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Objective. Chlamydia trachomatis is a sexually
transmitted obligate intracellular pathogen that
causes inflammatory reactive arthritis, spondylitis,
psoriasiform dermatitis, and conjunctivitis in some
individuals after genital infection. The immunologic
basis for this inflammatory response in susceptible
hosts is poorly understood. As ZAP-70W163C–mutant
BALB/c (SKG) mice are susceptible to spondylo-
arthritis after systemic exposure to microbial b-glucan,
we undertook the present study to compare responses

to infection with Chlamydia muridarum in SKG mice
and BALB/c mice.

Methods. After genital or respiratory infection

with C muridarum, conjunctivitis and arthritis were

assessed clinically, and eye, skin, and joint specimens

were analyzed histologically. Chlamydial major outer

membrane protein antigen–specific responses were

assessed in splenocytes. Treg cells were depleted from

FoxP3-DTR BALB/c or SKG mice, and chlamydial DNA

was quantified by polymerase chain reaction.
Results. Five weeks after vaginal infection

with live C muridarum, arthritis, spondylitis, and
psoriasiform dermatitis developed in female SKG mice,
but not in BALB/c mice. Inflammatory bowel disease
did not occur in mice of either strain. The severity of
inflammatory disease was correlated with C muridarum
inoculum size and vaginal burden postinoculation.
Treatment with combination antibiotics starting 1 day
postinoculation prevented disease. Chlamydial antigen
was present in macrophages and spread from the
infection site to lymphoid organs and peripheral tissue.
In response to chlamydial antigen, production of
interferon-g and interleukin-17 was impaired in T cells
from SKG mice but tumor necrosis factor (TNF)
responses were exaggerated, compared to findings in T
cells from BALB/c mice. Unlike previous observations
in arthritis triggered by b-glucan, no autoantibodies
developed. Accelerated disease triggered by depletion of
Treg cells was TNF dependent.

Conclusion. In the susceptible SKG strain,

Chlamydia-induced reactive arthritis develops as a

result of deficient intracellular pathogen control, with

antigen-specific TNF production upon dissemination of

antigen, and TNF-dependent inflammatory disease.
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Chlamydia trachomatis, an obligate intracellular
pathogen, is among the most frequent causes of bacte-
rial sexually transmitted disease. Approximately 4–15%
of individuals with genital C trachomatis infection sub-
sequently develop reactive arthritis (1). This form of
spondyloarthritis (SpA) is characterized by arthritis,
enthesitis, inflammation of the axial skeleton, conjunc-
tivitis, and a pustular psoriasis-like skin rash called
keratoderma blenorrhagica. The mechanism of reactive
arthritis is poorly understood, but tumor necrosis factor
(TNF) inhibition has been shown to be a safe and
effective treatment (2).

One suggested mechanism of reactive arthritis is
immune dysregulation, in which reduced clearance
promotes dissemination and persistence of C trachomatis
(3). The adjuvant effect of residual chlamydial pathogen–
associated molecular patterns (PAMPs) is proposed to
then stimulate an inflammatory response within affected
organs. Alternatively, Chlamydia antigens may induce
autoimmune responses to self antigens by molecular
mimicry, and/or the dissemination of chlamydial PAMPs
may skew immunity, e.g., toward Th17 polarization (4).
Dissemination of C trachomatis into synovial tissue
through infected macrophages is suggested by the pres-
ence of inclusion bodies and chlamydial DNA (5). Pro-
gress toward a mechanistic understanding has been
limited by a lack of suitable animal models.

T cells in ZAP-70W163C–mutant BALB/c (SKG)
mice exhibit attenuated T cell receptor (TCR) signaling,
with increased autoreactivity and production of
interleukin-17 (IL-17). SKG mice display an increased
proportion of peripherally derived Treg cells accompa-
nied by reduced interferon-g (IFNg) production by T
cells (6). They develop T cell– and IL-23–dependent
clinical, histologic, and radiographic features of SpA
after intraperitoneal injection of microbial 1,3-b-glucan
(curdlan) (4). Chlamydia muridarum is a murine patho-
gen that is closely similar to the human pathogen C
trachomatis, which infects the vaginal epithelium. In mice,
vaginal infection ascends to the upper genital tract caus-
ing scarring and occlusion of the fallopian tube (oviduct),
with the infection eventually resolving within 4 weeks. In
BALB/c mice, infection control requires CD41 T cells,
IL-12, and IFNg. Since SKG mice are susceptible to
SpA, we compared responses to urogenital C muridarum
infection in these mice versus responses in BALB/c mice.

MATERIALS AND METHODS

C muridarum and major outer membrane protein
(MOMP) recombinant purification. C muridarum (Weiss)
was grown and C muridarum MOMP expressed and purified
as previously described (7,8).

Mice. Male and female BALB/c mice ages 6–9 weeks
were bred under specific pathogen–free conditions at the
University of Queensland. Experiments were approved by the
University of Queensland Animal Ethics Committee (UQDI/
467/12/NHMRC). TLR-22/2 BALB/c mice (4) were crossed
with SKG mice. FoxP3-DTR mice, expressing a diphtheria
toxin receptor–enhanced green fluorescent protein (GFP)
fusion protein under the control of the foxp3 locus (9,10)
were backcrossed with BALB/c mice (kindly provided by Dr.
Ian van Driel, University of Melbourne, Melbourne, Victoria,
Australia) and then crossed with SKG mice. One day after
genital inoculation, female mice were administered a single
intraperitoneal injection of diphtheria toxin (1 mg; Sigma-
Aldrich). Treg cell depletion in the peripheral blood and the
spleen was confirmed by flow cytometry at 1 day and 7 days,
respectively, after diphtheria toxin administration.

Infection of mice, measurement of chlamydial
shedding, and tape stripping. Female mice were primed by
subcutaneous administration of 2.5 mg medroxyprogesterone
acetate (Depo-Provera; Pfizer) and infected with 7 3 103

inclusion-forming units (IFU) of C muridarum intravaginally,
as described previously (7). In other sets of experiments,
groups of female mice were infected with 5 3 102, 5 3 104,
and 106 IFU C muridarum intravaginally. In some experi-
ments, SKG mice were infected with 7 3 103 IFU ultraviolet-
inactivated C muridarum together with 10 mg lipopolysaccha-
ride (Escherichia coli O111:B4; Sigma-Aldrich) (11). On days
3, 7, 14, 21, 35, 55, and 70 after inoculation, cervicovaginal
swabs were collected (12). Chlamydial vaginal load was deter-
mined by direct inoculation of dilutions of vaginal swabs onto
McCoy cell monolayers (7). Male mice were infected with
either 106 IFU C muridarum per urethra (13) or 3.5 3 102

IFU intranasally (14). As a Chlamydia-positive control,
knee joints were injected intraarticularly with 2 3 104 IFU C
muridarum (15). Following removal of hair from the dorsal
skin, tape stripping (20 strokes) of dorsal skin was performed,
using transparent tape (16).

Antibodies. Experiments used the following antibodies:
Alexa Fluor 488–conjugated anti–IL-17A (TC11-18H10.1),
PerCP/Cy5.5-conjugated anti-IFNg (4S.B3), allophycocyanin
(APC)–conjugated anti-TNF (MP6-XT22), Pacific Blue–conju-
gated anti-CD3 (145-2C11), phycoerythrin (PE)– or Pacific
Blue–conjugated anti-CD11b (M1/70), PE/Cy7-conjugated anti-
CD4 (GK1.5), PerCP/Cy5.5-conjugated anti–Ly-6G (1A8),
APC/Cy7-conjugated anti-F4/80 (BM8) (all from BioLegend),
PE-conjugated Ki-67 (B56; BD Biosciences), PE/Texas Red–
conjugated anti-CD8 (53-6.7; Abcam), Alexa Fluor 700–
conjugated anti-FoxP3 (FJK-16s; eBioscience), and relevant
isotype controls. Anti-CD16/32 antibody (93; BioLegend) was
used to block Fc receptors.

Antibiotic and soluble TNF receptor (sTNFR)
treatment. From day 1 through day 14 after vaginal inocula-
tion, rifampin (0.4 mg/day intraperitoneally; Sanofi-Aventis)
(17) and doxycycline (0.3 mg/day by gavage; Alphapharm)
were administered. Female C muridarum–infected FoxP3-
DTR SKG mice were administered sTNFR (etanercept; 250
mg/100 ml) subcutaneously 1 day before, 2 days after, and 5
days after vaginal inoculation.

Clinical and histopathologic assessment. Mice were
weighed weekly. The same observer, who was blinded with
regard to the treatment, measured the thickness of both fore
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paws and hind paws using a digital caliper (7), at various time
points over a 12-week period. Conjunctivitis was defined as
conjunctival redness with eyelid edema/thickening and dis-
charge or tearing (18). Eye swabs were cultured and surveyed
for C muridarum by immunofluorescence.

Twelve weeks after inoculation, mice were killed and
eyes, ears, hind paws, fore paws, sacroiliac joints, and tails
were collected, fixed in formalin, embedded, and sectioned.

Joints were decalcified in EDTA. Hematoxylin and eosin–
stained sections were assessed and assigned histologic scores
(19) by 2 independent readers who were blinded with regard
to the treatment. Skin was scored on a scale of 0–8 and
joints on a scale of 0–5 (details on the scoring parameters
are available at https://espace.library.uq.edu.au/view/UQ:
353054). Mice with histologic scores of .1 were considered
diseased.

Figure 1. Genital infection with Chlamydia muridarum (Cmu) induces enthesitis, synovitis, spondylitis, and sacroiliitis in female SKG mice. A,

Hind paws of a female BALB/c mouse (top) and a female SKG mouse (bottom) 12 weeks after genital inoculation with C muridarum. B and C,

Inflammation index (change in thickness from baseline) of the hind paws (B) and fore paws (C) after genital inoculation with C muridarum. D,

Hind paw asymmetry (absolute difference, left hind paw thickness minus right hind paw thickness) after genital inoculation with C muridarum.
In B–D, values are the mean 6 SEM in SKG mice (red) and BALB/c mice (black). * 5 P , 0.05; *** 5 P , 0.0001 versus BALB/c mice, by two-
way analysis of variance. E, Histologic scores in the hind paw, fore paw, and spine 12 weeks after inoculation. Each symbol represents an individ-
ual mouse; bars show the mean 6 SEM. ** 5 P , 0.001 by Mann-Whitney test. F–I, Hematoxylin and eosin–stained sections from the sacroiliac
joint (F), hind paw joint (G), fore paw joint (H), and intervertebral disk (I) of BALB/c and SKG mice, obtained 12 weeks after inoculation.
Asymmetric sacroiliitis and plantar fasciitis are seen in the SKG mouse specimens (arrows in F and G, respectively). Original magnification 3

4 in F–H; 3 10 in I. Bars 5 0.5 mm. Results shown are representative of 43 mice in 2 independent experiments.
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Flow cytometric analysis. Cells were stimulated for
2 hours in the presence of MOMP (30 mg/ml) or phorbol
myristate acetate (50 ng/ml) plus ionomycin (1 mg/ml), and
then with brefeldin A. Cells were stained and analyzed on a
Gallios flow cytometer (Beckman Coulter).

Assessment of cell proliferation and cytokine pro-
duction. Splenocytes, harvested 7 days postinoculation, were
incubated in RPMI/10% fetal calf serum (FCS), with or without
MOMP (5 mg/well). After 48 hours, supernatants were removed
for cytokine analysis using Th1/Th2/Th17 CBA kits (BD
Biosciences). Proliferation was assessed according to uptake of
tritiated thymidine (PerkinElmer).

MOMP-specific and antiproteoglycan antibodies.
Enzyme-linked immunosorbent assay (ELISA) plates (Greiner
Bio-One) were coated overnight with 2 mg/well MOMP pro-
tein, washed, blocked with 5% FCS in phosphate buffered
saline, and then incubated with serially diluted serum. After
washing, plates were incubated with horseradish peroxidase–
conjugated secondary detection antibodies against mouse IgA,
IgG, IgG1, or IgG2a and then developed with tetramethylben-
zidine (Sigma-Aldrich) and read at 450 nm. End point titer
was defined as 2 standard deviations above the mean ab-
sorbance in negative controls. Positive anti-MOMP IgG was
considered as a priori evidence of infection. Sera from C
muridarum–infected BALB/c and SKG mice were analyzed for
IgG reactivity to proteoglycan by ELISA, as previously
described (7).

Chlamydia-specific ompA quantitative polymerase
chain reaction. C muridarum present in tissue at low levels
was measured by ompA-specific quantitative reverse tran-
scription–polymerase chain reaction as previously described
(7). Primers used to amplify the ompA gene encoding C mur-
idarum MOMP were 50-GCCGTTTTGGGTTCTGCTT-30

and 50-CGAGACGTAGGCTGATGGC-30.
Myeloid cell sorting. Cell pellets were obtained from

lumbar lymph nodes, spleens, and blood collected 1, 3, or 7 days
postinoculation and from hind paw joints harvested 12 weeks
postinoculation. CD11b-enriched cells were sorted from cell
pellets by magnetic separation using CD11b MicroBeads
(Miltenyi Biotec). The proportion of CD11b cells among sple-
nocytes increased from 10% before sorting to 62% after sorting.

Skin and joint explant culture. Ears and hind paw
joints were harvested in saline. Ears were split longitudinally
and the dermis cultured for 24 hours in Dulbecco’s modified
Eagle’s medium with 1% sodium pyruvate/10% FCS, with
supernatant discarded after 1 hour and 3 hours to remove
cytokines released by necrotic cells. Ankle joints were
chopped into 3 pieces and cultured in medium.

Statistical analysis. The normality of distribution
was assessed by Kolmogorov-Smirnov test. Student’s t-test
and analysis of variance (ANOVA), respectively, were used
to assess the significance of quantitative differences between
2 groups and $3 groups for normally distributed data, and
the Mann-Whitney and Kruskal-Wallis tests, respectively,
were used for non-normally distributed data. The number of
animals needed to achieve statistical power was estimated
from previous experiments (4). The significance of differences
between time points was determined by two-way ANOVA
with Tukey’s post hoc comparison. Fisher’s exact test was
used to assess differences in binary outcomes between groups.
C muridarum load in the early course of the genital infection
was expressed based on the area under the curve (AUC) of C

muridarum IFU in the swabs from days 3–55, and correlations
with hind paw swelling 7 weeks postinoculation were deter-
mined by Pearson’s R test. P values (2-tailed) less than 0.05
were considered significant.

RESULTS

Induction of reactive arthritis in SKG mice by
infection with C muridarum. By 5 weeks after genital
infection with 7 3 103 IFU C muridarum, arthritis of
both fore paws and hind paws had developed in 85% of
the female SKG mice and in none of the female BALB/c
mice (Figures 1A–C). Joint swelling was progressive and
bilateral, but severity was asymmetric (Figure 1D) in
C muridarum–infected SKG mice. Histologic analysis
revealed inflammation of the axial and appendicular skele-
ton (Figure 1E) with sacroiliitis (Figure 1F), enthesitis
(Figure 1G), synovitis (Figure 1H), and spondylitis (Figure
1I). No dactylitis developed in either group.

Psoriasis-like inflammatory infiltration of the
dermis, with epidermal thickening and parakeratosis,
occurred in all male and female C muridarum–infected
SKG mice but was absent in BALB/c mice (Figures
2A–E). Tape stripping of the abdominal skin of C mur-
idarum–infected SKG mice did not trigger the K€obner
phenomenon or psoriasis-related features. However,
when female mice were infected with higher doses of
C muridarum (106 or 5 3 104 IFU), they exhibited fea-
tures of pustular psoriasis skip lesions, including apop-
totic bodies, spongiosis, and subcorneal neutrophilic
pustules resembling keratoderma blenorrhagica (histo-
logic images available at https://espace.library.uq.edu.
au/view/UQ:353054).

Fifty percent of the male SKG or BALB/c mice
administered a urethral inoculum of 106 IFU C murida-
rum developed an infection, based on the presence of
seroconversion (anti-MOMP IgG) as assessed 12 weeks
postinoculation. Infected mice did not develop subse-
quent paw swelling, potentially because of the immune-
privileged status of the male mouse genital tract (20).
We therefore infected male SKG mice intranasally with
5 3 102 IFU C muridarum. This resulted in a 50% inci-
dence of arthritis. Paw swelling was mild in male
infected SKG mice. In contrast, conjunctivitis was sig-
nificantly more frequent among male than female SKG
mice (Figures 2F and G). Swabs from affected conjunc-
tivae were negative for C muridarum by culture (results
not shown). There was no increase in conjunctivitis
incidence among naive SKG mice relative to BALB/c
mice. Histologic analysis revealed mild cellular infiltra-
tion of the joints and moderate infiltration of the skin
of male mice. Inflammation and histologic scoring data
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are available at https://espace.library.uq.edu.au/view/
UQ:353054.

We did not observe weight loss, diarrhea, ileitis,
or colitis in male C muridarum–infected BALB/c or
SKG mice infected via the respiratory tract or in
female mice infected via the reproductive tract (results
not shown). With respect to clinical and histologic fea-
tures and organs involved, these results indicate that
after genital or respiratory infection with C muridarum,
SKG mice develop signs of reactive arthritis similar to
those caused by C trachomatis and Chlamydia pneumo-
niae in humans. The pathologic features differed
between male and female animals, with a predilection
for conjunctivitis in males and more severe arthritis,
spondylitis, and enthesitis in females.

Correlation between C muridarum load in the
genital tract of female SKG mice and severity of
arthritis. In contrast to the results obtained after infec-
tion of SKG mice with live C muridarum, challenge with
ultraviolet-inactivated C muridarum did not induce paw
swelling (Figure 3A), suggesting that replicating infec-

tion is required for immunopathology. Treatment with
rifampin and doxycycline starting on day 1 postinfection
decreased C muridarum load in the vagina by 1,000-fold
by day 5 postinfection and significantly reduced arthritis
severity, consistent with an effect of live C muridarum
load on arthritis severity (Figures 3B and C). To further
assess the impact of C muridarum load, we infected
female SKG and BALB/c mice with increasing doses of
C muridarum, ranging from 5 3 102 IFU to 106 IFU.
Paw swelling was detected in SKG mice inoculated with
low doses of C muridarum (5 3 102 IFU); paw swelling
in these mice was significantly greater than that
observed after infection of BALB/c mice with 106 IFU
C muridarum (Figure 3D). The magnitude of chlamydial
vaginal shedding (i.e., the AUC) correlated with the
severity of the hind paw arthritis measured 7 weeks
postinfection (Figure 3E).

Three days after inoculation with C muridarum
at 106 IFU, the load of C muridarum in the genital
tract was significantly lower in BALB/c mice than in
SKG mice (Figure 3F); similar results were observed

Figure 2. Genital infection with Chlamydia muridarum (Cmu) triggers skin and eye inflammation in SKG mice. A–D, Hematoxylin and eosin–
stained skin sections from a female uninfected BALB/c mouse (A), a female uninfected SKG mouse (B), a female C muridarum (7 3 103

inclusion-forming units [IFU])–infected BALB/c mouse (C), and a female C muridarum (7 3 103 IFU)–infected SKG mouse (D), showing
epidermal thickening (arrow), dermal infiltration (arrowhead), and parakeratosis (asterisk) in the infected SKG mouse. Original magnification
3 10. Bars 5 0.5 mm. E, Histologic scores in skin samples 12 weeks after inoculation. Each symbol represents an individual mouse; bars show the
mean 6 SEM. ** 5 P , 0.001 by Mann-Whitney test. F, Conjunctivitis in a male SKG mouse following genital inoculation with C muridarum. G,

Conjunctivitis incidence following C muridarum infection in male and female BALB/c and SKG mice. Bars show the standard error of the percentage
survival without conjunctivitis. * 5 P , 0.05 versus infected male BALB/c mice, by Mantel-Cox log rank test. Results shown are representative of 30
mice in 2 independent experiments.
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when both groups of mice were inoculated with C
muridarum at 5 3 102, 5 3 104, and 7 3 103 IFU
(data not shown). These data indicate that the devel-
opment of reactive arthritis in SKG mice is associated
with greater bacterial burden and with less efficient
clearance of C muridarum than in BALB/c mice 3
days after challenge.

Increased antigen-specific TNF levels, reduced
IFNg and IL-17A production, and altered innate
immune response after administration of C muridarum.
In view of the observed difference in C muridarum clear-
ance, we compared innate and adaptive immune
responses in female SKG and BALB/c mice 7 days after
genital inoculation with C muridarum. The C muridarum–

Figure 3. Chlamydia muridarum (Cmu) load correlates with arthritis severity in female SKG mice. A, Hind paw inflammation index after genital
infection of female SKG mice with C muridarum or with ultraviolet (UV)–inactivated C muridarum. B, C muridarum load in genital swabs from
female C muridarum (7 3 103 inclusion-forming units [IFU])–infected SKG mice with or without rifampin and doxycycline treatment from day 1
to day 14 postinoculation. C, Hind paw inflammation index in female C muridarum–infected SKG mice with or without rifampin and doxycycline
treatment. D, Hind paw inflammation index in female BALB/c and SKG mice following genital infection with C muridarum at 5 3 102, 5 3 104,
or 106 IFU. E, Correlation between chlamydial load as determined by the area under the curve (AUC) of C muridarum IFU from baseline to
day-14 swabs and the inflammation index at 7 weeks postinoculation (wpi) in female SKG mice. Statistical significance was calculated by Pear-
son’s linear regression. F, C muridarum load in swabs from female SKG mice and BALB/c mice. Values in A–D and F are the mean 6 SEM.

* 5 P , 0.05; ** 5 P , 0.001; *** 5 P , 0.0001 (with versus without UV inactivation [A], with versus without antibiotic treatment [B and C], or
SKG versus BALB/c mice [D and F]), by two-way analysis of variance. Results shown are representative of 14 mice (A and E), 33 mice (B), 17
mice (C), 24 mice (D), and 47 mice (F), in 2 independent experiments.
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Figure 4. Deficient interferon-g (IFNg) and interleukin-17A (IL-17A) production and increased myeloid cell proportion in female Chlamydia muri-

darum (Cmu)–infected SKG mice compared to BALB/c mice. A–D, Concentrations of tumor necrosis factor (TNF) (A), IFNg (B), IL-17A (C), and
IL-6 (D) in culture supernatant after 2 days of culture with major outer membrane protein. E and F, Gating strategy (E) and proportions of mono-
cyte/macrophages (CD11b1Ly-6Glow cells) in female C muridarum–infected BALB/c and SKG mice (F) 7 days postinoculation. G, C muridarum

genomic DNA in CD11b1 cells from female C muridarum–infected BALB/c mouse spleens and in CD11b1 and CD11b2 cells from female C muri-

darum–infected SKG mouse spleens 7 days after vaginal inoculation with C muridarum. Dotted line represents background amplification. In A–D, F,

and G, each symbol represents an individual mouse; bars show the mean 6 SEM. * 5 P , 0.05; ** 5 P , 0.001; *** 5 P , 0.0001, by one-way analysis
of variance (ANOVA) followed by Tukey-Kramer test in A–D and by Mann-Whitney test in F and G. H, Hind paw inflammation index following
genital infection of SKG mice and TLR2–/– SKG mice with C muridarum. Values are the mean 6 SEM. * 5 P , 0.05; ** 5 P , 0.001;

*** 5 P , 0.0001 versus TLR22/2 SKG mice, by two-way ANOVA. Results shown are representative of 22 mice (A–D), 28 mice (E and F), 6 mice
(G), and 15 mice (H), in 2 independent experiments.
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specific IgG2a:IgG1 ratio was .1 with similar specific IgG
and IgA titers in both infected BALB/c and infected SKG
mice, suggesting Th1 polarization in both strains. Chla-
mydial MOMP antigen–specific splenocyte proliferation
in female BALB/c and SKG mice increased significantly
and to an equivalent extent after C muridarum infection
(detailed results available at https://espace.library.uq.edu.
au/view/UQ:353054). However, MOMP-specific TNF pro-
duction was increased, and IFNg and IL-17A decreased,
in female C muridarum–infected SKG mice relative to
BALB/c mice, with no difference in levels of IL-6 (Figures
4A–D). Compared to BALB/c mice, MOMP-specific
IFNg production by CD41 T lymphocytes from C murida-
rum–infected mice, measured by flow cytometry, was also
reduced in female SKG mice, whereas MOMP-specific
TNF production by CD3– cells was increased (detailed
results available at https://espace.library.uq.edu.au/view/
UQ:353054).

Unlike previous observations in curdlan-treated
SKG mice, which develop CD41 T cell–mediated auto-
immunity with production of autoantibodies and a sys-
temic cytokine response (7), the concentration of IL-6,
TNF, IFNg, and IL-17A in serum was low in female C
muridarum–infected BALB/c and SKG mice and was
not significantly different between the 2 strains. In
contrast to MOMP-specific CD41 splenic T cells, higher
levels of IL-6 were found in skin and joint explant
cultures from female C muridarum–infected SKG mice
compared to BALB/c mice, while TNF levels were rela-
tively low (potentially related to low sensitivity for detec-
tion of T cell–derived TNF in such cultures, or the late
timing of analysis in the joints). Antiproteoglycan anti-
body was not detected in infected mice 12 weeks postin-
fection. Thus, T cell cytokine production in response to
C muridarum antigen presentation is altered soon after
infection in SKG mice, and we found no evidence of
autoimmune cross-reactivity with proteoglycan. Detailed
results of these analyses are available at https://espace.
library.uq.edu.au/view/UQ:353054.

Increased systemic load of C muridarum DNA
in myeloid cells of SKG mice compared to BALB/c
mice. It has been suggested that monocytes and
macrophages disseminate proinflammatory C pneumo-
niae and C trachomatis PAMPs systemically (14,21). To
determine whether C muridarum was present in
antigen-presenting cells outside the genital tract of
female BALB/c and SKG mice that had been infected
vaginally, we quantified C muridarum ompA DNA.
One week postinoculation, the proportions of splenic
CD11b1 myeloid cells and CD11b1Ly-6Glow mono-
cyte/macrophages in C muridarum–infected female
SKG mice were increased relative to those in C muri-

darum–infected BALB/c mice (Figure 4E). We found
C muridarum DNA in spleen and lumbar lymph nodes
of both BALB/c and SKG mice 7 days postinoculation
(data available at https://espace.library.uq.edu.au/view/
UQ:353054). After sorting of splenocytes, C murida-
rum–specific DNA was found in CD11b1 myeloid cells
from mice of each strain 7 days postinoculation, but
not in CD11b– cells (Figure 4G).

The high proportion of CD11b1 myeloid cells,
including monocytes and macrophages, in infected
SKG mice (Figure 4F) implies a high load of C muri-
darum PAMPs systemically and at the site of inflamma-
tion, associated with development of reactive arthritis.
We hypothesized that dissemination of C muridarum
PAMPs triggers tissue inflammation through the activa-
tion of innate immune receptors. As Toll-like receptor
2 (TLR-2) plays a major role in innate immune activa-
tion by Chlamydia (4,22), we infected TLR-22/2 mice
with C muridarum. Consistent with reduced impact of
C muridarum PAMPs, clinical arthritis severity was sig-
nificantly decreased after C muridarum infection of
TLR-22/2 SKG mice relative to wild-type SKG mice
(Figure 4H).

Prevention by Treg cells of skin and joint
inflammation triggered by genital infection with
C muridarum. Since SKG mice have an increased pro-
portion of Treg cells (https://espace.library.uq.edu.au/
view/UQ:353054) and a reduced capacity for TCR sig-
naling compared to BALB/c mice, and we found a
lower capacity for early clearance of C muridarum, we
reasoned that Treg cells may impede T cell–mediated
control of C muridarum after genital infection of
female SKG mice. To test this hypothesis, we depleted
Treg cells from FoxP3-DTR SKG mice using diphthe-
ria toxin 1 day after genital inoculation with C murida-
rum. The proportion of GFP-positive Treg cells in
peripheral blood declined from a mean 6 SEM of
14.8 6 3% pretreatment (n 5 4) to 0.4 6 0.1% 1 day
after diphtheria toxin treatment. One week later, Treg
cell proportions in the spleens of SKG and BALB/c
mice remained significantly reduced (Figure 5A).

In contrast to non–Treg cell–depleted SKG mice,
in which C muridarum load in genital swabs decreased
from day 3 to day 7 postinoculation (Figure 3F), C
muridarum load increased in Treg cell–depleted female
SKG mice over the same time period (Figure 5B).
Moreover, at the site of inflammation, C muridarum
DNA was found in footpads of Treg cell–depleted mice
1 week postinoculation. Consistent with this increase in
C muridarum load, 40% of female Treg cell–depleted
C muridarum–infected SKG mice developed florid
arthritis, conjunctivitis, and skin inflammation within 4
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Figure 5. Treg cells control Chlamydia muridarum (Cmu)–induced reactive arthritis in female SKG mice. A and B, Proportion of Treg cells in the spleens
of female FoxP3-DTR SKG mice 7 days after diphtheria toxin injection (A), and chlamydial load (in mean 6 SEM inclusion-forming units [IFUs]) in geni-
tal swabs from female C muridarum–infected SKG mice and female Treg cell–depleted C muridarum–infected SKG mice (B). C, Eye disease, skin disease,
and arthritis (inset) in a female C muridarum–infected SKG mice 7 days after Treg cell depletion. D and E, Incidence of arthritis (D) and conjunctivitis
(E) in female C muridarum–infected SKG mice after Treg cell depletion. Bars show the standard error of the percentage survival without arthritis (D) or
conjunctivitis (E). F–J, Hematoxylin and eosin–stained samples of skin (F), hind paw (H), and fore paw (I) and histologic scores in skin samples (G) and
hind paw samples (J) from female Treg cell–depleted C muridarum–infected SKG mice 7 days postinoculation. Original magnification 3 10 in F; 3 4 in
H and I. Bars 5 0.25 mm. K–M, C muridarum major outer membrane protein–specific splenocyte production of interferon-g (IFNg) (K), interleukin-6
(IL-6) (L), and tumor necrosis factor (TNF) (M) in female Treg cell–depleted SKG mice with histologically evident arthritis 7 days postinoculation. N, His-
tologic scores of ankle specimens from Treg cell–depleted C muridarum–infected SKG mice with or without etanercept (ETN) treatment for 7 days after
diphtheria toxin injection. In A, G, and J–N, each symbol represents an individual mouse; bars show the mean 6 SEM. * 5 P , 0.05; ** 5 P , 0.001;

*** 5 P , 0.0001 (versus female Treg cell–depleted C muridarum–infected SKG mice in B, versus female C muridarum–infected SKG mice in D and E),
by one-way analysis of variance (ANOVA) followed by Tukey-Kramer test (A), two-way ANOVA (B), Montel-Cox log rank test (D and E), or Mann-
Whitney test (G and J–N). Results shown are representative of 47 mice (A), 32 mice (B–E), 24 mice (F–M), and 20 mice (N), in 3 independent experiments.
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days (Figures 5C–J). Despite Treg cell depletion,
BALB/c mice did not develop a similar inflammatory
syndrome (Figures 5D and E). MOMP-specific spleno-
cyte production of IFNg, IL-6, and TNF was increased
7 days postinoculation in mice with arthritis, relative to
mice without arthritis (Figures 5K–M). There was no
increase in IL-17A production (data not shown).
Arthritis severity was TNF dependent, as histologic
severity was reduced in female Treg cell–depleted SKG
mice treated with sTNFR (Figure 5N). These data indi-
cate that Treg cells normally restrain the production of
TNF in Chlamydia-infected SKG mice and that TNF
production in response to C muridarum does not clear,
and may even exacerbate, the chlamydial load, and pro-
vokes inflammatory reactive arthritis.

DISCUSSION

In the present study we found that the TCR
ZAP-70W163C mutation predisposed SKG mice to char-
acteristic features of reactive arthritis, including asym-
metric arthritis, enthesitis, spondylitis, sacroiliitis,
conjunctivitis, and psoriasis-like skin disease, upon
C muridarum infection. Although SKG mice are prone
to develop autoimmune diseases, Chlamydia-induced
reactive arthritis in these animals appears to be driven
by altered host immunity to Chlamydia, rather than by
self cross-reactivity (7,23,24). While high levels of anti-
proteoglycan autoantibodies develop in SKG mice with
curdlan-induced SpA, these autoantibodies were absent
in mice with C muridarum–induced reactive arthritis. In
contrast, impaired antigen-specific IFNg and IL-17
production by SKG mouse T cells was accompanied by
elevated TNF levels and an increased C muridarum
burden in the genital tract. Reactive arthritis develop-
ment was dependent on live infection, and its severity
correlated with bacterial load. Finally, our results dem-
onstrated that Treg cells in SKG mice restrain TNF
production, and in their absence, chlamydial infection
triggers TNF-dependent inflammatory arthritis associ-
ated with a reduced rate of bacterial clearance (Figure 6).
Thus, the inflammatory response in SKG mice may be
detrimental to local control of infection and restriction
of tissue dissemination of chlamydial antigen.

How does impaired control of C muridarum infec-
tion trigger arthritis, conjunctivitis, and skin inflamma-
tion after intravaginal inoculation? The reduced capacity
of SKG mice for T cell IFNg production in response to
chlamydial antigen is critical, given that CD41 T cells
and IFNg are required for bacterial killing, through mac-
rophage activation and reactive oxygen species produc-
tion (25,26). Similar to the cytokine differences in

BALB/c and SKG mice, IFNg-producing CD41 T cells
have been shown to protect against C muridarum genital
tract infection and IFNg-deficient mice were unable to
clear infection (27), while TNF1CD81 T cells, neutro-
phils, IL-1b, and TLR-2 promoted oviduct inflammatory
pathology (28).

We hypothesize that local migration of myeloid
cells activated by chlamydial PAMPs and carrying chla-
mydial antigen spreads the inflammatory response
from genital tract to diseased tissue, and that myeloid
antigen-presenting cells present chlamydial antigens to
antigen-specific TNF-producing T cells locally. This
hypothesis is consistent with detection of chlamydial
antigen–specific CD41 and CD81 T cells in the joints
of patients with Chlamydia-induced reactive arthritis
(29), detection of Chlamydia DNA in the footpads of
infected SKG mice in the highly inflammatory setting
of Treg cell depletion, and detection of both MOMP-
specific TNF-producing T cells and chlamydial DNA
within myeloid cells in the spleen. Furthermore,
IL-17A acts synergistically with IFNg to inhibit the
growth of C muridarum in the early stage of infection
(30), and production of both cytokines by MOMP-

Figure 6. Model of putative disease mechanisms involved in Chla-

mydia muridarum–induced reactive arthritis in SKG mice. IFNg 5

interferon-g; IL-17A 5 interleukin-17A; PAMPs 5 pathogen-associated
molecular patterns; TNFa 5 tumor necrosis factor a.
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specific T cells was reduced in SKG mice compared to
BALB/c mice. The increased production of TNF by
SKG mouse T cells compared to BALB/c mouse T cells
in response to chlamydial antigen, and the TNF
dependence of reactive arthritis when acutely triggered
by Treg cell depletion, are evidence of a pathogenic
role of TNF in this model, which is in turn supported
by the response to TNF inhibitor treatment in humans
with reactive arthritis (2).

Chlamydial PAMPs, such as MOMP, Hsp60,
and macrophage infectivity potentiator, strongly stimu-
late TLRs, especially TLR-2, to activate myeloid cells,
which take up and disseminate Chlamydia (22,28).
TLR-2 also drives production of cytokines, such as
IFNg and IL-17A, that are required for bacterial clear-
ance and inflammatory cell recruitment to the genital
tract (28,31). TLR-2 agonists activate the adaptive
immune response and expansion of Treg cells (32).
Myeloid cells are increased in infected SKG mice, pre-
disposing them to higher levels of inflammation. How-
ever, TNF-family ligands can confer resistance of
highly activated effector T cells to Treg cell–mediated
suppression (“tuned suppression”), a mechanism that
may drive chronic inflammation and prolonged pathol-
ogy, including arthritis (33). Impaired function of Treg
cells in SKG mice has been described (33), and the
severe inflammatory response to Treg cell depletion
demonstrates their importance in inflammation control.
Similar to C muridarum–induced reactive arthritis in
SKG mice, increased numbers of Treg cells with defec-
tive IL-10 production have been observed in humans
with peripheral SpA (34).

The differences in C muridarum shedding
between BALB/c and SKG mice observed on day 3
suggest innate, rather than adaptive, immune mecha-
nisms. It was recently reported that SKG mice were
deficient in a ZAP-70–dependent novel innate-like
IL-17A–producing g/d T cell subset (35). Chlamydia-
infected macrophages also promote T cell apoptosis
through paracrine effects (36), suggesting that Chla-
mydia-mediated immunomodulatory programmed cell
death renders SKG mice even more immunodeficient.

Interventions that reduced bacterial load and
thus PAMP load, including antibiotics, also reduced
arthritis in SKG mice. In patients with chronic C
trachomatis–induced arthritis, antibiotic combinations
of rifampin and azithromycin, or rifampin and doxycy-
cline, reduced disease activity and bacterial load (37).
In contrast, antibiotics barely impacted postenteric
reactive arthritis, associated with direct disturbance of
the gut microbe–mucosal barrier, as in SKG mice
administered systemic b-glucan (38).

In human reactive arthritis, it has not been clear
whether chronic infection with live and infectious C tra-
chomatis induces recurrent joint flares as a recurrent
source of bacterial antigens or by pathogenic polariza-
tion of immune responses. C trachomatis can be found
in both healthy and arthritic joints (39–41). In both
mouse strains studied herein, we also found that chla-
mydial DNA could be detected outside the genital
tract and that MOMP antigen–specific T cells were
present in the spleen. Previous studies showed that
C trachomatis up-regulates expression of multiple genes
to adopt a persistent (rather than replicative) state
(42,43), similar to Mycobacterium tuberculosis during
persistent infection. Furthermore, detection of C muri-
darum DNA does not imply the presence of live bacte-
ria, and the amplification may have detected remnant
DNA after C muridarum phagocytosis. While mice of
each strain cleared live Chlamydia from the genital
tract, albeit more slowly in the SKG mice, development
of reactive arthritis pathology was not associated with
chronic infection of live Chlamydia in the genital tract.
C muridarum DNA could not be detected in the paw,
except when Treg cells were depleted and severe paw
inflammation was present.

Taken together, our data suggest that in SKG
mice, it is the T cell inflammatory response to dissemi-
nated chlamydial antigen presentation that distin-
guishes their susceptibility to inflammatory disease,
rather than inflammation arising from unusual chronic
infection, or specific dissemination of Chlamydia and
associated PAMPs in this mouse strain. This conclusion
is consistent with previous observations of an intense
synovitis triggered by injection of C trachomatis–
infected synovial fibroblasts into the knees of Lewis
rats and HLA–B27–transgenic Lewis rats (44). Those
investigators also demonstrated that the synoviocyte is
a suitable host cell for C trachomatis, and can function
as a reservoir of microbial antigens that is sufficient to
perpetuate joint inflammation through a Th1 cytokine
imbalance (45).

The current studies demonstrate that reactive
arthritis can be triggered by Chlamydia independently
of HLA–B27. Epidemiologic studies revealed no asso-
ciation between the risk of acquiring reactive arthritis
and B27 positivity, but showed that B27-positive
patients are more likely to have a severe and prolonged
disease course (46). An increased incidence of reactive
arthritis has been described in B27-negative patients
infected with human immunodeficiency virus (HIV)
(47). Similar to findings in SKG mice, activation and
Th1 cytokine production of CD41 T cells is impaired
in HIV-infected patients.
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Collectively, our findings in SKG mice strongly
support the notion that susceptibility to reactive arthri-
tis results from a genetic predisposition of the SKG
TCR to respond, with TNF production, to antigen
derived from the intracellular obligate pathogen
Chlamydia, leading to TNF-dependent inflammatory
disease. Either reduction in the burden of Chlamydia
through treatment with combination antibiotics or
reduction of inflammation through use of TNF inhibi-
tors reduced disease in SKG mice. The importance of
this with regard to human chlamydial reactive arthritis
is supported by evidence that combination antibiotics
and TNF inhibitors each reduced reactive arthritis dis-
ease activity. Indeed, only combination rifampin and
azithromycin can clear C trachomatis in vitro from
infected monocytes (48–50).

Importantly, TNF inhibitors suppressed disease
without increasing the risk of uncontrolled infection.
The development of reactive arthritis in HIV-infected
patients further supports the paradigm that reactive
arthritis is driven by altered host T cell immunity, and
in the example of HIV, virus-driven immune impair-
ment impacts broader pathogen-associated chronic
inflammation.
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