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ABSTRACT Following an oral inoculation, Chlamydia muridarum descends to the mouse
large intestine for long-lasting colonization. However, a mutant C. muridarum that
lacks the plasmid-encoded protein pGP3 due to an engineered premature stop codon
(designated as CMpGP3S) failed to do so even following an intrajejunal inoculation.
This was because a CD4" T cell-dependent immunity prevented the spread of CMpGP3S
from the small intestine to the large intestine. In the current study, we found that
mice deficient in IL-22 (IL-227") allowed CMpGP3S to spread from the small intestine
to the large intestine on day 3 after intrajejunal inoculation, indicating a critical role
of IL-22 in regulating the chlamydial spread. The responsible IL-22 is produced by
CD4* T cells since IL-227 mice were rescued to block the CMpGP3S spread by donor
CD4" T cells from C57BL/6J mice. Consistently, CD4" T cells lacking IL-22 failed to
block the spread of CMpGP3S in Rag2™" mice, while IL-22-competent CD4* T cells did
block. Furthermore, mice deficient in cathelicidin-related antimicrobial peptide (CRAMP)
permitted the CMpGP3S spread, but donor CD4" T cells from CRAMP™~ mice were still
sufficient for preventing the CMpGP3S spread in Rag2™~ mice, indicating a critical role of
CRAMP in regulating chlamydial spreading, and the responsible CRAMP is not produced
by CD4" T cells. Thus, the IL-22-producing CD4* T cell-dependent regulation of chlamy-
dial spreading correlated with CRAMP produced by non-CD4* T cells. These findings
provide a platform for further characterizing the subset(s) of CD4"* T cells responsible for
regulating bacterial spreading in the intestine.
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hlamydia trachomatis, a common cause of sexually transmitted bacterial disease in

humans (1), is frequently detected in the gastrointestinal (GI) tract (2-9). However,
it remains unclear how and why C. trachomatis colonizes the human gut. Interestingly,
C. muridarum, a mouse-adapted species, which has been used to study chlamydial
pathogenic mechanisms in the female genital tract (10-15), was also found to colonize
the mouse Gl tract (4, 16-19). Recent studies have revealed that Gl tract C. muridarum
can significantly impact chlamydial pathogenicity in the genital tract. On one hand, C.
muridarum in the Gl tract can promote chlamydial pathogenicity in the upper genital
tract after C. muridarum spreads from the genital tract into the Gl tract (20-22); on the
other, when a naive mouse is first exposed to C. muridarum in the Gl tract, the mouse is
orally immunized against subsequent chlamydial infections in extra-gut tissues (23-27).
Thus, investigating the mechanisms of C. muridarum’s interactions with the Gl tract may
both promote our understanding of chlamydial pathogenic mechanisms and facilitate
the development of oral vaccines against chlamydial infection in the genital tract.

Using the C. muridarum-mouse gut interaction model, various chlamydial factors have
been found to promote C. muridarum colonization of the mouse GI tract (20, 28-31).
C. muridarum deficient in the plasmid-encoded pGP3 due to an engineered premature
stop codon in the pgp3 gene (designated as CMpGP3S) is both attenuated in genital
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pathogenicity and defective in colonizing the Gl tract (29). Orally inoculated CMpGP3S
failed to appear in the rectal swabs. However, C. muridarum which lacks the entire
plasmid (designated as CMpf) still reached the large intestine and appeared in the rectal
swab (28). This phenotype was reproduced following intrajejunal inoculation (30, 32,
33), indicating that CMpGP3S is unable to spread from the small intestine to the large
intestine, while CMpf can. Since CMpGP3S is more invasive than CMpf in the mouse
genital tract (34), the above observations led to the hypothesis that CMpGP3S might be
prevented from spreading into the large intestine by an intestinal barrier that could be
activated by CMpGP3S but not CMpf. This hypothesis is supported by the observation
that both CMpGP3S and CMpf successfully colonized the colon following intracolonic
inoculation (30). Furthermore, when CMpGP3S and CMpf were co-inoculated into the
same jejunum, no live chlamydial organism was recovered from the large intestine,
although the intrajejunally inoculated CMpf alone still reached the large intestine.
Clearly, CMpGP3S might activate an intestinal barrier function for blocking both its
own spreading and the spreading of the co-inoculated CMpf (32, 33). Consistently,
CMpGP3S still carries the remaining seven plasmid genes, which may render it more
stimulatory or invasive than CMpf lacking all plasmid genes (35). Although wild-type
C. muridarum must also activate the intestinal barrier, it is still able to spread to the
large intestine. This is because wild-type C. muridarum may use its functional pGP3
to evade the intestinal barrier since pGP3 is a known virulence factor that can block
immune effector mechanisms, including neutralizing the anti-chlamydial activity of the
cathelicidin-related antimicrobial peptide or CRAMP (29, 32, 36-41). Obviously, the above
observations raise many interesting questions. For example, how is the intestinal barrier
induced by plasmid-encoded non-pGP3 factors? How does the plasmid-encoded pGP3
help the chlamydial organisms evade the intestinal barrier? What is the immunological
basis of the intestinal barrier?

By taking advantage of the failure of the intrajejunally inoculated CMpGP3S to spread
to the large intestine as a readout, we have recently identified the immunological basis
of the intestinal barrier (33). We found that mice deficient in TLR/MyD88- or STING-
mediated signaling pathways still prevented CMpGP3S from spreading, while Rag1™~
mice failed to do so, suggesting a critical role of conventional lymphocytes. CD4™~ but
not CD8”~ nor pu™~ mice failed to block the spread of CMpGP3S, demonstrating the
dependence of the intestinal barrier on CD4* cells. Consistently, CD4* T cells but not
CD8" T cells nor B cells restored the intestinal barrier function in CD4™~ or Rag1™~ mice.
Thus, CD4* T cells are both necessary and sufficient for the intestinal barrier to regulate
chlamydial spread in the intestine.

The current study was designed to further determine the effector mechanisms for
the CD4" T cell-dependent immunity using the CMpGP3S-jejunal interaction model.
Mice deficient in IL-22 allowed the spread of CMpGP3S, while C57BL/6J mice did not,
indicating a critical role of IL-22 in regulating the chlamydial spread. The responsible
IL-22 is likely produced by CD4* T cells since the IL-22-deficient mice were rescued
to block the CMpGP3S spread by donor CD4" T cells isolated from C57BL/6J mice.
Furthermore, CD4* T cells that lack IL-22 failed to restore Rag2-deficient mice to inhibit
the spread of CMpGP3S, while IL-22-competent CD4* T cells did successfully. Finally,
mice deficient in CRAMP rescued the spreading of CMpGP3S, which correlated with
the IL-22-producing CD4" T cell-dependent regulation of chlamydial spreading. These
observations together lay a foundation for further revealing the mechanisms of T cell
interaction with enteric bacteria.

RESULTS

IL-22 is essential for inhibiting the spread of pGP3-deficient C. muridarum
(CMpGP3S) from the small intestine to the large intestine

Since IL-22 is required for maintaining intestinal homeostasis (42, 43) and a major
cytokine secreted by CD4" T subset called Th22 (27, 44), we hypothesized that IL-22
might be important for the CD4* T cell-dependent intestinal barrier to block the
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spreading of CMpGP3S. To test this hypothesis, CMpGP3S was intrajejunally inoculated
to wild-type C57BL/6J and IL-22-deficient (IL-227") mice followed by monitoring live
chlamydial organism recoveries from the large intestinal tissues on day 3 (Fig. 1). IL-22”
~ but not C57BL/6J mice were detected with significant numbers of live chlamydial
organisms in the large intestine (P < 0.05), although live chlamydial organisms were
detected in the small intestinal tissues of both groups of mice. All IL-227~ mice were
positive for live chlamydial organisms in the colon with an average chlamydial burden
of ~2,500 inclusion-forming units (IFUs) per colon, while none of the C57BL/6J mice was
found positive for a live chlamydial organism in the colon. These results have demonstra-
ted that IL-22 is essential for regulating chlamydial spreading from the small intestine to
the large intestine.

CD4* T cells from C57BL/6J mice are sufficient for rescuing IL-22-deficient
mice to block the spread of CMpGP3S from the small intestine to the large
intestine

Although the spreading of CMpGP3S from the small intestine to the large intestine was
blocked by CD4* T cells (32, 33) and IL-22 (Fig. 1 of the current study), respectively, there
is still a lack of direct evidence on whether the responsible IL-22 is secreted by CD4* T
cells. Thus, wild-type CD4"* T cells were evaluated for their ability to block the spread of
CMpGP3S in IL-227"-recipient mice following an adoptive transfer (Fig. 2). The adoptive
transfer was carried out twice via retro-orbital injection, 3 days prior to and 1 day after
intrajejunal infection, respectively. It was found that after receiving donor CD4" T cells
(purified from the spleen of naive wild-type C57BL/6J mice), IL-227"~ mice re-established
the intestinal barrier for blocking the spread of the intrajejunally inoculated CMpGP3S
into the large intestine. As a result, no live chlamydial organisms were recovered from
the large intestinal tissues of these IL-227~ mice. However, the group of IL-227" mice
receiving PBS buffer alone displayed significant numbers of live chlamydial organisms
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FIG 1 The effect of IL-22 deficiency on the spreading of pGP3-deficient C. muridarum from the small intestine into the large intestine. C57BL/6J mice without

(panel a, n = 4) or with deficiency in IL-22 (b, IL-227", n = 4) were inoculated with 1 x 10° inclusion forming units of pGP3-deficient C. muridarum (CMpGPG3S)

via intrajejunal injection. Three days after the inoculation, mice were sacrificed for collecting stomach (Sto), small intestine (SI) tissues [duodenum (Duo), jejunum

(Jej), and ileum (lle)], and large intestine (LI) tissues [Cecum (Cec), colon (Col) and rectum (Rec)] as listed along the X-axis. Live CMpGP3S organisms were

recovered from each tissue sample and expressed as logyg IFUs per tissue. The data came from two independent experiments. Note that significant levels of live

chlamydial organisms were detected in the large intestine of IL-227" mice. * denotes an observed P-value <0.05, based on a Wilcoxon rank-sum test, between

€57 and IL-227" in IFU recovery from the overall large intestinal tissues.
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FIG 2 Effect of CD4" T cells from C57BL/6J mice as donor cells on the spreading of pGP3-deficient C. muridarum from the small intestine into the large

intestine in the IL—22'/'—recipient mice. IL—22’/'—recipient mice were adoptively transferred without (panel a, n = 4) or with (b, n =5) 1 x 10° donor CD4* T

cells purified from C57BL/6J mice. The transfer was carried out via retro-orbital injection twice 3 days before and 1 day after infection, respectively. Mice were

infected via intrajejunal inoculation with 1 x 10° IFUs of pGP3-deficient C. muridarum (CMpGP3S). Three days after inoculation, mice were sacrificed for collecting

gastrointestinal tissues as listed along the X-axis. Live CMpGP3S organisms were recovered from each tissue sample and expressed as logjg IFUs per tissue.

The data came from two independent experiments. Note that IL-227~ mice receiving wild-type donor CD4" T cells completely prevented the spreading of live

chlamydial organisms into the large intestine. * denotes an observed P-value <0.05, based on a Wilcoxon rank-sum test, a comparison of the live chlamydial

organisms in each of the large intestinal tissues and overall.

in the large intestine (P < 0.05). These observations have demonstrated that the donor
CD4" T cells produce IL-22 to compensate for the IL-22 function lost in IL-227~ mice.
However, it is also possible that the donor CD4" T cells may inhibit the chlamydial spread
via IL-22-independent mechanisms.

CD4" T cells from IL-22-deficient mice are insufficient for rescuing the
Rag2-deficient mice to block the spread of CMpGP3S

To further determine whether IL-22 secreted by CD4* T cells is necessary for blocking the
chlamydial spreading, we compared IL-22-competent and IL-22-deficient CD4" T cells as
donor cells for inhibiting the spread of CMpGP3S from the small intestine into the large
intestine in Rag2-deficient mice (Fig. 3). In this experiment, mice deficient in Rag2 (Rag2™
) were used as recipients since they are defective in inhibiting the chlamydial spread
but can be rescued with an adoptive transfer of wild-type CD4* T cells (33). It was found
that although Rag2™~ mice receiving PBS alone allowed a significant spread of CMpGP3S
from the small intestine into the large intestine, adoptive transfer of wild-type CD4* T
cells blocked the chlamydial spread. Importantly, when CD4* T cells purified from the
spleen of IL-227~ mice were used as donor cells, the Rag2™~ mice still allowed significant
spread of CMpGP3S. The chlamydial spreading in these mice paralleled that observed in
Rag2™~ mice receiving buffer only. The number of live chlamydial organisms recovered
from the large intestine samples of these two groups was significantly higher than that
recovered from the group receiving wild-type CD4* T cells (P < 0.05). These results have
demonstrated that IL-22 production is necessary for CD4* T cells to block chlamydial
spread from the small intestine to the large intestine.
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FIG 3 Effect of IL-22-deficient CD4" T cells as donor cells on pGP3-deficient C. muridarum spreading from small intestine into large intestine in Rag2™~ mice. Mice

deficient in Rag2 (Rag2™") listed on the right as recipient mice were adoptively transferred without (panel a, n = 5) or with 1 x 10° donor CD4" T cells purified from

C57BL/6J (b, n=5) or IL-227" (c, n = 4) mice. The transfer was performed via retro-orbital injection twice, 3 days before and 1 day after infection, respectively. Mice

were infected via intrajejunal injection with 1 x 10° IFUs of CMpGP3S. Three days after inoculation, rectal swabs (Swb) were collected, and all mice were sacrificed

for collecting gastrointestinal tissues as listed along the X-axis. Live CMpGP3S organisms were recovered from each sample and expressed as logq IFUs per tissue

or swab. The data came from two or three independent experiments. Note that IL-22-deficient CD4" T cells were insufficient for rescuing Rag2™~ mice to block

the spreading of live chlamydial organisms into the large intestine. * denotes an observed P-value <0.05, based on a Wilcoxon rank-sum test, comparison of the

live chlamydial organisms in the colon and large intestinal tissues overall between panels b and c.

The cathelicidin-related antimicrobial peptide is essential for inhibiting the
spread of CMpGP3S from the small intestine to the large intestine

Since CRAMP is an important antimicrobial peptide in the intestinal barrier (45-48)
and its anti-chlamydial activity is blocked by the chlamydia-secreted Pgp3 (38, 39),
we hypothesized that CRAMP might be important for the IL-22-producing CD4" T
cell-dependent intestinal barrier to block the spreading of CMpGP3S from the small
intestine into the large intestine. To test this hypothesis, we intrajejunally infected
wild-type C57BL/6J and CRAMP-deficient (CRAMP ™) mice with CMpGP3S and compared
the number of live chlamydial organisms recovered from the large intestinal tissues of
both groups on day 3 after the intrajejunal inoculation (Fig. 4). The CRAMP™~ mice had
significant numbers of live chlamydial organisms in the large intestine, while C57BL/6J
mice had none (P < 0.05), demonstrating an essential role of CRAMP in regulating
chlamydial spreading from the small intestine to the large intestine. To further deter-
mine the cellular source of CRAMP, we compared CD4* T cells from CRAMP™~ versus
IL-227~ mice as donor cells for rescuing Rag2™ -recipient mice to block the CMpGP3S
spreading (Fig. 5). It was found that CRAMP™~ but not IL-227~ donor CD4* T cells
inhibited the spreading of Pgp3-deficient C. muridarum from the small intestine into the
large intestine in the Rag2™"-recipient mice. These results have demonstrated that the
CRAMP responsible for inhibiting CMpGP3S spreading is not produced by CD4* T cells,
suggesting that CRAMP may be produced by non-CD4" T cells for inhibiting CMpGP3S
in response to the signaling from IL-22-producing CD4* T cells. However, further studies
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FIG 4 Effect of CRAMP deficiency on the spreading of pGP3-deficient C. muridarum from the small intestine into the large intestine. C57BL/6J mice without

(panel a, n = 4) or with a deficiency in CRAMP (b, CRAMP™, n = 7) were inoculated with 1 x 10° IFUs of CMpGP3S via intrajejunal injection. Three days after

the inoculation, mice were sacrificed to collect stomach (Sto), small intestine (SI) tissues [duodenum (Duo), jejunum (Jej), and ileum (lle)], and large intestine (LI)

tissues [cecum (Cec), colon (Col), and rectum (Rec)] as listed along the X-axis. Live CMpGP3S organisms were recovered from each tissue sample and expressed

as logqg IFUs per tissue. The data came from two independent experiments. Note that significant levels of live chlamydial organisms were detected in the large

intestine of CRAMP™~ mice. * denotes an observed P-value <0.05, based on a Wilcoxon rank-sum test, between C57 and CRAMP™~ in IFU recovery from Cec, Col,

and Regc, respectively, as well as the overall large intestinal tissues.

are required to identify the precise cell type responsible for producing CRAMP and
to determine whether directly delivering CRAMP to the CMpGP3S inoculation site is
sufficient for blocking the spread of CMpGP3S without the signals from IL-22-producing
CD4* T cells.

DISCUSSION

The frequent detection of the obligate intracellular bacterium C. trachomatis in the
human Gl tract (5-9) begs an urgent question about the medical significance of the
Gl tract C. trachomatis. Since the mouse-adapted C. muridarum colonizes the mouse Gl
tract (4, 16, 49, 50), the murine model has been used for investigating the significance
of Gl tract Chlamydia. The mouse studies have led to the conclusion that Gl tract C.
muridarum can significantly impact C. muridarum pathogenicity in the genital tract
depending on the order of tissue exposure to C. muridarum. When the first exposure
to C. muridarum is in the genital tract, the Gl tract C. muridarum may promote genital C.
muridarum pathogenicity (20), while an initial oral exposure to C. muridarum becomes
oral vaccination, leading to the protection against C. muridarum pathogenicity in the
genital tract (23). These interesting findings have motivated further investigations of the
mechanisms of C. muridarum-mouse gut interactions using various approaches including
C. muridarum mutants, knockout mice, depletion/blockade, and adoptive transfers (19).
By taking advantage of the failure of the CMpGP3S mutant to spread from the small
intestine to the large intestine, a CD4* T cell-dependent immunity was identified for
regulating chlamydial spread in the intestine (32, 33). The current study has further
characterized as the CD4* T cell-dependent immunological barrier function by determin-
ing the roles of IL-22 and CRAMP in inhibiting the CMpGP3S spread. First, IL-227~ mice
reproduced the phenotype of CD4”~ mice or Rag™™ mice (33) by allowing significant
spread of CMpGP3S. Second, IL-22-competent CD4* T cells rescued IL-227~ mice to
block the spread. Third, CD4" T cells that can no longer produce IL-22 failed to block
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FIG 5 CRAMP-deficient CD4" T cells can still inhibit the spreading of Pgp3-deficient C. muridarum from the small intestine into the large intestine in Rag2”

“-recipient mice. Rag2™-recipient mice were adoptively transferred with 1 x 10° donor CD4" T cells purified from IL-227" (panel a, # of recipient mice or n = 4)

or CRAMP™ mice (panel b, n = 4). The transfer was carried out retro-orbitally twice 3 days before and 1 day after infection, respectively. Mice were infected via

intrajejunal inoculation with 1 x 10° IFUs of CMpGP3S. Three days after the inoculation, rectal swabs (Rwb) were collected, and mice were sacrificed to collect

small intestine (S) tissues [jejunum (Jej) and ileum (lle)] and large intestine (LI) tissues [cecum (Cec) and Colon (Col)] as listed along the X-axis. Live CMpGP3S

organisms were recovered from each tissue sample and expressed as logqq IFUs per tissue or swab. The data came from two independent experiments. Note that

Rag2™" mice were rescued to block the spreading of CMpGP3S into the large intestine by CRAMP™~ but not IL.-227~ donor CD4" T cells. * denotes an observed

P-value <0.05 based on a Wilcoxon rank-sum test, comparing the live chlamydial organisms in the Cec, Col, and Rwb as well as overall large intestinal tissues

between Rag2™~ mice receiving CRAMP™~and IL-227~ donor CD4" T cells.

the CMpGP3S spread in Rag2”~ mice, while IL.-22-competent CD4" T cells successfully
restored the blockade. Thus, IL-22* CD4* T cells may play a critical role in regulating
bacterial spreading into the large intestine. Finally, the IL-22* CD4" T cell-dependent
regulation of chlamydial spreading further correlated with CRAMP-mediated blockade of
the CMpGP3S spread.

The discovery of an immunological barrier for regulating chlamydial spread in the
intestine was made from a surprising observation: plasmid-free C. muridarum (CMpf)
reached the large intestine while the pGP3-deficient C. muridarum (CMpGP3S) failed to
do so following oral or intrajejunal inoculation. Since CMpGP3S is more invasive than
CMpf in the genital tract (34) and both CMpGP3S and CMpf can colonize the large
intestine well following intracolon inoculation, the above observation has led us to
hypothesize that CMpGP3S must activate an immune response for blocking its own
spreading into the large intestine. The current study has revealed that IL-22* CD4* T
cells and CRAMP are critical components of the CMpGP3S-activated barrier. CRAMP is
likely downstream of the IL-22* CD4* T cells since CD4* T cells lacking CRAMP can still
confer the inhibition of the CMpGP3S spread in the Rag2™"-recipient mice. However, the
precise relationship between IL-22* CD4* T cells and the CRAMP-producing cells is to be
addressed. In addition, many questions remain. How is the IL-22* CD4* T cell-mediated
immunity induced by CMpGP3S? What is the nature of the responsible IL-22" CD4* T
cells? What is the effector mechanism by which the IL-22" CD4" T cell-mediated immunity
blocks the CMpGP3S spread? How is the IL-22* CD4" T cell-mediated immunity evaded
by wild-type Chlamydia?
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Although the responsible IL-22" CD4* T cells are conventional lymphocytes, their
function for regulating the chlamydial spread may not depend on their antigen receptor
recognition of chlamydial epitopes since CD4" T cells isolated from native C57BL/6 J mice
are sufficient for inhibiting the CMpGP3S spread on day 3 after CMpGP3S inoculation.
In other words, it may be the innate function of the conventional lymphocytes that
is responsible for blocking CMpGP3S spread. Intracellular bacteria have been shown
to re-activate CD4" T cells via a TCR-independent or non-cognate mechanism (51, 52).
The non-cognate mechanism is largely dependent on signaling from cytokine receptors
and/or pattern recognition receptors (53). Chlamydial organisms or their components
have been shown to directly bind to lymphocytes (54-56). It will be interesting to test
whether the intrajejunally injected chlamydial organisms can rapidly activate IL-22* CD4*
T lymphocytes in the small intestine.

We are aware that the knowledge learned from the mouse model may not directly
apply to C. trachomatis infection in humans. Although C. trachomatis is detected in the
human Gl tracts (5-9), it is unclear whether genital C. trachomatis can spread to the
Gl tract. Nevertheless, the mechanisms by which C. muridarum interacts with mouse
mucosal tissues may still be useful for revealing how C. trachomatis interacts with human
gut mucosal tissues. It is worth noting that the focus of the current study is on C
muridarum spreading along the mouse gut lumen. It is possible that Chlamydia may
spread in the gut via different pathways, such as the hematogenous route (50). Clearly,
more efforts are required to further investigate the mechanisms of enteric bacterial
spread from the small intestine to the large intestine.

MATERIALS AND METHODS
Chlamydial organisms

The chlamydial organisms used in the current study are pGP3-deficient Chlamydia
muridarum produced previously (34, 57, 58). Briefly, to knock out the plasmid-encoded
pGP3, the plasmid-free Chlamydia muridarum (CMpf) clone CMUT3.G5 was derived from
C. muridarum strain Nigg3 (GenBank accession no. CP009760.1). CMUT3.G5 was further
used as a recipient strain for transformation with a plasmid that carries a premature
stop codon in the pgp3 gene to produce the pGP3-deficient clone CMpGP3S. The
CMpGP3S organisms were grown in Hela cells (human cervical carcinoma epithelial
cells; ATCC# CCL-2) and purified as elementary bodies (EBs) using discontinuous density
centrifugation as previously described (59, 60). The purified EBs were stored in aliquots in
sucrose-phosphate-glutamic acid (SPG) buffer (0.2 M sucrose, 20 mM sodium phosphate
at pH 7.4, and 5 mM glutamic acid) at —80°C. A frozen aliquot was used for titrating the
infectious particles in the form of IFUs.

Mouse infection

All mice used in the current study were 6-8-week-old females or males. They were
wild-type C57BL/6J (stock# 000664, Jackson Laboratories, Inc., Bar Harbor, Maine) and
mice deficient in Rag2 (Rag2™" or lacking adaptive immunity, #033562), IL-22 (IL227"",
IL-22Cre homozygous, #027524), or CRAMP (CRAMP™", #017799). Mice were intrajeju-
nally inoculated with CMpGP3S organisms as described below. Three days after the
intrajejunal inoculation, mice were sacrificed, and infectious chlamydial organisms in
tissue samples were titrated. In some experiments, mice received donor CD4" T cells via
adoptive transfer 3 days before and 1 day after the intrajejunal inoculation.

Intrajejunal inoculation

Mice were anesthetized using a mix of isoflurane and oxygen. Once the mice were
unconscious, the abdomen was shaved and sterilized with 70% ethanol. A small
incision (approximately 0.25-0.5 inches) was made in the abdomen using a pair of
scissors (#503708-12, World Precision Instruments Inc, Sarasota, FL). The jejunum was
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identified within the body and then partially pulled out from the body cavity using
curved tweezers. To the middle of the jejunum, 1 x 10° IFUs of CMpGP3S in 100 pL
of SPG were inoculated using a 30-GA needle (#7803-07, 30GA, Removable needles,
Hamilton Company, Reno, NV) and a 1-mL syringe (#7654-01, Hamilton Company,
Reno, NV). Care was taken not to remove excess intestine from the animal, pierce the
intestine completely, or inject air bubbles. After the injection, the jejunum was placed
back into the cavity, and the wound was closed using three to four surgical staples
(#ACS- KIT, Braintree Scientific, Inc., Braintree, MA). Mice were resuscitated by placing
them on a warm heating pad and supplying them with fresh air. Once the mouse
regained consciousness and was able to walk, meloxicam (#459550250, ThermoScien-
tific, Waltham, MA) was intraperitoneally administered as an analgesic. Meloxicam was
prepared by first dissolving in 100% ethanol (<10% of the total end volume) and then
diluted to a concentration of 0.75 mg/mL with sterile water. This solution was further
sterilized by filtering through a Steriflip (#SCGP00525, Millipore Sigma, Burlington,
MA). The same analgesic was administered intraperitoneally every day thereafter until
sacrifice. Since the intrajejunal inoculation surgery is time-consuming, we were only able
to evaluate a few mice in a group for an experiment.

Adoptive transfer

Donor mice were sacrificed with overdose isoflurane (#1064728455960, Piramal Critical
Care, Bethlehem, PA) followed by cervical dislocation. The spleen was collected for
isolating CD4" T cells using the Mojosort CD4"* T Cell Isolation Kit (#480033, BioLegend,
San Diego, CA) according to the manufacturer’s instruction. Briefly, the spleen was
placed in a 70-um mesh cell strainer in a small petri dish (#25010, Corning, Corning, NY)
containing 1x Mojosort buffer. The spleen was disrupted using the plunger of a syringe
(#7654-01, Hamilton Company, Reno, NV 89502), occasionally raising and lowering the
mesh to disperse cells from the strainer. Once the spleen fully disappeared, transfer the
spleen cells into a 15-mL conical tube (#8FYE3, Grainger Inc, Lake Forest, IL) using a sterile
1 mL transfer pipette (#13-711-20, Fischer Scientific, Waltham, MA). Additional ~3 mL
1x Mojosort buffer was used to rinse the petri dish into the same 15-mL tube. The
rinse was repeated until there was a total of 14 mL of cell suspension in the tube.
The tube was then centrifuged at 3,000 rpm for 5 minutes to pellet the cells. The cell
pellet was resuspended in 500 pL of 1x Mojosort buffer, and the cell suspension was
then transferred to a sterile flow cytometry or fluorescence-activated cell sorting (FACS)
tube (#352054, Corning, Corning, NY), followed by adding 50 pL of the MojoSort Mouse
CD4 Biotin-Antibody Cocktail, included in the Mojosort Mouse CD4+ T Cell Isolation Kit
(#480033, BioLegend, San Diego, CA). After mixing, the tube was incubated on ice for
15 minutes. Then, 50 yL of the magnetic nanobead solution (which had been briefly
vortexed) was added to the tube and mixed. The tube was incubated on ice for another
15 minutes. Finally, 2.5 mL of 1x Mojosort buffer was added to the FACS tube, and
with the cap removed, the tube was placed into an EasySep cell separator magnet and
incubated at room temperature for 5 minutes. The tube was then carefully inverted, and
free CD4" T cells in the suspension were poured into a new sterile 15-mL conical tube.
An aliquot of 5 pL was used to count the cell number. The CD4" T cells were adjusted
to a final concentration of 1 x 10° cells per 100 uL using sterile PBS. For each adoptive
transfer, 100 pL of PBS alone or 1 x 10° CD4* T cells was injected retro-orbitally.

Titrating live chlamydial organisms from swabs and tissue homogenates

Rectal swabs were taken using a rayon swab (#P25-800R, Harmony Lab and Safety
Supplies, Garden Grove, CA). The swab was wet with sterile SPG and then inserted into
the rectum and rotated 20 times. The swab was placed into a 1.5-mL tube containing 500
pL SPG and four glass beads. The swab handle was then cut so that the Eppendorf tube
can be capped for vortexing (on high for 2 minutes) to free EBs. Tubes were then placed
on ice for titration. Mouse tissues were collected after sacrificing with an overdose of
isoflurane and cervical dislocation. The spleen, jejunum, duodenum, ileum, colon, colon
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lumen, cecum, and cecum lumen were all isolated and placed into SPG with 5 mL SPG
for jejunum, 2 mL for all other organs. The tissues were homogenized using the OMNI
Tissue Homogenizer (#TH115 OMNI International Kennesaw, GA), followed by sonication
using the VC130 sonicator fashioned with a microtip (#VC 130 Sonics and Materials INC,
Newton, CT). The sonication was carried out at 40 Amps for 10 seconds, while the sample
tube was immersed in ice water. Between each sample, the tip was sterilized by running
the sonicator in sterile water and 70% ethanol.

After sonication, all samples were centrifuged at 3,000 rpm for 5 minutes to pellet
remaining debris, and the supernatant was used to measure live chlamydial organisms
by making the following serial dilutions. Swabs were serially diluted 1, 1:4, 1:16, and 1:64,
while tissues were serially diluted 1:10, 1:230, 1:540, and 1:1270. After sample dilution,
Hela cells (prepared the day prior, around 80% confluency at the time of inoculation) in
a 96-well plate were prepared for infection by removing the cell media and incubating
the cells in 100 pL of diethylaminoethyl (DEAE) dextran [prepared by adding 5 mL of
DEAE (#D9885, Sigma Aldrich Inc, St. Louis, MO)] to Dulbecco’s modified Eagle medium
(DMEM, #11995065, Thermo Fischer Scientific,c Waltham, MA) at 37°C for 10 minutes.
After incubation, the DEAE solution was removed, and 100 pL of each dilution was
inoculated onto a Hela cell monolayer. The plate was then centrifuged at 1,000 rpm
for 1 hour at room temperature. After the inoculum was removed, 200 pL of DMEM
(#11995065 Thermo Fischer Scientific, Waltham, MA) with 10% fetal calf serum (#35-010-
CV, Corning, Corning, NY) supplemented with antibiotics gentamicin (#G38000-250,
Research Products Int, Mount Prospect, IL) and cycloheximide (#C7698-1G, Millipore
Sigma, Burlington, MA) was added to each well. The plates were then incubated at 37°C
for 24 hours before fixing for immunofluorescence staining.

Immunofluorescence microscopy

The overnight infected Hela cells were fixed by adding 100 pL of 4% paraformaldehyde
(#ICN15014601, Fischer Scientific, Waltham, MA) to each well and incubating for 1 hour
at room temperature. The paraformaldehyde was then removed, and 100 pL of 0.1%
Triton (#BP151-500, Fischer Scientific, Waltham, MA) in PBS was added to each well
and incubated for 10 minutes at room temperature to permeabilize both Hela and
chlamydial membranes. After removing the Triton solution, 100 L of 3% BSA (#700-
100P, Gemini Bio-Products, Sacramento, CA) was added to each well and incubated at
room temperature for 1 hour to prevent non-specific binding. After removing the BSA
solution, 50 pL of primary antibody (rabbit anti-Chlamydia muridarum antibody R1064,
diluted at 1:1,000 in 1% BSA-PBS) was added to each well and incubated at 37°C for
1 hour. After removing the primary antibody, the plate was washed three times with
1x PBS, and 50 pL of secondary antibody (Goat anti-rabbit IgG conjugated with Cy2,
#115-165-003, Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) mixed with
Hoechst (#14530-500MG, Sigma-Aldrich Inc., St. Louis, MO), with final concentrations of
1:200 and 1:1,000, respectively, in 1% BSA-PBS was added to each well and incubated at
37°C for 1 hour. The secondary antibody was then removed, and plates were washed five
times with 1x PBS after which the wells were all filled with 1x PBS to prevent drying of
the cells. The inclusion-forming units were counted using an Olympus IX-81 fluorescence
microscope (Olympus, Melville, NY) within a week as described below.

Counting inclusions and calculating IFUs

For each well, IFUs from five random views were counted under an objective lens using
the appropriate magnification and averaged. If one or fewer IFUs per view can be found
using a 10x objective lens, the entire well is counted. Meanwhile, if 15 or more IFUs can
be counted in one view, the magnification should be increased. Based on the number of
views per well and the magnification of the objective lens used, the total number of IFUs
per well was calculated. To determine the IFUs contained within the sample, the average
IFUs/view derived from the five views was multiplied by the number of views possible
in the total well per magnification, the dilution, and the factor reflecting the portion of
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sample used for titration. After completing this for each dilution where IFUs are visible,
the average number of IFUs was calculated and expressed as logyq transformed IFUs for
statistical analyses. It is worth noting that if tissue samples are toxic to Hela cells and
destroy the cell monolayer, this will affect the accuracy of the measurement. Thus, wells
with disrupted Hela cell monolayers should be excluded from the calculations.

Statistics

For these experiments, the Wilcoxon rank-sum test was used to compare both individual
tissue types as well as overall large intestinal chlamydial burden. Furthermore, a Fisher’s
exact test was performed to compare the frequency of infection between groups of
mice.
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