprehensive single-cell resolution of cell activity will
be necessary to clarify their activity, and a better anatomical resolution of the immune
response in the tissue will be necessary for understanding infection.

ILC2s were found at relatively low numbers only, and a significant increase in their
number was only seen on day 4 in the uterine horns. Like cNK cells and ILC1s, ILC2s
accumulated to relatively high densities in the oviduct tissue on day 7. ILC2s, activated
by IL-33, have been shown to contribute to fibrosis in the lung (40) and liver (41), and
IL-33 mRNA was increased in the cervix but not in other regions of the FGT on day 4.
Fibrosis of the oviducts is a key mechanism of tissue damage in C. muridarum infection
(42). It is therefore conceivable that ILC2s contribute to tissue damage during chlamyd-
ial infection. The continued presence, and sometimes numerical increase, of most ILC
types at the late stages of chlamydial infection is indeed remarkable. All other cell
types—myeloid cells and T cells—that are present in this infection are already strongly
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reduced at those time points (10). This may mean that ILCs indeed contribute to tissue
remodeling and destruction, which is mostly seen from day 30 onwards.

In the intestine, ILC3s support inflammation (28) and provide protection against a
bacterial infection (27). In the FGT, there were very few (under 500 per mouse) ILC3s,
and although cells were recruited, about 80% to 90% were converted to ILC1s during
the course of the infection. This transdifferentiation has been observed previously in
inflammatory conditions, for instance, under the influence of IL-12 (29), and it may well
have a functional consequence because exRORgt-ILC3s have lost the ability to produce
ILC3 cytokines.

Accumulation of NK cells and ILC2s, but less so that of ILC1s, was reduced in CCR2-
deficient mice upon C. muridarum infection, most likely as an effect secondary to the
lack of myeloid cells. This suggests that the myeloid-cell-caused inflammation is a fac-
tor in the recruitment and expansion of ILCs. The known ILC-activating cytokines were
observed at low levels, but at this stage we do not know which cell type produces
them. It does seem clear, however, that ILCs react as part of a complex inflammatory
and immune reaction to the infection, which likely involves a contribution from
infected epithelial cells, reacting myeloid cells, and also T cells. We have not been able
specifically to deplete ILC populations thus far. In our opinion, the data do suggest
that ILCs make a contribution, especially at later stages of the resolution of the inflam-
mation, when tissue repair and restructuring occur.

MATERIALS ANDMETHODS
Bacteria. Chlamydia muridarum (strain 03DC39; kindly provided by Konrad Sachse, Jena) was propa-

gated in HeLa cells upon spin infection (2,600 � g for 1 h). Bacteria were purified upon mechanical cell
lysis by centrifugation (20,000 � g for 3.5 h at 4°C). Purified chlamydiae were stored at 280°C.

Mouse strains. C57BL/6NRj mice were purchased from Janvier Laboratories. vav-bcl-2 transgenic
mice (25) were a gift from Jerry Adams, Melbourne. Mice deficient for Ccr2 (43) were kindly provided by
Philipp Henneke (Freiburg, Germany). To obtain Eomes and RORgt-fm reporter mice, EomesGFP/1

Rosa26YFP/1 and Rorc(gt)-Cretg (44–46) mice were crossbred. Mice deficient for Rag1 were obtained from
an internal breeding of the Uniklinik Freiburg. Ncr1GFP/GFP (Ncr1tm1Oman/J) mice (33) were purchased from
Jackson Laboratories.

Chlamydial infection. Female mice were injected intravaginally with 2.5 mg of medroxyprogester-
one (Depo-Clinovir; Pfizer) at 10 and 3 days before infection with 5 � 105 inclusion-forming units (IFUs)
of C. muridarum. Uninfected control mice were treated with medroxyprogesterone, and phosphate-buf-
fered saline (PBS) was inoculated intravaginally. All animal experiments were approved by the
Regierungspräsidium Freiburg.

Flow cytometry. FGTs were mechanically disrupted and enzyme digested. Leucocytes were isolated,
and immunostaining was performed (for details, see “Supplemental Methods” in the supplemental
material).

Quantitative PCR. FGT parts were homogenized, and RNA was isolated. RNA was transcribed into
cDNA to subsequently perform quantitative PCR (qPCR). Fold change expression levels were determined
relative to uninfected mice by calculating comparative threshold cycle (DDCT) values after normalization
to the reference gene b-actin (details in “Supplemental Methods” in the supplemental material).

Detection of C. muridarum genome copies in FGT tissue. Tissue digestion and DNA isolation were
performed to subsequently perform qPCR. CT values were used to determine chlamydial genome copies
utilizing the equation of the standard curve. The standard curve was generated via DNA isolation of a
defined number of IFUs of C. muridarum and subsequent qPCR (details in “Supplemental Methods” in
the supplemental material).

Statistical analysis. Data show means and standard error of the mean (SEM), and statistical analyses
were performed using Tukey’s multiple-comparison test, Sidak’s multiple-comparison test, unpaired t
test, or Pearson’s correlation coefficient. Statistical evaluation was performed with Prism (GraphPad
Software, Inc., USA). A P value of ,0.05 was considered statistically significant.
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