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Epithelial cells play an important role in host defense as sentinels for invading microbial pathogens.
Chlamydia trachomatis is an intracellular bacterial pathogen that replicates in reproductive tract epithelium.
Epithelial cells lining the reproductive tract likely play a key role in triggering inflammation and adaptive
immunity during Chlamydia infections. For this report a murine oviduct epithelial cell line was derived in order
to determine how epithelial cells influence innate and adaptive immune responses during Chlamydia infections.
As expected, oviduct epithelial cells infected by Chlamydia muridarum produced a broad spectrum of chemo-
kines, including CXCL16, and regulators of the acute-phase response, including interleukin-1� (IL-1�), IL-6,
and tumor necrosis factor alpha. In addition, infected epithelial cells expressed cytokines that augment gamma
interferon (IFN) production, including IFN-�/� and IL-12–p70. To my knowledge this is the first report of a
non-myeloid/lymphoid cell type making IL-12–p70 in response to an infection. Equally interesting, infected
epithelial cells significantly upregulated transforming growth factor alpha precursor expression, suggesting a
mechanism by which they might play a direct role in the pathological scarring seen as a consequence of
Chlamydia infections. Data from these in vitro studies predict that infected oviduct epithelium contributes
significantly to host innate and adaptive defenses but may also participate in the immunopathology seen with
Chlamydia infections.

Chlamydia trachomatis serovars D to K, referred to as the
urogenital serovars, are sexually transmitted intracellular bac-
terial pathogens that cause acute urethritis, epididymitis, and
pelvic inflammatory disease. C. trachomatis serovars A to C
cause an eye infection called trachoma. Serovars L1 to L3
cause lymphogranuloma venereum (LGV), a disseminating
sexually transmitted disease that begins with a primary small
ulcerative lesion and progresses to fever, regional lymphade-
nopathy, and genital ulceration and/or lymphatic obstruction in
later stages. Trachoma and LGV are uncommon in the devel-
oped world, while the urogenital serovars D to K are ubiqui-
tous. With the exception of neonatal pneumonia and eye
infections, urogenital serovars of C. trachomatis replicate
exclusively in the epithelium lining the reproductive tract. The
infectious particle is a metabolically inactive intermediate known
as an elementary body. Elementary bodies deposited onto re-
productive tract mucosa are endocytosed by epithelial cells,
become metabolically active, and replicate in modified vacu-
oles, termed inclusions. The replicating form of C. trachomatis
is a noninfectious form known as the reticulate body. As the
developmental cycle progresses, progeny Chlamydia condense
into infectious elementary bodies that are released by exocy-
tosis or host cell lysis. Urogenital strains release apically, in-
fecting adjacent mucosal epithelial cells, while disseminating
serovars release basolaterally, penetrating beyond the mucosal
epithelium (71).

During C. trachomatis infections with the urogenital sero-

vars, progression of the infection into the upper female repro-
ductive tract causes marked inflammation of the Fallopian
tubes (47). Clinical data suggests that C. trachomatis evades
immune-mediated elimination to cause persistent infections in
some individuals (4, 11, 45, 54, 57, 64, 68). In women, chronic
or recurrent C. trachomatis urogenital infections scar the Fal-
lopian tubes, resulting in infertility and ectopic pregnancies,
the two clinically important sequelae of infection (12, 13).

Epithelial cells lining mucosal surfaces serve as sentinels for
invasion by microbial pathogens through the release of inflam-
matory cytokines (reviewed in reference 30). Because epithe-
lial cells are the only cell type productively infected by C.
trachomatis, they are the logical epicenter for the local inflam-
matory response. An increasing body of clinical data supports
the existence of chronic Chlamydia infections and raises the
possibility that infected epithelial cells directly contribute to
Fallopian tube scarring, infertility, and ectopic pregnancies
(reviewed in reference 65).

Studies of epithelial cell responses to C. trachomatis infec-
tion have utilized human epithelial tumors. HeLa cervical car-
cinoma cells infected with LGV secreted interleukin-1� (IL-
1�), IL-6, IL-8, granulocyte-macrophage colony-stimulating
factor (GM-CSF), and Gro� (CXCL1) (58). Polarized HEC-
1-B endometrial adenocarcinoma cells infected with C. tracho-
matis urogenital serovar E upregulated mRNA for neutrophil
chemokines ENA-78 (CXCL5) and GCP-2 (CXCL6) (72). Mi-
croarray analysis of serovar D in nonpolarized HeLa cells
showed upregulation of 18 genes. Of the 18, 4 were cytokines:
IL-8, IL-11, leukemia inhibitory factor, and macrophage inhib-
itory protein 2� (MIP-2�; CXCL2) (25). Similarly, analysis of
C. trachomatis serovar E-infected polarized HeLa cells showed
upregulation of IL-11 mRNA and secretion of IL-6, IL-8, and
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IL-11 (20). HeLa cells infected by LGV, urogenital serovars,
and C. muridarum secreted preformed IL-18 via a posttrans-
lational mechanism dependent on caspase-1 (39). Recently,
the effects of Chlamydia infection on HeLa cells were investi-
gated by using high-density oligonucleotide microarrays (73).
Nonpolarized HeLa cells infected with LGV altered the tran-
scription of 130 genes on a 15,000-gene microarray. Upregu-
lated cytokine transcription was seen for IL-1�, IL-6, and IL-16
(73). Analysis of the response of primary epithelial cells to
Chlamydia infection is very limited (32). No studies to date
have examined the response of oviduct epithelial cells to
C. trachomatis infection.

Previous studies utilizing human epithelial tumors have
identified a cadre of inflammatory cytokines induced by C.
trachomatis infection. However, the existing data set was no-
table for the absence of some expected key inflammatory me-
diators, such as tumor necrosis factor alpha (TNF-�) (3),
IP-10 gamma interferon (IFN-�)-inducible 10-kDa protein
(CXCL10), and RANTES (CCL5) (44). This suggested that
existing in vitro models based on epithelial tumor cell lines
might not fully mimic the immunobiology of Chlamydia-in-
fected epithelium. To address this possibility, a nontrans-
formed primary murine oviduct epithelial cell line was derived
for experiments with C. muridarum, a murine pathogen closely
related to C. trachomatis that is often used as an experimental
surrogate for human infections (5, 14, 35). The cytokine data
from those experiments, presented here, are consistent with
the histopathology and cytokine polarization seen during nat-
ural infections with urogenital Chlamydia serovars.

MATERIALS AND METHODS

Mice. Female B6.C-H2bm1/ByJ mice were purchased from The Jackson Lab-
oratory (Bar Harbor, Maine) and were housed in Indiana University Purdue
University—Indianapolis specific-pathogen-free facilities. The Institutional An-
imal Care and Utilization Committee approved all experimental protocols.

Cell lines. McCoy mouse fibroblasts were generously provided by Barbara Van
der Pol (Indiana University School of Medicine, Indianapolis). Murine B-cell
lymphoma A20 (TIB-208) and normal mouse fibroblast CL.7 (TIB-80) were
obtained from the American Type Culture Collection (Manassas, Va.). A murine
oviduct cell line designated Bm1.11 was generated by resection of the proximal
two-thirds of the oviducts, excluding the ovaries, from a female B6.C-H2bm1/ByJ
mouse. Oviduct epithelial cells were released from oviduct lumens by canulating
the lumens with a 0.5-ml syringe and insufflating them with pancreatin-hyaluron-
idase-collagenase cocktail (69) and then rinsing the lumens with the same cock-
tail after 15 min at 37°C. Released cells were recovered and grown in 1:1
Dulbecco’s modified Eagle medium:F12K (Sigma Chemical Co., St. Louis, Mo.)
supplemented with 10% characterized fetal bovine serum (HyClone, Logan,
Utah), 2 mM L-alanyl-L-glutamine (Glutamax I; Gibco/Invitrogen, Carlsbad,
Calif.), 5 �g of bovine insulin/ml, and 12.5 ng of recombinant human FGF-7
(KGF; Sigma Chemical Co.)/ml. Ciprofloxacin (10 �g/ml), gentamicin (25 �g/ml)
(Sigma Chemical Co.), and 10 mM HEPES (Biowhittaker, Walkersville, Md.)
were included in the culture medium for the first 4 weeks after explantation.
Once a stable line was established, cloned cell lines were generated by dispersion
at low density. Individual colonies were picked by using cloning rings. Resulting
cell lines were screened for morphology, expression of cytokeratins, and IFN-�-
inducible expression of I-Ab. A cloned cell line designated Bm1.11 had an
epithelial morphology, expressed cytokeratins, and had IFN-�-inducible major
histocompatibility complex (MHC) class II expression. The Bm1.11 cell line,
maintained as described above, showed no evidence for senescence after more
than 100 passages. All cell lines tested negative for mycoplasma contamination
by either susceptibility to 6-methylpurine deoxyriboside (MycoTect kit; Invitro-
gen Corp.) or PCR (Mycoplasma detection kit; American Type Culture Collec-
tion).

Chlamydia. C. muridarum, previously known as C. trachomatis strain MoPn,
was generously provided by Barbara Van der Pol and was grown in McCoy cells.
A mycoplasma-free stock was generated by exposure of existing stocks to 1%

Triton X-100 as previously described (53), followed by detergent removal with
Extracti-Gel D beads (Pierce Chemical, Rockford, Ill.) and limiting dilution on
McCoy monolayers. Wells with visible cytopathic effect at the highest dilution
(calculated to be �800 inclusion-forming units [IFU] prior to detergent treat-
ment) after 5 days were harvested and expanded. Treated stocks were tested for
the presence of mycoplasma by exposing nonpermissive A20 B cells to Chlamydia
stocks, passing the A20 cells for more than 2 weeks in the absence of antibiotics,
and then testing for A20 susceptibility to 6-methylpurine deoxyriboside (Myco-
Tect kit; Invitrogen Corporation). The titers of mycoplasma-free C. muridarum
stocks were determined on McCoy cells with centrifugation as previously de-
scribed (61).

Infections. Bm1.11 cells were plated in 6-well tissue culture plates and were
used when confluent to minimize changes in cell number over the time course of
individual experiments. For all experiments, Bm1.11 cells were infected with 10
IFU of C. muridarum/cell in 2 ml of culture medium without centrifugation or
subsequent change of medium. Mock-infected wells (0 h) received an inoculum-
equivalent volume of sucrose-phosphate-glutamic acid buffer (SPG buffer) but
lacked C. muridarum in the medium.

Immunohistochemistry. Bm1.11 cells grown on glass chamber slides (Labtek,
Naperville, Ill.) were fixed for 2 min at room temperature with 1:1 methanol-
acetone, blocked with 5% normal goat serum–phosphate-buffered saline for 45
min, and then stained with 36-7-5, a monoclonal antibody specific for H-2Kk (an
epitope not present on Bm1.11 cells) (BD Pharmingen, San Diego, Calif.) or
monoclonal antibody cocktail AE1/AE3 specific for acidic and basic cytokeratins
(Cappel/ICN, Irvine, Calif.). Detection was accomplished with a fluorescein iso-
thiocyanate-coupled goat anti-mouse immunoglobulin G F(ab�)2 affinity-purified
antiserum (Cappel/ICN).

Flow cytometry. Bm1.11 cells were dislodged from tissue culture plastic by
using a Hank’s salt-based enzyme-free cell dissociation buffer (Gibco/Invitro-
gen). Cells were fixed with StabilCyte (Ebio, St. Paul, Minn.) and then were
washed and stained for 20 min on ice in phosphate-buffered saline–2% bovine
serum albumin with phycoerythrin-coupled M5/114.15.2 (I-Ab) (Ebioscience,
San Diego, Calif.). IFN-� induction was accomplished by addition of 10 ng of
murine recombinant IFN-� (Sigma Chemical Co.)/ml to the culture medium for
14 h prior to fixation and staining. Cells were analyzed with a FACS Calibur
cytometer (BD Biosciences, San Diego, Calif.).

RPA. Standard template sets mCK-1b, mCK-3b, and mCK-5c were purchased
from a commercial vendor. In addition, a custom template was designed and
purchased that included probe templates for IL-12–p35, IL-12–p40, IL-1�, IL-11,
IL-7, IL-1�, transforming growth factor � (TGF�), and IFN�-4. 32P-multiprobe
RNase protection assays (RPA) were done with a commercial kit according to
the manufacturer’s protocol (Riboquant; BD Pharmingen). In all experiments
2 �g of yeast tRNA served as the control for hybridization; L32 and GAPDH
probes served as loading and RNA quality controls. Untreated 32P probe (2,000
cpm) was loaded on each denaturing polyacrylamide gel to generate the standard
curves used to identify protected RNA fragments. Experimental probe hybrid-
izations contained total RNA from 5 � 105 Bm1.11 cell equivalents. Total RNA
was isolated with a commercial kit according to manufacturer protocols (RNeasy;
QIAGEN, Valencia, Calif.).

Generation of mature peritoneal macrophages. Peritoneal macrophages were
isolated from three female C57BL/6 mice by peritoneal lavage. Recovered cells
were suspended at 106 cells/ml in RPMI 1640 complete medium containing 20 ng
of recombinant murine IL-3 (R&D Systems, Minneapolis, Minn.)/ml and were
plated at 2 ml per well in a 12-well tissue culture-treated plate. On day 3, 1 ml of
the medium was removed and replaced with 1 ml of fresh medium containing
IL-3 as described above. On day 6 the cultures were activated by adding 10 ng of
E. coli LPS/ml and 10 ng of recombinant murine IFN-� (Sigma Chemical Co.)/
ml. After 24 h total RNA from each well was isolated with the RNeasy com-
mercial kit as described above.

RT-PCR. Optimized primer pairs were designed using Vector NTI Suite (In-
fomax Inc., Frederick, Md.). Primer pairs (Amitof, Alston, Mass.) are described
in Table 1. Reverse transcriptase PCR (RT-PCR) was accomplished by using a
single-tube avian myeloblastosis virus RT-Tfl polymerase kit (Access RT-PCR;
Promega, Madison, Wis.) with 32 cycles. RT-negative reactions were included to
rule out DNA artifacts. ABCD-1 (CCL22) and TARC (CCL17) primer pairs did
not generate specific RT-PCR products in infected epithelial cells. The ABCD-1
(CCL22) primer pair detected ABCD-1 (CCL22) mRNA in LPS-treated spleno-
cyte and activated peritoneal macrophage total RNA by RT-PCR. A 280-bp
spurious PCR product representing mouse mitochondria RNA was also ampli-
fied by the CCL22 primer pair based on 10 out of 11 and 8 out of 9 base identities
with mitochondria RNA in the primer termini. I do not have an adequate
positive control to confirm the TARC RT-PCR assay. TARC (CCL17) expres-
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sion is limited to activated Langerhan and myeloid dendritic cells. It is not ex-
pressed in the spleen even during systemic microbial infection (2).

Northern blots. RT-PCR products from monokine induced by IFN-� (Mig;
CXCL9), CX3CL1, CXCL16, and MARC (CCL7) primer pairs were gel purified
and cloned into pCRII-TOPO (Invitrogen). Insert identity was confirmed by
sequencing each cloned chemokine fragment. A mouse �-actin control amplimer
was purchased from a commercial vendor (Clontech/BD Biosciences). In all
experiments total RNA from 5 � 105 Bm1.11 cells was loaded into each lane of
a 1% agarose formaldehyde gel. Digoxigenin-labeled RNA molecular size mark-
ers were purchased from a commercial vendor (Roche Diagnostic Corp., Indi-
anapolis, Ind.). Neutral transfer to positively charged nylon membranes was
accomplished by using a downward transfer system (Schleicher & Schuell,
Keene, N.H.). After transfer to the membrane, RNA was UV cross-linked to the
membrane. Membranes were probed with PCR-generated digoxigenin-labeled
DNA probes (Roche Diagnostic Corp.). Approximately 500 ng of labeled probe
was denatured at 95°C for 3 min and then was hybridized with the membrane for
1 h at 68°C in ExpressHyb following the manufacturer’s protocol (Clontech/BD
Biosciences). Digoxigenin-labeled probes retained on the membrane were de-
tected by using chemiluminescence with a digoxigenin-specific monoclonal anti-
body coupled to alkaline phosphatase and disodium 3-(4-methoxyspiro{1,2-
dioetane-3,2-(5-chloro)tricyclo[3,3,1,13,7]decon}-4 yl)phenylphosphate (CSPD)
substrate according to the manufacturer’s protocol (Roche Diagnostic Corp.).
All film exposures were for 1 h.

Multiplex ELISA determination of cytokine production. Confluent Bm1.11
monolayers in 12-well tissue culture-treated plates were infected with 10 IFU
of C. muridarum/cell in 2 ml of fresh medium (to minimize concentrations of
cytokines made constitutively) without centrifugation or subsequent change of
the medium. Mock-infected wells (0 h) received an inoculum-equivalent volume
of SPG buffer but did not have C. muridarum in the medium. At indicated time
points supernatants were harvested, spun for 2 min at 16,000 � g in a microcen-
trifuge to remove debris, brought to 0.5% (vol/vol) NP-40 (to neutralize C.
muridarum), and frozen at 	80°C. Samples representing two independent ex-
periments were shipped to a commercial vendor to be analyzed for cytokine
content by multiplex enzyme-linked immunosorbent assay (ELISA) technology
(Searchlight; Pierce Chemical Co.). Cytokines tested included murine GM-CSF,
TNF-�, IL-6, IL-12–p70, KC (CXCL1), MIP-2 (CXCL2), MCP-1 (CCL2),
RANTES (CCL5), and MCP-5 (CCL12). Basal-level secretion of chemokine
MCP-1 (CCL2) by Bm1.11 cells exceeded the capacity of the multiplex ELISA
(data not shown). Per the manufacturer, sensitivity of the assay for individual
cytokines ranged from 0.2 to 2.7 pg/ml.

Analysis of cytokine data. To permit semiquantitative comparisons of cytokine
mRNA levels, all cytokines detected by RPA were quantified by densitometry
(Quantiscan software; Biosoft, Ferguson, Mo.). The resulting values were nor-
malized to the untreated GAPDH probe band on each gel, thereby adjusting for
exposure differences between films. Northern blots were also quantified by den-
sitometry. Determination that a cytokine had been upregulated by infection was
defined as a more than threefold increase in intensity after normalizing data for
slight differences in loading as determined by a parallel �-actin blot (Fig. 3D).
Like the RPA, all Northern blots were done with 5 � 105 Bm1.11 cell equivalents
per lane, permitting at least crude comparisons of cytokine mRNA levels be-
tween the RPA and Northern blots. Multiplex ELISA data are quantitative.
Every cytokine upregulated by C. muridarum infection was assigned a relative
expression value of 1� to 4� (low level to high level). The breakpoints for
ELISA concentrations (in picograms/milliliter) and densitometry values (in ar-
bitrary units) are depicted in Table 2.

Cytokines analyzed by both ELISA and RPA were used to crudely standardize
the results of the two techniques. ELISA breakpoints were empirically chosen
based on the desire to have an expression scale range of 1� to 4�. The ELISA

breakpoints were then used to set the breakpoints for the RPA such that the
RPA and ELISA data gave the same 1� to 4� score for each cytokine analyzed
by both techniques. RPA chemokine breakpoints differ from the cytokine break-
points, because chemokine mRNA levels were 10 to 20 times higher than that of
any nonchemokine cytokine. A different set of chemokine breakpoints was there-
fore needed to reflect the spectrum of chemokine expression levels. As in any
large survey of cytokines based on mRNA quantification, the results presented
here are open to the criticism that mRNA levels do not necessarily reflect
relative levels of secreted cytokines due to differences in mRNA stability (62),
RNA translation efficiency (23), and efficiency of secretion. Furthermore, rela-
tive protein levels of individual cytokines do not address their relative biologic
potency, much less how cytokine biologic activities may be altered in a complex
cytokine milieu. These considerations aside, it is useful to apply reasonable
assumptions and attempt to analyze cytokine survey data for the purpose of
generating hypotheses to drive future experimentation.

RESULTS

Characterization of an oviduct epithelial cell line. A primary
murine oviduct cell line designated Bm1.11 was derived to
study the epithelial cytokine response to infection in the ab-
sence of leukocytes and nonepithelial stroma. Murine epithe-
lial cells have several properties that are not shared by other
murine stromal cell types, including expression of cytokeratins
and IFN-�-inducible expression of MHC class II genes. Figure
1 shows Bm1.11 expression of cytokeratins by immunohisto-
chemistry and marked upregulation of MHC II expression with
IFN-� treatment. Expression of the I-Ab � chain was con-
firmed by RT-PCR (Fig. 2). IFN-� treatment of CL.7, a murine
fibroblast cell line, did not induce MHC II expression (data not
shown).

Chlamydia infection induces multiple inflammatory cyto-
kines. Multiprobe RPA were chosen for initial analysis of the
epithelial cytokine response to infection by C. muridarum, be-
cause the technique yields quantitative data on multiple gene
transcripts without risk of amplification artifacts. Wells of
Bm1.11 cells were infected with 10 IFU of C. muridarum/cell in
a staggered fashion such that simultaneous harvest of multiple
wells gave time points for mock infection (0 h) and for infec-

TABLE 1. Primers used for RT-PCR

Chemokine Sense primer Antisense primer PCR product
size (bp)

I-Ab alpha chain 5�ATGCTCAGCCTCTGTGGAGGTG3� 5�CGTCTGCGACTGACTTGCTATT3� 424
Mig (CXCL9) 5�TGCCATGAAGTCCGCTGTTC3� 5�GGGGTGTTTTGGGTTTTCTG3� 353
CX3CL1 5�TCACCAGGCTGCTGCCCTCACTAA3� 5�TGGCCTTCGGACCCAACATT3� 465
ABCD-1 (CCL22) 5�ACTCCTGGTGGCTCTCGTCCTT3� 5�CCTGGGATCGGCACAGATAT3� 220
TARC (CCL17) 5�ATGAGGTCACTTCAGATGCT3� 5�ATGTTTGTCTTTGGGGTCTG3� 240
MCP-5 (CCL12) 5�ATGAAGATTTCCACACTTCT3� 5�CTTATCCAGTATGGTCCTGA3� 213
CXCL16 5�TTGTTCTTGTGATCGTACCA3� 5�TGAAGGGAGAGTGGTCATCT3� 400
MARC (CCL7) 5�ATGAGGATCTCTGCCACGCT3� 5�GGAGTTGGGGTTTTCATGTC3� 284

TABLE 2. ELISA break points and densitometry values

Assaya
Expression levels and assay breakpoint values

1� 2� 3� 4�

Multiplex ELISA (pg/ml) 
100 �100
1,000 �1,000
15,000 �15,000
RPA—cytokines (AU) 
10 �10
100 �100
200 �200
RPA—chemokines (AU) 
100 �100
1,000 �1,000
5,000 �5,000
Northern blots (AU) 
100 �100
1,000 �1,000
5,000 �5,000

a AU, arbitrary units.
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tion at 12, 18, and 24 h (Fig. 3). RPA analysis revealed infec-
tion-associated induction of mRNA for TNF-�, IL-6, IFN-�,
IL-12–p35, IL-12–p40, IL-1�, IFN-�, MIP-2 (CXCL2), and
TCA-3 (CCL1) and infection-associated upregulation of IL-7,
TGF�, IL-15, IL-3, RANTES (CCL5), IP-10 (CXCL10), and
MCP-1 (CCL2). Transcription of housekeeping genes L32 and
GAPDH was not affected by infection, nor were mRNA levels
of TGF�1, MIF, and IL-11. Interestingly, levels of TGF�2 and
TGF�3 mRNA were reproducibly decreased in response to
C. muridarum infection.

Commercially available RPA probe template sets for murine
cytokines are relatively limited; therefore, RT-PCR was used
to broaden the analysis of the chemokine response of oviduct

epithelial cells to infection by C. muridarum. Primers pairs
were designed for the inducible chemokines MARC (CCL7),
MCP-5 (CCL12), ABCD-1 (CCL22), Mig (CXCL9), CXCL16,
and CX3CL1. RT-PCR products for MARC (CCL7), MCP-5
(CCL12), Mig (CXCL9), CXCL16, and CX3CL1 were de-
tected in Bm1.11 cells infected for 18 h with C. muridarum at
10 IFU/cell (data not shown). No RT-PCR products were de-
tected for ABCD-1 (CCL22) (Fig. 4).

To get quantitative data on the levels of MARC (CCL7),
Mig (CXCL9), CXCL16, and CX3CL1, Northern blot analysis
was performed on Bm1.11 cells mock infected or infected with
C. muridarum for 12, 18, and 24 h. RT-PCR products for
MARC (CCL7), Mig (CXCL9), CXCL16, and CX3CL1 were
gel purified, cloned, and sequenced to confirm identity. Cloned
gene fragments for each chemokine were then used as tem-
plates to make digoxigenin-labeled probes for Northern blot
analysis. Representative Northern blots from two independent
time course experiments are shown in Fig. 5. C. muridarum
infection of Bm1.11 cells induced very modest levels of Mig
(CXCL9) mRNA and robust levels of MARC (CCL7) and
CXCL16 mRNA. Very low levels of CX3CL1 mRNA are pres-
ent constitutively and were not upregulated by Chlamydia in-
fection. MCP-5 (CCL12) levels were determined by multiplex
ELISA (see below).

To further characterize the cytokine response and confirm
secretion of cytokines detected by RPA, time course experi-
ments were repeated to generate cell culture supernatants for
analysis by multiplex ELISA. Cell culture supernatants from
Bm1.11 cells mock infected or infected with C. muridarum at
10 IFU/cell for 6, 12, 18, 24, and 36 h were collected and
analyzed for GM-CSF, TNF-�, IL-6, IL-12–p70, KC (CXCL1),
MIP-2 (CXCL2), RANTES (CCL5), and MCP-5 (CCL12).
Results of two independent experiments are presented in Ta-
ble 3.

Summary of cytokine data. RNA levels determined by RPA
have previously been shown to correlate well with protein
levels in other experimental systems (26, 38). In this report,
there was good agreement between mRNA transcript levels
detected by RPA and the amount of protein detected in cul-

FIG. 1. Characterization of oviduct epithelial cell line Bm1.11.
(A) Bm1.11 cells grown in chamber slides were fixed and stained with
irrelevant monoclonal antibody 36-7-5 specific for H-2Kk (Bm1.11 cells
are H-2Kbm1). (B) Bm1.11 cells stained with the monoclonal antibody
cocktail AE1/AE3 specific for acidic and basic cytokeratins. Cell nuclei
in panels A and B were visualized by staining with 4�,6�-diamidino-2-
phenylindole. (C) Flow cytometry analysis of cell surface levels of
MHC II without treatment and after 14 h of exposure to 10 ng of re-
combinant murine IFN-�/ml. Control refers to autofluorescence. PE,
phycoerythrin.

FIG. 2. Detection of I-Ab � chain mRNA in Bm1.11 cells exposed
to 10 ng of IFN-�/ml for 14 h. MW designates the lane of the 100-bp
molecular size ladder. �RT, RT-PCR containing RT; 	RT, control
reaction lacking RT.
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ture supernatants by ELISA for all cytokines [TNF-�, IL-6,
IL-12–p70, RANTES (CCL5), and MIP-2 (CXCL2)] analyzed
by both techniques (compare Fig. 3 and Table 3). There was
also good agreement between the time course of mRNA in-
duction and the appearance of a specific cytokine in the culture
medium. Early transcription of IL-6 mRNA correlated with
detectable IL-6 in the ELISA by 6 h postinfection. In contrast,
later induction of transcripts for TNF-� and IL-12 were re-
flected by delays in detection of these cytokines out to 18 and
24 h in the ELISA. No mRNA was detected for TNF-�, lym-
photoxin �, IFN-�, IL-1�, IL-4, IL-5, IL-10, IL-13, IL-9, IL-2,
lymphotactin, MIP-1�, MIP-1�, eotaxin (CCL11), and ABCD-
1 (CCL22). Figure 6 is a semiquantitative summary of all
cytokines upregulated by oviduct epithelial cells in response to

infection by C. trachomatis based on the algorithm described in
Materials and Methods. This type of analysis ignores potential
differences in mRNA stability, efficiency of translation, and
cytokine potency but provides a useful starting point for dis-
cussing results of a large cytokine survey.

DISCUSSION

To facilitate understanding of the multifaceted oviduct epi-
thelial response to C. muridarum infection, cytokines induced
by infection with respect to their predicted biological effects

FIG. 3. RPA analysis of Bm1.11 cell cytokine responses to C. muridarum infection. On all gels the leftmost lane (P) is the untreated probe set.
32P RNA probes that detected mRNA transcripts are further labeled with diagrammatic bars. Asterisks on the right of each panel highlight the
protected RNA fragments indicated by the bars on the left. Y, control hybridization with yeast tRNA. 0, 12, 18, and 24 represent the time course
of C. muridarum infection in hours. Data presented are representative of three independent experiments with each probe set showing the same
results.

FIG. 4. Absence of ABCD-1 (CCL22) mRNA in infected Bm1.11
cells. RT-PCR assays for ABCD-1 and Mig (CXCL9) were performed
on total RNA isolated from Bm1.11 cells infected with C. muridarum
for 18 h and activated peritoneal macrophages (Activated MACS) as a
positive control. Asterisks mark the specific RT-PCR products for each
primer pair. There is a spurious PCR band (280 bp) in the ABCD-1
(220 bp) RT-PCR that is present in both activated peritoneal macro-
phages and infected Bm1.11 cells (see Materials and Methods). Mig, a
low-level transcript in infected epithelial cells, is readily detected in
infected Bm1.11 cells by using the same RNA samples. Data are rep-
resentative of three independent experiments showing the same result.

FIG. 5. Northern blot analysis of additional chemokines induced by
C. muridarum infection. (A) Mig (CXCL9), 1,284 bp; (B) MARC
(CCL7), 777 bp; (C) CX3CL1, 3,095 bp; (D) CXCL16, 1,375 bp. The
higher-molecular-mass band is likely a splicing precursor of CXCL16.
(E) �-actin, 1,892 bp. 0, 12, 18, and 24 represent the time course of
C. muridarum infection in hours. Data presented are representative of
two independent experiments for each chemokine showing the same
result.
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are discussed below. The first panel of Fig. 6 depicts the pre-
dicted role of Chlamydia-infected epithelial cells in leukocyte
recruitment based on their cytokine response. Chemokines are
critical cytokines for leukocyte recruitment (52). Bm1.11 cells
infected by C. muridarum transcribed a plethora of chemo-
kines, including myeloid-active chemokines KC (CXCL1),
MIP-2 (CXCL2), MCP-1 (CCL2), MARC (CCL7), and MCP-

5 (CCL12) that are important in neutrophil, monocyte/macro-
phage, and dendritic cell recruitment, and RANTES (CCL5),
a chemokine involved in recruitment of monocyte/macrophage
and dendritic cells. NK cell and lymphocyte-active chemokines
upregulated by infection included TCA-3 (CCL1), RANTES
(CCL5), MARC (CCL7), Mig (CXCL9), IP-10 (CXCL10),
and CXCL16. Eotaxin (CCL11), the dominant chemokine for

TABLE 3. Results of time course experiments

Cytokine Expt no.
Time course supernatant analysis (pg/ml)

0 h 6 h 12 h 18 h 24 h 36 h

GM-CSF 1 46.0 55.7 256.7 3,030.0 10,112.7 16,063.4
2 32.9 73.7 240.6 2,760.0 9,258.6 22,647.3

TNF� 1 20.2 38.8 26.3 94.9 316.0 500.3
2 15.7 15.5 23.0 93.7 321.4 575.0

IL-6 1 1,847.3 5,496.1 25,785.6 279,505.4 �280,000a �280,000
2 2,625.0 5,423.3 25,890.2 237,723.6 �280,000a �280,000

IL-12–p70 1 39.4 45.6 48.0 78.5 94.5 155.1
2 31.9 35.8 44.5 85.6 135.9 516.0

KC 1 11,904.9 8,730.8 22,958.7 �40,000a �40,000 �40,000
2 13,502.3 10,007.4 22,606.0 �40,000a �40,000 �40,000

MIP-2 1 30.9 31.2 147.8 1,586.2 4,975.9 11,748.4
2 37.6 53.0 165.9 1753.2 5,124.3 9,853.1

RANTES 1 7,590.0 3,235.0 8,305.0 �20,000a �20,000 �20,000
2 8,930.0 3,560.0 8,425.0 �20,000a �20,000 �20,000

MCP-5 1 4.6 6.3 8.6 27.0 33.6 27.6
2 6.7 8.0 10.1 29.9 39.5 30.0

a Concentration in supernatant exceeded the capacity of the ELISA.

FIG. 6. Summary of Bm1.11 oviduct epithelial cell cytokine responses to infection by C. muridarum. Expression levels of cytokines upregulated
by C. muridarum infection were graded on a scale of 1� to 4� (low to high) as described in Materials and Methods. Relative expression levels
are reflected by type sizes within the figure, with 4� represented by the largest type size [e.g., MARC (CCL7)], 3� represented by the second-
largest type size (e.g., CXCL16), 2� represented by the second-smallest type size (e.g., TNF-�), and 1� indicated by the smallest type size (e.g.,
IL-3). PMN, polymorphonuclear cell; Eos, eosinophil.
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eosinophil recruitment (29), was not detected. Additional cy-
tokines detected that have roles in leukocyte recruitment in-
cluded IL-15, an important T-cell growth factor that also serves
as a chemoattractant for T lymphocytes (70), and IL-1� and
TNF-�, which play indirect roles in leukocyte recruitment by
upregulating ICAM-1, E-selectin, and VCAM-1 on adjacent
endothelia (41). Recruitment of neutrophils, monocytes, and
lymphocytes without recruitment of eosinophils is consistent
with the histology seen in humans with C. trachomatis salpin-
gitis (17, 47).

Cytokines released at sites of infection trigger antimicrobial
activity in NK cells, T cells, and phagocytes. The second panel
of Fig. 6 depicts the predicted effects of infected epithelial cells
on local leukocyte activation and homeostasis. Bm1.11 cells
infected by C. muridarum secreted TNF-�, a major activator of
neutrophils within infected tissues. TNF-�, IL-1�, and GM-
CSF made by infected epithelial cells would activate macro-
phages and trigger dendritic cell maturation. IFN-�/� increase
the cytolytic function of NK cells and T cells (10). IL-15 can
trigger NK killing (34). IL-6 is an important cytokine in cyto-
toxic T-cell differentiation (46, 51).

Growth factors for T cells and macrophages released at the
sites of infection may affect homeostasis by counteracting ap-
optotic or anergizing stimuli, thereby prolonging functional
immune responses at sites of infection (21, 49, 59, 75) and
possibly contributing to local expansion of effector cells (1). C.
muridarum-infected epithelial cells expressed or secreted IL-3
and GM-CSF, growth factors for neutrophils and monocytes/
macrophages, and upregulated transcription of IL-7 and IL-15,
growth factors for T lymphocytes and NK cells. Anergy is a
major theoretical barrier for T lymphocytes responding to in-
fection, because epithelial cells do not express the CD28 li-
gands CD80 and CD86 (reviewed in reference 42). However,
cytokines have been demonstrated to provide alternative co-
stimulatory signals capable of substituting for the classic co-
stimulatory signal delivered through CD28. Naïve CD4 T cells
use IL-1 as an alternative costimulatory signal, while naïve
CD8 T cells use IFN-�/� (15). C. muridarum-infected oviduct
epithelial cells make IL-1� and IFN-�/�, thereby potentially
making up for their perceived antigen presentation deficiencies
related to lack of CD80 and CD86 expression.

The host immune response to urogenital infections by
C. trachomatis is dominated by IFN-� in animal models and
human infections (48). The third panel of Fig. 6 shows the
predicted effects of infected epithelial cells on T-lymphocyte
cytokine polarization. The data presented in this report suggest
that Chlamydia-infected oviduct epithelial cells could facilitate
IFN-� production through three different mechanisms. The
first would be through expression of chemokines that prefer-
entially recruit Th1 over Th2 lymphocytes. C. muridarum-in-
fected Bm1.11 cells induced or upregulated transcription of
chemokines Mig (CXCL9), IP-10 (CXCL10), and CXCL16
that selectively recruit Th1 lymphocytes bearing CXCR3 and
CXCR6 receptors (8, 33, 60). CXCR6, the receptor for
CXCL16, is highly expressed on intraepithelial lymphocytes
(43), consistent with a role in the reproductive tract mucosal
immune compartment. To my knowledge this is the first report
suggesting a role for CXCL16 in host defense against Chla-
mydia infections. RANTES (CCL5), the chemokine ligand for
CCR5, also preferentially favors Th1 recruitment based on its

receptors’ relative distribution on Th1 and Th2 lymphocytes (8,
60). The only Th2-selective chemokine transcribed by infected
Bm1.11 cells was TCA-3 (CCL1). TCA-3 (CCL1) is the ligand
for CCR8 on Th2 cells, and Th2-selective chemotaxis has been
demonstrated in vitro (76). However, the role of CCR8 in
recruitment of Th2 cells within a complex of in vivo Th2 cyto-
kine milieu is unclear (7). The other important Th2 chemokine
receptors are CCR3 and CCR4. Infected Bm1.11 cells did not
transcribe mRNA for the CCR3 ligand eotaxin (CCL11) or the
CCR4 ligand ABCD-1 (CCL22). The other CCR4 ligand is
TARC. We did not detect mRNA for TARC in infected ovi-
duct epithelial cells by RT-PCR but have not rigorously ex-
cluded its presence, lacking an adequate positive control (data
not shown). TARC is not likely to be made by infected oviduct
epithelial cells, as it is selectively produced by activated my-
eloid dendritic cells and Langerhans cells (2). The chemokine
data presented here would predict that Chlamydia-infected
epithelium in vivo would favor recruitment of Th1 over Th2

lymphocytes.
A second mechanism for facilitating IFN-� production

would be through IFN-� and IFN-�. Infected Bm1.11 cells ex-
pressed IFN-� and IFN-�. IFN-�/� facilitate IFN-� produc-
tion by activating CD8 T cells through an IL-12 independent
pathway (50). Conversely, IFN-�/� are known to downmodu-
late IL-12 production by dendritic cells (6). The latter effect
would presumably be counterbalanced by epithelial secretion
of IL-12.

The third and potentially most important mechanism is IL-
12–p70 secretion by infected oviduct epithelial cells. Surpris-
ingly, C. muridarum-infected Bm1.11 cells transcribed both
chains, IL-12–p35 and IL-12–p40, of the IL-12–p70 hetero-
dimer and secreted IL-12–p70 into culture supernatants. IL-
12–p70 is the principle mediator of cytokine polarization
in vitro and in vivo, acting directly on T cells and NK cells to
enhance IFN-� production. While IL-12–p35 is made consti-
tutively by many cell types, IL-12–p70 secretion is classically
the exclusive domain of macrophages and dendritic cells (67).
The finding of IL-12–p70 secretion by infected epithelial cells
was surprising and suggests there may be redundant sources of
IL-12–p70 locally during genital tract Chlamydia infections.
The biology of IL-12 is complex, as the binding of the bioactive
IL-12–p70 heterodimer by the IL-12 receptor is antagonized by
IL-12–p40 homodimers (22, 31). At the same time, there is
evidence that IL-12–p40 plays an important role in host de-
fense against microbes that is independent of IL-12–p70 (18,
27, 36). In this report, RPA analysis showed roughly balanced
mRNA levels for IL-12–p35 and IL-12–p40 at 24 h postinfec-
tion. Assessment of IL-12–p40 homodimer protein levels in
infected cell supernatants was not done.

Immunopathologic scarring of the Fallopian tubes is a clin-
ically important aspect of human urogenital infections caused
by C. trachomatis. The fourth panel of Fig. 6 illustrates the
predicted role of infected epithelial cells in scarring. C. muri-
darum-infected oviduct epithelial cells transcribed TGF�,
TNF-�, and large quantities of IL-1� and IL-6. These cyto-
kines have been associated with scarring and fibrosis in animal
models and humans (37, 40, 55, 74), raising the possibility that
Chlamydia-infected epithelial cells directly contribute to scar-
ring of the Fallopian tubes. TGF� family members have been
strongly associated with scarring (28). Interestingly, in Bm1.11
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cells TGF�2 and TGF�3 were reproducibly downregulated by
C. muridarum infection. The data presented here raise the
possibility that TGF� rather than TGF� is the cytokine driving
the scarring seen during C. trachomatis infections. TGF� is
translated as a transmembrane glycoprotein known as a TGF�
precursor. TGF� precursor RNA levels at 24 h postinfection
were upregulated fourfold (normalized to GAPDH house-
keeping gene transcript) compared to that for the mock-infect-
ed epithelial cell control (Fig. 3). TGF� precursor is cleaved by
cell surface proteases, releasing TGF�. Both TGF� precursor
and TGF� are biologically active. Selective overexpression of
TGF� in the lungs of transgenic mice causes fibrosis and dila-
tion of the airways (24). There are no commercial sources for
recombinant murine TGF� or antibodies to murine TGF�.
Within the 50 amino acids of TGF� there are 4 amino acid
differences between human and mouse TGF�. To our knowl-
edge, there are no published studies successfully using anti-
human TGF� immunoreagents to study murine TGF�. We are
generating mouse TGF� immunoreagents to address the role
of TGF� precursor and TGF� in scarring. Other cell types,
such as Th3 lymphocytes, tissue macrophages, or nonepithelial
stromal components, could still serve as sources of TGF�.

Infected Bm1.11 oviduct epithelial cells have a unique cyto-
kine signature. Analysis of cytokines within genital secretions
of infected mice reflects all cell types participating in the in-
flammatory response. Genital secretions of mice infected with
C. muridarum have detectable levels of IL-1�, IL-6, GM-CSF,
and MIP-2 (CXCL2) by ELISA (16). Infected Bm1.11 oviduct
epithelial cells in this report secreted IL-6, GM-CSF, and
MIP-2 (CXCL2), but no mRNA for IL-1� was detected by
RPA analysis, suggesting that leukocytes or other stromal com-
ponents are the source of IL-1�. Semiquantitative RT-PCR
has shown increased IL-11 mRNA levels in genital tract ho-
mogenates from mice infected with C. muridarum (19). A less
than twofold increase in basal transcription of IL-11 was seen
in infected Bm1.11 cells (Fig. 3B), suggesting that other cell
types or epithelial cells lower in the reproductive tract are the
source of IL-11 mRNA in vivo. IL-11 is an antiinflammatory
cytokine that antagonizes IL-12, TNF-�, and IL-1 production
by macrophages (66) and influences CD4 T-cell polarization
toward a Th2 phenotype (9). Chemokine analyses of the upper
and lower reproductive tracts of mice infected by C. murida-
rum have been performed. IP-10 (CXCL10), Mig (CXCL9),
and RANTES (CCL5) were the predominant chemokines in-
duced in the upper reproductive tract by infection; modest
amounts of eotaxin (CCL11) were seen during the resolution
phase of the infection (44). Bm1.11 oviduct epithelial cells in
this report upregulated expression of RANTES (CCL5), Mig
(CXCL9), and IP-10 (CXCL10) during infection, though Mig
(CXCL9) induction was modest. Maxion and Kelly (44) de-
fined the sources of IP-10 (CXCL10) within the upper tract by
immunohistochemistry showing staining of columnar epithelial
cells, endothelial cells, and stromal cells.

Cytokine profiles of dendritic cells pulsed with heat-inacti-
vated C. muridarum elementary bodies have been investigated
with RPA. C. muridarum-pulsed dendritic cells upregulated
several cytokines not seen in C. muridarum-infected oviduct
epithelial cells, including MIP-1� (CCL3), MIP-1� (CCL4),
and IL-1�. Conversely, C. muridarum-infected Bm1.11 cells
expressed TCA-3 (CCL1), a chemokine not detected in C.

muridarum-pulsed dendritic cells. Among the cytokines inves-
tigated for both cell types, infected oviduct epithelial cells and
Chlamydia-pulsed dendritic cells shared IL-1�, IL-6, IL-12–
p40, TNF-�, RANTES (CCL5), MIP-2 (CXCL2), MCP-1
(CCL2), and IP-10 (CXCL10) (63).

The spectrum of inflammatory cytokines made by the
Bm1.11 oviduct epithelial cell line was somewhat surprising in
light of previous work with human HeLa and HEC-1-B cell
lines. Those studies identified the principle cytokines induced
by Chlamydia infection to be IL-1�, IL-1�, IL-6, IL-8, IL-11,
IL-16, IL-18, GM-CSF, Gro� (CXCL1), ENA-78 (CXCL5),
and GCP-2 (CXCL6). Murine Bm1.11 cells infected by
C. muridarum initiated or enhanced transcription and/or se-
cretion of IL-1�, IL-3, IL-6, IL-7, IL-12, IL-15, IFN-�, IFN-�,
TNF-�, TGF�, GM-CSF, KC (CXCL1), MIP-2 (CXCL2),
TCA-3 (CCL1), MCP-1 (CCL2), RANTES (CCL5), MARC
(CCL7), MCP-5 (CCL12), Mig (CXCL9), IP-10 (CXCL10),
and CXCL16. The spectrum of cytokines made by Bm1.11 cells
infected with C. muridarum encompassed all mutually investi-
gated cytokines previously documented in the human HeLa
and HEC-1-B cells, with the exception of IL-1� and IL-11.

The broader spectrum of cytokines made by the Bm1.11
oviduct cell line may reflect differences in the Chlamydia se-
rovars tested, differences between mice and humans, or differ-
ences between cell and tissue types. HeLa cells and HEC-1-B
cells are carcinomas that originated in the cervix and uterus,
respectively. Epithelium lining the cervix and uterus may have
a different biology than epithelium lining the oviducts. This
could explain differences such as IL-11 upregulation in in-
fected HeLa cells but not in infected Bm1.11 cells. An addi-
tional possibility is that the process of transformation and
evasion of host tumor immunosurveillance has changed the
biology of HeLa and HEC-1-B cells. HeLa cells contain mul-
tiple integrated copies of human papillomavirus 18 and actively
transcribe human papillomavirus genes (56).

The oviduct epithelial data presented here support the hy-
pothesis that oviduct epithelial cells contribute directly to in-
nate and adaptive immunity during C. trachomatis infections.
The epithelial contributions to host defense include recruiting
leukocytes and facilitating production of IFN-� critical for
controlling Chlamydia infections, but epithelial cytokines such
as TGF� may contribute to detrimental scarring associated
with the infection.
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