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ABSTRACT Chlamydia in the genital tract is known to spread via the blood circu-
lation system to the large intestine lumen to achieve long-lasting colonization.
However, the precise pathways by which genital Chlamydia accesses the large
intestine lumen remain unclear. The spleen was recently reported to be critical for
chlamydial spreading. In the current study, it was found that following intravaginal
inoculation with Chlamydia, mice with and without splenectomy both yielded in-
fectious Chlamydia on rectal swabs, indicating that the spleen is not essential for
genital Chlamydia to spread to the gastrointestinal tract. This conclusion was vali-
dated by the observation that intravenously inoculated Chlamydia was also
detected on the rectal swabs of mice regardless of splenectomy. Careful compari-
son of the tissue distribution of live chlamydial organisms following intravenous
inoculation revealed redundant pathways by which Chlamydia can reach the large
intestine lumen. The intravenously inoculated Chlamydia was predominantly
recruited to the spleen within 12 h and then detected in the stomach lumen by 24
h, in the intestinal lumen by 48 h, and on rectal swabs by 72 h. These observations
suggest a potential spleen-to-stomach pathway for hematogenous Chlamydia to
reach the large intestine lumen. This conclusion was supported by the observation
made in mice under coprophagy-free condition. However, in the absence of spleen,
hematogenous Chlamydia was predominantly recruited to the liver and then simul-
taneously detected in the intestinal tissue and lumen, suggesting a potential liver-
to-intestine pathway for Chlamydia to reach the large intestine lumen. Thus, geni-
tal/hematogenous Chlamydia may reach the large intestine lumen via multiple
redundant pathways.
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The mouse-adapted organism Chlamydia muridarum has been used to investigate
the pathogenic mechanisms of Chlamydia trachomatis because intravaginal inocu-

lation with C. muridarum can induce lasting pathology in the upper genital tract (1–5)
similar to that observed in women with sexually transmitted infection with C. tracho-
matis (6–9). The C. muridarum mouse model has been useful in identifying pathogenic
determinants from both C. muridarum (10–15) and the host (5, 16–19). More impor-
tantly, in vivo imaging of intravaginally inoculated C. muridarum that expresses a lucif-
erase gene (20) revealed that genital C. muridarum spread to the gastrointestinal (GI)
tract to establish long-lasting colonization (21). The chlamydial spreading from the
genital tract to the GI tract has been shown to promote chlamydial pathogenicity in
the upper genital tract (22, 23). Interestingly, C. trachomatis has been frequently
detected in human GI tracts (24–28). However, it is unclear whether C. trachomatis in
the GI tract can affect C. trachomatis pathogenicity in women’s upper genital tract.
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Since genital Chlamydia spreading to the GI tract may be medically important,
efforts have been made to reveal the pathways of the chlamydial spreading. We have
previously shown that chlamydial spreading from the genital to the GI tract is unlikely
to be caused by vaginal-anal contamination or coprophagy but is likely dependent on
blood circulation (21). Indeed, intravenously inoculated C. muridarum selectively
spread to the GI tract to establish long-lasting colonization in the large intestine (29).
However, the precise pathways by which intravaginally or intravenously inoculated C.
muridarum spreads to the mouse large intestine lumen remain unknown. A recent
study revealed that the spleen plays an important role in mediating the spreading of C.
muridarum from the genital tract to the GI tract (30).

The current study was designed to evaluate whether the spleen is necessary for
genital C. muridarum to spread to the GI tract and to explore the potential roles of
spleen-independent pathways in mediating chlamydial spreading. It was found that
following intravaginal inoculation with C. muridarum, mice with and without splenec-
tomy both produced infectious Chlamydia, detected on rectal swabs, indicating that
the spleen is not essential for Chlamydia to spread from the genital tract to the GI tract.
This conclusion was validated by the observation that intravenously inoculated
Chlamydia was also detected on rectal swabs of mice regardless of splenectomy. Since
intravenous inoculation avoids potential contamination between the genital and GI
tracts, intravenous inoculation was further used to carefully compare the temporal and
spatial distribution of live chlamydial organisms in mouse tissues and mucosal lumens.
The comprehensive comparison revealed multiple pathways for Chlamydia to reach
the large intestine lumen. In the presence of the spleen, the intravenously inoculated
Chlamydia was predominantly recruited to the spleen within 12 h and then detected in
the stomach lumen by 24 h, in the intestinal lumen by 48 h, and on rectal swabs by 72
h. These observations suggest a spleen-to-stomach pathway for hematogenous
Chlamydia to reach the large intestine lumen. This conclusion was supported by the
observation made in mice under coprophagy-free condition. Thus, although the spleen
is not essential for chlamydial spreading, the spleen can promote spreading. This con-
clusion is further validated by the observation that the spreading of intravenously ino-
culated Chlamydia to the tissues and lumens of the GI tract was significantly delayed in
mice with splenectomy. More importantly, in the absence of spleen, hematogenous
Chlamydia was found to predominantly be recruited to the liver and then simultane-
ously appear in both intestinal tissues and lumens. This tissue distribution pattern sug-
gests a potential liver-to-intestine pathway for Chlamydia to reach the large intestine
lumen. Thus, it is likely that genital/hematogenous Chlamydia may be able to utilize
multiple redundant host pathways to reach the large intestine lumen. This hypothesis
is consistent with the concept that reaching the large intestine lumen represents a
strong selection pressure, since it can allow Chlamydia to both establish long-lasting
colonization in the infected host and be efficiently transmitted to other animal hosts
via the oral-fecal route.

RESULTS
The spleen is not essential for genital/hematogenous Chlamydia to spread to

the gastrointestinal tract. A recent study claimed that Chlamydia infection of the
spleen is a critical step for Chlamydia dissemination to the GI tract (30). Genital
Chlamydia spreading to the GI tract to achieve long-lasting colonization in the GI tract
is due to the fact that Chlamydia can reach the large intestine lumen, which can be
monitored by detecting live chlamydial organisms on rectal swabs following intravagi-
nal inoculation (21). In the current study, rectal swabs from mice with and without
splenectomy were compared for live Chlamydia organisms for 8weeks after intravagi-
nal inoculation (Fig. 1). It was found that all mice regardless of splenectomy shed live
chlamydial organisms for about 1 month from the genital tract and maintained long-
lasting shedding of live chlamydial organisms from the GI tract. The lack of significant
differences in the shedding courses from either the genital or GI tract between mice
with and without splenectomy demonstrated that the spleen is not essential for either
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chlamydial infection in the genital tract or chlamydial spreading from the genital tract
to the GI tract.

Since Chlamydia is known to spread from the genital tract to the GI tract via the
blood circulatory system (21, 29–31), an intravenous inoculation approach was used to
compare the chlamydial spreading to the GI tract between mice with or without sple-
nectomy (Fig. 2). This is because intravenous inoculation avoids potential vaginal-ano-
rectal contamination. It was found that following intravenous inoculation, live
Chlamydia was detected on rectal swabs but not vaginal swabs. This finding is consist-
ent with the previous observation that hematogenous Chlamydia can reach only the
lumen of the GI tract, not the lumen of other mucosal tissues (29). More importantly,
the hematogenous chlamydial organisms developed similar courses of shedding from
the GI tracts of mice with and without splenectomy. This observation validated the
above conclusion that the spleen is not required for Chlamydia to spread to the large
intestine lumen.

In the presence of the spleen, hematogenous Chlamydia reaches the stomach
first and then the rest of the GI tract. Chlamydia can survive in the stomach for only
about a week and the small intestine for a month, but it can persist in the large intes-
tine for long periods (21, 32–35). To determine how hematogenous Chlamydia gains
access to the large intestine lumen, the chlamydial organism distribution in different
mouse tissues was closely monitored over time starting as early as 12 h after intrave-

FIG 2 Effect of spleen removal on the spreading of hematogenous Chlamydia to the gastrointestinal
tract. Groups of female C57BL/6J mice without (a and b; n= 5) or with (c and d; n= 4) splenectomy
were inoculated retro-orbitally with Chlamydia. All mice were monitored for live chlamydial organism
shedding from both vaginal (a and c) and rectal (b and d) swabs, and the titers were expressed as
log10 IFU per swab on different days after intravaginal infection. Note that hematogenous Chlamydia
was detected on the rectal swabs but not vaginal swabs of all mice regardless of splenectomy.
P. 0.05 (b versus d, area under the curve, Wilcoxon rank sum). The number of mice with shedding is
indicated for the points where not all mice were positive for shedding. The data were acquired from
two independent experiments.

FIG 1 Effect of spleen removal on the spreading of genital Chlamydia to the gastrointestinal tract.
Groups of female C57BL/6J mice without (a and b; n= 5) or with (c and d; n= 6) splenectomy were
infected intravaginally with Chlamydia. All mice were monitored for live chlamydial organisms
recovered from both vaginal (a and c) and rectal (b and d) swabs, and the titers were expressed as
log10 IFU per swab on different days after intravaginal infection. Note that spleen removal failed to
significantly impact either live chlamydial shedding from the genital tract or the spread of genital
Chlamydia to the gastrointestinal tract. P. 0.05 (a versus c or b versus d, area under the curve,
Wilcoxon rank sum). The number of mice with shedding is indicated for the points where not all
mice were positive for shedding. The data were acquired from two independent experiments.
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nous inoculation (Fig. 3). Live Chlamydia was detected predominantly in the spleen by
12 h, the stomach tissue and lumen by 24 h, intestinal tissues by 36 h, and intestinal
lumen by 48 h. By 72 h, live Chlamydia was finally detected on rectal swabs but not
vaginal swabs. Although the extensive and careful titration of infectious titers of
Chlamydia simultaneously from multiple tissues and luminal samples is labor-intensive,
the comprehensive comparison of the tissue distribution of the live chlamydial organ-
isms over time seems to suggest a spleen-to-stomach lumen pathway for hematoge-
nous Chlamydia to reach the large intestine lumen.

The finding that hematogenous Chlamydia reached the stomach lumen within 24 h
after intravenous inoculation was surprising to us. This was unlikely to be due to oral
uptake, since the intravenously inoculated Chlamydia should be restricted to the blood
circulation (29) and no live chlamydial organisms were detected on rectal swabs at this
time. To further exclude the possibility of coprophagy, the experiment was repeated
using mice housed under coprophagy-free conditions (Fig. 4). In addition, to better
determine whether the stomach luminal Chlamydia was a result of oral uptake, we also
monitored live chlamydial organisms from esophagus tissue and lumen in the cop-
rophagy-free experiment. When the chlamydial organisms were monitored in mouse
tissue and luminal samples 36 h after intravenous inoculation with Chlamydia, it was

FIG 3 Temporal distribution of live chlamydial organisms in mouse tissues following intravenous
inoculation. After retro-orbital inoculation with Chlamydia, groups of C57BL/6J mice were sacrificed at
12 h (a), 24 h (b), 36 h (c), 48 h (d), or 72 h (e) to monitor live chlamydial organisms in different
tissues (solid bars) and luminal contents (open bars), including spleen (Spl), liver (Liv), lung (Lun),
kidney (Kid), and gastrointestinal tract tissues and luminal contents from the stomach (Sto), small
intestine (SI) (including the duodenum [Duo], jejunum [Jej], and ileum [Ile]), and large intestine (LI)
(including the cecum [Cec], colon [Col], and rectum [Rec]), as well as upper genital (UP) and lower
genital (LG) tract tissues and vaginal swabs (Vag). The rectum lumen was collected as rectal swabs.
The infectious titers of chlamydial organisms were expressed as log10 IFU per tissue/lumen/swab.
Note that hematogenous Chlamydia was detected predominantly in the spleen by 12 h, the stomach
tissue and lumen (b, arrow) by 24 h, and intestinal tissues by 36 h and intestinal lumen by 48 h (d,
arrows). By 72 h, live Chlamydia was first detected on the rectal swabs (e, thick arrow) but not
vaginal swabs (e, open arrow). *, P, 0.05, Wilcoxon rank sum (spleen versus liver, lung, or kidney).
n = 4 or 5 mice for each time point. Data are from 3 separate experiments. Due to large number of
samples to be measured from each mouse, only one or two mice were processed each time. The
number of mice with detectable IFU in a given tissue/sample is indicated for the samples that were
important for drawing conclusions.
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found that hematogenous Chlamydia appeared predominantly in the spleen compared
to the other solid organs, which is consistent with what was observed above. More
importantly, when different tissues of the gastrointestinal tract were compared, live
chlamydial organisms were detected in both the stomach and intestinal tissues but
not the esophagus tissues, suggesting that the chlamydial organisms detected in the
stomach were unlikely to be from the esophagus or oral uptake. Finally, live chlamydial
organisms were also detected in the stomach lumen but not any other lumens at this
time point (36 h after intravenous inoculation), which supports the concept that hema-
togenous Chlamydia may use the spleen-to-stomach pathway to gain access to the
stomach lumen, after which the stomach luminal Chlamydia may descend to seed the
rest of the GI tract.

In the absence of the spleen, Chlamydia is able to spread to the large intestine
lumen but without a preceding presence in the stomach. Since data in Fig. 1 and 2
demonstrated that genital or hematogenous Chlamydia can spread to the GI tract in
the absence of the spleen, the next step was to examine the tissue distribution pattern
of the live chlamydial organisms after intravenous inoculation. As shown in Fig. 5, by
24 h, live chlamydial organisms were predominantly detected in the livers of the sple-
nectomized mice. There was no live Chlamydia in any GI tract tissues at this time. Only
by 72 h after intravenous inoculation could significant numbers of live chlamydial
organisms be detected in the GI tracts of the splenectomized mice. This represents a
significant delay in the spreading of hematogenous Chlamydia to the GI tract, since, in
normal mice, live chlamydial organisms were already detected in both the stomach tis-
sue and lumen by 24 h after intravenous inoculation. Thus, the lack of a spleen can
delay chlamydial spreading to the GI tract. More importantly, in the splenectomized
mice, the numbers of inclusion-forming units (IFU) recovered from different intestinal
tissues were significantly higher than those from the stomach, suggesting that in the
absence of the spleen, hematogenous Chlamydia may spread to the GI tract via a liver-
to-intestine pathway but without the need of prior presence in the stomach.
Significant levels of live chlamydial organisms were simultaneously detected in the
lumen of the intestine, suggesting that live chlamydial organisms may directly arrive at
the intestinal lumen from the liver via the bile duct system. As a control for mucosal
barrier integrity, no live chlamydial organisms were detected in the lumen of the geni-
tal tract, even on day 14 after intravenous inoculation, suggesting that the mucosal

FIG 4 Distribution of intravenously inoculated Chlamydia in tissues of mice housed under
coprophagy-free condition. After retro-orbital inoculation with Chlamydia, C57BL/6J mice (n= 5) were
sacrificed at 36 h for monitoring for live Chlamydia recovery from different tissues (solid bar) and
luminal contents (open bar). Abbreviations for tissues and luminal contents are as in Fig. 3, with the
addition of esophagus (Eso) tissue and luminal contents (open arrow). The titers of live chlamydial
organisms were expressed as log10 IFU per tissue/lumen/swab. Note that hematogenous Chlamydia
was detected predominantly in the spleen and in the stomach lumen (filled arrow) but no other
mucosal lumens (open arrow). *, P, 0.05, Wilcoxon rank sum (spleen versus liver, lung, or kidney).
n=5. Data are from 2 separate experiments. The number of mice with detectable IFU in a given
tissue/sample is indicated for the samples that were important for drawing conclusions.
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barrier function was maintained for preventing hematogenous Chlamydia from enter-
ing the lumen of extragut mucosal tissues in the splenectomized mice.

DISCUSSION

Since the discovery of chlamydial spreading from the genital tract to the GI tract for
long-lasting colonization (21), extensive efforts have been made to reveal the path-
ways. It was found that Chlamydia might spread via the blood circulation system, since
the spreading was accompanied by the presence of chlamydial organisms in the blood
or bacteremia and intravenously inoculated Chlamydia was localized to the GI tract
(29). A recent study further reported a role of the spleen in the chlamydial spreading
(30). In the current study, we present new experimental evidence to support the con-
cept that genital/hematogenous Chlamydia may spread to the GI tract via multiple
redundant pathways. First, following intravaginal inoculation, live Chlamydia was
detected on the rectal swabs of mice with or without splenectomy, indicating that the
spleen is not essential for genital Chlamydia to spread to the GI tract. Second, intrave-
nously inoculated Chlamydia was also detected in the rectal swabs of mice with or
without splenectomy, indicating that the spreading of hematogenous Chlamydia to
the GI tract is also independent of the spleen. The hematogenous Chlamydiamay enter
the GI tract via a biological pathway, since the intravenously inoculated Chlamydia can-
not contaminate the GI tract directly. Third, in the presence of spleen, the intrave-
nously inoculated Chlamydia was predominantly recruited to the spleen within 12 h
and then detected in the stomach lumen by 24 h, in the intestinal lumen by 48 h, and
on rectal swabs by 72 h. These temporal and spatial relationships suggest a potential
spleen-to-stomach pathway for hematogenous Chlamydia to reach the large intestine
lumen. Fourth, the stomach luminal Chlamydia was not orally taken up by mice, since
live Chlamydia was still detected in the stomach lumen but not esophagus tissue or

FIG 5 Temporal distribution of intravenously inoculated Chlamydia in tissues of splenectomized mice.
After retro-orbital inoculation with Chlamydia, groups of splenectomized C57BL/6J mice were sacrificed
at 24 h (a), 72 h (b), 7 days (c), or 14days (d) to monitor live chlamydial organisms in different tissues
(solid bars) and luminal contents (open bars). The designations for the tissues and luminal contents are
as in Fig. 3. The titers of live chlamydial organisms were expressed as log10 IFU per tissue/lumen/swab.
Note that hematogenous Chlamydia was detected predominantly in the liver by 24 h (a) and different
lumens of the gastrointestinal tract (b, arrows) by 72 h but not vaginal swabs even by day 14 (d,
arrow). *, P, 0.05, Wilcoxon rank sum (liver versus lung or kidney in panel a or intestinal tissues versus
stomach tissue in panel b). n=4 or 5 mice for each time point. Data are from 3 separate experiments.
The number of mice with detectable IFU in a given tissue/sample is indicated for the samples that
were important for drawing conclusions.
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lumens of mice housed under coprophagy-free condition. Thus, we propose a spleen-
to-stomach pathway for Chlamydia to access to the GI tract. Finally, in the absence of
spleen, hematogenous Chlamydia was predominantly recruited to the liver and then
simultaneously detected in the intestinal lumen, suggesting a potential liver-to-intes-
tine pathway for Chlamydia to reach the large intestine lumen. Thus, genital/hematog-
enous Chlamydia may have the ability to reach the large intestine lumen via multiple
redundant pathways.

In normal mice, live chlamydial organisms rapidly spread to the spleen and other
organs following inoculation either intravaginally (21, 36, 37) or intravenously (29).
However, most chlamydial organisms are cleared within 2weeks, while the organisms
that have reached the lumen of the large intestine can maintain long-lasting coloniza-
tion (21, 34, 38, 39). Chlamydia may spread from the genital tract to the GI tract via the
blood circulatory system. Thus, intravenous inoculation has been used to investigate
the mechanisms of chlamydial spreading to the GI tract (29). Once arriving in the GI
tract, Chlamydia is restricted to the GI tract (34). The GI tract Chlamydia can be moni-
tored by detecting live chlamydial organisms on rectal swabs (21). It was recently
reported that the spleen might play a critical role in the chlamydial spreading from the
genital tract to the GI tract (30). However, when mice with and without splenectomy
were compared for the recoveries of live Chlamydia from the rectal swabs following in-
travaginal or intravenous inoculation, there was no significant difference in the time
courses of live Chlamydia shedding from the GI tract between the two groups of mice
(Fig. 1 and 2). Thus, the spleen is not essential for chlamydial spreading to the GI tract.
This conclusion was validated by the observations made at the gastrointestinal tissue
level. Live chlamydial organisms were still recovered from the large intestine lumens of
the splenectomized mice. The apparent discrepancy between the report by Howe et al.
(30) and our current findings might be caused by many factors, including the C. muri-
darum strains used for inoculating the mice and the sensitivity of the live-organism ti-
tration methods. Nevertheless, both studies have revealed an important role of the
spleen in the chlamydial spreading. In the current study, it was found that the removal
of the spleen delayed the spreading of the hematogenous Chlamydia to the GI tract.
Live chlamydial organisms were first detected in the large intestine lumen of splenec-
tomized mice at 72 h (Fig. 5), while the first appearance of live chlamydial organisms in
the large intestine lumen of normal mice (with spleen) was at 48 h after intravenous
inoculation (Fig. 3).

In the presence of the spleen, the hematogenous chlamydial organisms may use a
spleen-to-stomach pathway to reach the large intestine lumen. This assumption was
based on the observation that the intravenously inoculated Chlamydia was immedi-
ately enriched in the spleen, followed by the stomach lumen, after which the chla-
mydial organisms reached the lumen of the remaining GI tract. The detection of live
chlamydial organisms in the stomach tissue and lumen by 24 h after intravenous
inoculation was unexpected. This was unlikely to be due to oral uptake, since
Chlamydia was delivered to mice via intravenous injection and there was no shed-
ding of chlamydial organisms from either the GI tract or genital tract at this point in
time. This conclusion was further validated using mice housed under coprophagy-
free conditions. Mice that were positive for live chlamydial organisms in the stomach
tissue and lumen did not display any live chlamydial organisms in the esophagus tis-
sue or lumen, excluding the possibility of oral uptake. Once Chlamydia reached the
stomach lumen, gastric Chlamydia is able to seed the rest of the GI tract (35), explain-
ing the subsequent detection of live chlamydial organisms in the intestinal lumens
and rectal swabs.

The next question is how the splenic Chlamydia reaches the stomach lumen.
Intravenously injected bacteria have been shown to infect dendritic cells (DCs) in the
spleen within 9 h after the injection (40), suggesting that DCs may serve as a vehicle
transporting Chlamydia from the spleen to the stomach. This hypothesis is supported
by the observations that Chlamydia could productively infect DCs (41). Further,
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depletion of CD11c1 DCs at least transiently delayed the spreading of Chlamydia to
the large intestine lumen (30). The Chlamydia-laden DCs might be able to carry
Chlamydia to the stomach tissue via the left gastroepiploic artery or the short gastric
artery that originates from the branched ends of the splenic artery (42). The next step
is for the Chlamydia-laden DCs to cross both the gastric capillary endothelial barrier
and the gastric epithelial barrier to enter the stomach lumen. Although the specific
mechanisms remain unknown, it is clear that once Chlamydia reaches the stomach
lumen, the gastric Chlamydia is able to seed the rest GI tract downstream (35). It will
be worth investigating how the intracellular Chlamydia alters the gene expression of
host DCs to enable the Chlamydia-infected DCs to deliver chlamydial organisms into
the stomach lumen.

In contrast, the splenectomized mice developed a different temporal and spatial
distribution pattern of live chlamydial organisms following intravenous inoculation. In
the absence of the spleen, most intravenously injected chlamydial organisms quickly
entered the liver. Then, the organisms were simultaneously detected in multiple GI
tract tissues and lumens. In particular, the yields of the live organisms recovered from
different intestinal segments were significantly higher than that from the stomach.
This distribution pattern appeared to suggest a liver-to-intestine pathway for the he-
matogenous Chlamydia to reach the large intestine lumen. Hematogenous bacteria are
known to enter the bile duct via the portal-venous system (43), suggesting that the
intravenously injected chlamydial organisms may also be able to use the biliary system
to spread from the liver to the intestine lumen. However, many questions remain to be
addressed, including whether Chlamydia enters the biliary system in free form or by
hiding inside host cells and how Chlamydia survives the biliary defense system.
Chlamydia is known to survive in the small intestine for about 1 month (33), which pro-
vides plenty of opportunities for small intestinal Chlamydia to seed the large intestine
lumen to achieve long-lasting colonization.

We are aware of the limitations of using chlamydial temporal and spatial distribu-
tion patterns to assign chlamydial spreading pathways. This is because both the extent
of blood flow and susceptibility to chlamydial infection in an organ/tissue may affect
the chlamydial organism distribution. More importantly, hematogenous Chlamydia
may enter the GI tract lumen by many different pathways, including the conventional
circulatory system, arteriovenous anastomoses (without going through the heart), and
tissue-to-tissue penetration. The chlamydial organisms may traverse from the GI tract
epithelial basal/lateral side to the luminal side by either crossing the tight junction or
infecting the intestinal epithelial cells from the basal or lateral sides and then releasing
the progeny into the luminal side. In the latter process, it may take longer for hematog-
enous Chlamydia to enter the intestinal lumen, since it requires Chlamydia to complete
its intracellular replication cycle in the enteric epithelial cells. Consistently, chlamydial
inclusions were localized in the intestinal epithelial cells (39). Obviously, more efforts
are required to illuminate the molecular and cellular pathways by which Chlamydia
selectively reaches the lumen of the GI tract but not that of other mucosal tissues.

We are also aware that the knowledge obtained from the mouse model of infection
with C. muridarum may not necessarily be transferable to human infection with
Chlamydia trachomatis. In the murine system, mucosally inoculated Chlamydia murida-
rum organisms are known to spread systemically (21, 36), providing the opportunities
for chlamydial organisms to reach the large intestine lumen. A spleen-dependent path-
way may mediate the first wave of spreading followed by spleen-independent path-
ways. There may be a high selection pressure for Chlamydia muridarum to use multiple
redundant pathways to reach the large intestine lumen, since reaching the large intes-
tine lumen allows this organism to both establish long-lasting colonization in the
infected hosts and be efficiently transmitted to other hosts via the fecal-oral route.
However, there is no direct evidence that sexually transmitted C. trachomatis can also
undergo systemic spreading. Nevertheless, both Chlamydia trachomatis and Chlamydia
pneumoniae have been shown to infect human monocytes (44) and chlamydial
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organisms/inclusions have been isolated/detected in peripheral blood mononuclear
cells from healthy blood donors (45, 46). Thus, C. trachomatismay also possess the abil-
ity to undergo systemic spreading in women (47, 48). Further, C. trachomatis has been
shown to infect human enteroendocrine cells (49). C. trachomatis has been detected
on rectal swabs of women who do not practice oral/anal intercourse (50), suggesting
that these women may have acquired C. trachomatis in their GI tract via sexual behav-
ior-independent pathways.

MATERIALS ANDMETHODS
Chlamydial organism growth. Chlamydia muridarum clone G13.32.1, used in the current study, was

derived from strain Nigg3 (GenBank accession no. CP009760.1) as described previously (14). G13.32.1
(BioProject accession no. PRJNA227769; Biosample accession no. SAMN03569056) retains the wild-type
Nigg3 genome sequence; therefore, it is designated wild-type Chlamydia. Following a previously
described protocol (51), chlamydial organisms were propagated in HeLa cells (human cervical carcinoma
epithelial cells; ATCC catalog no. CCL2.1) and purified as elementary bodies (EBs). Aliquots of EBs were
stored in sucrose-phosphate-glutamate (SPG; 220mM sucrose, 12.5mM phosphate, and 4mM L-glutamic
acid, pH 7.5) at 280°C until use.

Mouse infection. Mouse experiments were carried out in accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (52). The proto-
col was approved by the Committee on the Ethics of Laboratory Animal Experiments of the University of
Texas Health Science Center at San Antonio.

EBs were used to inoculate 6- to 7-week-old female C57BL/6J mice (0006640; The Jackson
Laboratory, Inc., Bar Harbor, ME.) intravaginally (21) or intravenously (29). For intravaginal inoculation,
stock EBs diluted in 10ml SPG containing 2� 105 inclusion-forming units (IFU) were delivered to the
ectocervix area using a 20-ml micropipette tip. Five days prior to inoculation, each mouse was injected
subcutaneously with 2.5mg Depo-Provera (Pharmacia Upjohn, Kalamazoo, MI) suspended in sterile
phosphate-buffered saline (PBS). For intravenous inoculation, EBs diluted in 50ml of SPG buffer contain-
ing 2� 105 IFU were delivered to mice via retro-orbital injection as described previously (53). Briefly,
mice were anesthetized with isoflurane and placed in left lateral recumbency with the head facing to
the right. The mouse’s right eyeball was partially protruded from the eye socket by applying gentle pres-
sure to the skin dorsal and ventral to the eye. A 27-gauge needle was carefully inserted, bevel down, at
an angle of approximately 30°, into the medial canthus. The inoculum was then slowly and smoothly
injected, after which the mouse was placed back into its cage for recovery. In some experiments, the
spleen was surgically removed as described previously (54) 1 week before the inoculation. For splenec-
tomy, mice were anesthetized with 2.5% isoflurane delivered in a stream of oxygen by a controlled pre-
cision vaporizer. The hair of the surgical site was removed, and the skin of the surgical site was disin-
fected three times with 70% ethanol. A 1-cm incision was made on the left posterior back of the mouse.
Then, spleen was exteriorized, and the gastro-splenic ligament was cut with scissors to separate the
spleen from the stomach. Splenic vessels were identified, isolated, and then ligated with 5-0 absorbable
sutures. Blood vessels were transected distal to the ligature. The incision was closed by surgical clips. In
some experiments, mice wearing collars were housed singly to prevent coprophagy as described previ-
ously (21).

Titrating live chlamydial organisms recovered from swabs and tissue homogenates. Following
the inoculation as described above, both vaginal and rectal swabs were taken periodically or organs/tis-
sues were harvested (after mice were sacrificed) for titrating viable organisms as described previously
(21, 29). To quantitate live chlamydial organisms in vaginal or rectal swabs, each swab was soaked in
0.5ml of SPG and vortexed with glass beads, and the chlamydial organisms released into the superna-
tants were titrated on HeLa cell monolayers in duplicate. The infected cultures were processed for im-
munofluorescence assay as described previously (55) and below. Inclusions were counted in five random
fields per coverslip under a fluorescence microscope. For coverslips with less than 1 IFU per field, entire
coverslips were counted. Coverslips showing obvious cytotoxicity of HeLa cells were excluded. The total
number of IFU per swab was calculated based on the mean number of IFU per view, the ratio of the
view area to that of the well, dilution factor, and inoculation volumes. Where possible, a mean number
of IFU/swab was derived from the serially diluted and duplicate samples for any given swab. The total
number of IFU/swab was converted into log10 for calculating the mean and standard deviation across
mice in the same group at each time point.

For quantitating live organisms from mouse organs and tissue segments, each organ or tissue seg-
ment was transferred to a tube containing 0.5 to 5ml SPG depending the sizes of the organs. GI tract tis-
sues include esophagus, stomach, small intestine (duodenum, jejunum, and ileum), and large intestine
(cecum, colon, and rectum), while each genital tract is divided into upper (ovary, oviduct, uterine horn,
uterus, endocervix) and lower (ectocervix and vagina) genital tract tissues. The organs and tissue seg-
ments were homogenized in cold SPG using a 2-ml tissue grinder (K885300-0002; Fisher Scientific,
Pittsburg, PA) or an automatic homogenizer (Omni tissue homogenizer, TH115; Omni International,
Kennesaw, GA). The homogenates were briefly sonicated and spun at 3,000 rpm for 5min to pellet
remaining large debris. In some experiments, the luminal contents were collected from different seg-
ments of mucosal tissues using SPG, including esophagus, stomach, duodenum, jejunum, ileum, cecum,
colon, rectum (rectal swab), and lower genital tract (vaginal swab), before the corresponding tissue was
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homogenized. After sonication, the supernatants were titrated for live C. muridarum organisms on HeLa
cells as described above. The results were expressed as log10 IFU per organ or tissue segment/lumen.

Immunofluorescence assay. The immunofluorescence assay for titrating live organisms was carried
out as described previously (56). A rabbit antibody (R1604, raised with purified C. muridarum EBs) was
used as a primary antibody to label all C. muridarum in HeLa cells, which was visualized with a goat anti-
rabbit IgG conjugated with Cy2 (green, catalog no. 111-225-144; Jackson ImmunoResearch Laboratories,
Inc., West Grove, PA). The DNA dye Hoechst 3328 (blue; Sigma-Aldrich, St. Louis, MO) was used to visual-
ize nuclei. The doubly labeled samples were used for counting for C. muridarum under a fluorescence
microscope (AX70; Olympus) equipped with a charge-coupled device (CCD) camera (Hamamatsu).

Statistical analyses. All data, including the time courses of live organism shedding (IFU), were com-
pared using area under the curve (AUC) between two groups with the Wilcoxon rank sum test (an in-
house Excel sheet), while category data, including number of mice positive for live organism shedding,
were analyzed using Fisher's exact test (http://vassarstats.net/tab2x2.html).
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