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Very little is known about the host response to chlamydial genital infection in the male, particularly about
the nature of the local response in the urethra. In this study, the pathological and immunologic responses to
urethral infection of the male guinea pig with Chlamydia caviae (Chlamydophila caviae) were characterized both
during a primary infection and following a challenge infection. A dose-response experiment found that the 50%
infectious dose for male urethral infection was 78 inclusion-forming units. The histopathologic response was
similar to that of the female, with an initial acute inflammatory response followed by a chronic inflammatory
response and plasma cell infiltration. Production of IgG and IgA antibodies in local urethral secretions
developed following infection, and levels of both increased in a typical anamnestic response following a
challenge infection. CD4 and CD8 T cells, as well as B cells, were observed in the local site by flow cytometry,
with a slightly increased number of CD8 cells. Following challenge infection, the dominant anamnestic
response was solely in the B-cell compartment, with only a minimal number of T cells. The T-cell response was
clearly a Th1 response, as judged by increased levels of gamma interferon (IFN-�), interleukin-12 p40
(IL-12p40), and IL-2. The proinflammatory cytokines and chemokines IL-8, IL-1�, tumor necrosis factor alpha
(TNF-�), CCL2 (monocyte chemoattractant protein 1 [MCP-1]), and CCL5 (RANTES) were elicited in the
urethra following primary infection, but only CCL5 showed increased levels upon challenge. This study
represents the first comprehensive analysis of the local immune response in the male urethra to a chlamydial
genital infection.

Chlamydia trachomatis is the most common bacterial cause
of sexually transmitted infections in the United States and
worldwide. The vast majority of research on Chlamydia has
been devoted to infections of females, particularly because of
the severe sequelae to infection, such as ectopic pregnancy and
tubal infertility. However, Chlamydia is the most common bac-
terial agent of sexually transmitted infections in males as well,
causing urethritis and, in some cases, epididymitis and pros-
tatitis, and has been associated with male infertility. A recent
epidemiological study reported an increasingly high prevalence
rate of 161.1 cases per 100,000 men (29). As in females, the
majority of chlamydial infections in males are asymptomatic;
thus, the individual may unknowingly transmit the infection to
his partner. Quinn and colleagues estimated the probability of
transmission for both men and women at 68% (15).

Despite the high prevalence of chlamydial infection among
males, very little is actually known about the immunobiology
and pathogenesis of the infection in males. The human penile
urethra is known to possess all of the necessary immune com-
ponents for antigen presentation and cellular and humoral
immune responses, suggesting that this region is clearly able to
launch immune responses against chlamydial infection (14).
Human male genital tract-derived epithelial cells have been
shown to support the growth of C. trachomatis in vitro and to

secrete the cytokines interleukin-1 (IL-1), IL-6, and IL-8 upon
infection, cytokines that are associated with the inflammatory
and innate host responses (1). In the only report of a study of
the local immune response of human males, Pate and col-
leagues reported higher levels of chlamydia-specific IgG and
IgA antibodies in urethral swabs from C. trachomatis-infected
males than in those from uninfected controls (12). Interest-
ingly, the only cytokine whose levels they found to be elevated
in urethral secretions was IL-8. Nevertheless, it is almost a
“mission impossible” to define the relation between the infec-
tion course and the development of the host response in the
local urethral site in infected human males, making the use of
animal models imperative.

To date, only limited studies on male genitourinary tract
infection with chlamydiae have been performed with nonhu-
man primate (3, 4, 9), mouse (11), and rat (5, 6) models.
Although the nonhuman primates closely parallel human dis-
ease, basic research studies on the host response are imprac-
tical because of the expense. The mouse is a difficult model
because of the inability to obtain repeated urethral specimens
from individual animals and the very small size of the target
tissue for cytokine studies. While it is likely that rats can be
infected in the urethra, this has not been reported, and studies
with male rats have used direct injection into the epididymis,
clearly an unnatural route.

However, male guinea pigs can be infected intraurethrally
with Chlamydia caviae (Chlamydophila caviae), the agent of
guinea pig inclusion conjunctivitis (GPIC) (10, 26). In addition,
investigators can collect urethral swabs repeatedly from the
same animal, and the guinea pig affords the only animal model
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in which sexual transmission of chlamydial infection to female
guinea pigs can be reliably accomplished (10, 24). In the male
guinea pig, the infection resolves about 3 weeks after urethral
inoculation, and animals are immune to reinfection. Resolu-
tion of the infection appears to be dependent on the humoral
immune response, although the role of the cell-mediated re-
sponse has yet to be explored (26). Interestingly, Patterson and
Rank reported that male guinea pigs had a high level of resis-
tance to reinfection with GPIC for as long as 150 days, in
contrast to female guinea pigs, which had comparable protec-
tion against reinfection for only 30 days after the primary
infection (13). Since there is virtually no information on the
nature of the local immune response in the male urethra to
chlamydial infection, in the present study, we used the model
of male guinea pigs inoculated intraurethrally with the GPIC
agent to comprehensively characterize the local host response,
including the histopathologic response and parameters of in-
nate, humoral, and cell-mediated immunity in both primary
infection and reinfection.

MATERIALS AND METHODS

Experimental animals. Male Hartley strain guinea pigs, weighing approxi-
mately 500 to 550 g, were purchased from Charles River Laboratories. All guinea
pigs were housed singly in cages covered with fiberglass filters in a room with a
12-h-light–12-h-dark cycle and were provided food and water ad libitum.

Inoculation of guinea pigs and assessment of infection. C. caviae was originally
obtained as a yolk sac preparation from the late Edward Murray and has been
maintained continuously in our laboratory, first in yolk sacs and then in McCoy
and HeLa cells according to standard procedures. For the infection of male
guinea pigs, the animals were anesthetized with pentobarbital sodium (Nembu-
tal; 32 mg/kg of body weight) and were inoculated intraurethrally with chlamyd-
iae suspended in 10 �l of sucrose-phosphate-glutamate buffer (SPG) (30) by
insertion of a gel-loading micropipette tip (catalog no. 05-408-151; Fisher Sci-
entific) approximately 2 cm into the urethra with the external meatus retracted.
Except for the dose-response experiments, animals were inoculated with either
104 or 105 inclusion-forming units (IFU) of the GPIC agent grown in McCoy
cells. In order to reduce the chance of urination and elimination of the inoculum,
water bottles were removed from the cages for 3 h prior to anesthetization. In the
dose-response experiment, animals were weighed every 3 days in order to mon-
itor their weight change during infection. For reinfection experiments, groups of
animals were challenged at day 75 after the primary infection with a comparable
dose.

For the isolation and quantification of chlamydiae from infected males, ure-
thral swabs were collected from the penile urethrae of male guinea pigs under
ketamine anesthesia by using a Dacron swab (Puritan Medical Products, Guil-
ford, ME). The swab was inserted approximately 2 cm into the urethra, rotated
gently, removed, and placed in 2-sucrose-phosphate transport medium (30). The
swabs were frozen at �70°C until needed. The swabs were processed for isolation
and determination of the number of IFU by standard techniques (17).

In the experiment quantifying various chemokines and cytokines by quantita-
tive PCR (qPCR), we did not collect swabs because of our concern that the
swabbing procedure in the urethra might cause abrasion and/or trauma, which
could affect the chemokine/cytokine response. Also, we could not perform iso-
lations because the tissue was processed for RNA, which is not suitable for
preserving the viability of the chlamydiae. Therefore, in this experiment, we
quantified the infection by determining the level of C. caviae 16S RNA by
quantitative PCR (see below). In the flow cytometry experiment, the method
required for obtaining cells precluded the isolation of chlamydiae and the as-
sessment of 16S RNA, so we were not able to quantify the chlamydial infection
in that experiment.

Histopathology and immunohistochemistry. The penis was removed and
opened longitudinally by insertion of a scissor into the urethra. The urethral
tissue was removed from the muscle layer with a scalpel and was fixed in 10%
buffered formalin. The tissues were paraffin embedded, and 5-�m-thick longitu-
dinal sections were stained with hematoxylin and eosin. The tissue sections were
scored for acute inflammation (polymorphonuclear leukocyte [PMN] infiltrates),
chronic inflammation (mononuclear infiltrates), plasma cells, fibrosis, and mu-
cosal erosion using the following system: trace of a parameter, �0.5; presence of

the parameter, �1; presence of the parameter at 1 to 4 foci, �2; presence of the
parameter at more than 4 foci, �3; confluent presence of the parameter, �4 (25).
The pathologist was blinded as to the day after infection on which the tissue was
collected and whether or not the animal had been infected.

Chlamydial inclusions were directly visualized on tissue sections by immuno-
histochemistry. Briefly, sections were incubated with a monoclonal mouse anti-
chlamydial lipopolysaccharide (LPS) antibody prepared from clone EVI H1 (a
kind gift from You-Xun Zhang, Boston University), followed by reagents from a
horseradish peroxidase (HRP)-diaminobenzidine (DAB) kit (R&D Systems,
Minneapolis, MN). A biotinylated secondary antibody (goat anti-mouse IgG-
biotin Fab�2) was used to detect the primary antibody, followed by addition of a
high-sensitivity streptavidin-HRP conjugate (Thermo-Scientific Pierce, Rock-
ford, IL).

Lymphocyte proliferative response. Splenocytes and iliac lymph nodes were
collected at various times after infection. Single-cell suspensions were prepared
by teasing the tissue on a 70-�m-pore-size cell strainer (BD Falcon). The sus-
pensions were treated with 0.17 M Tris-buffered NH4Cl (pH 7.4) to lyse eryth-
rocytes, washed twice, and then resuspended in RPMI 1640 supplemented with
10% fetal calf serum. Cells were seeded into 96-well tissue culture plates (Becton
Dickinson, Franklin Lakes, NJ) at 1 � 105 cells per well. GPIC antigen, prepared
by UV inactivation of GPIC elementary bodies derived from HeLa cells and
purified on a Renografin gradient, was added to wells at 5 �g/ml. The T-cell
mitogen concanavalin A (Sigma, St. Louis, MO) was added to cultures at 5 �g/ml
as a positive control. Control wells received the medium alone in order to
determine the background response in the absence of any antigen or mitogen.
The proliferative response was measured by the incorporation of 1 �Ci/well of
[methyl-3H]thymidine during the last 24 h of a 5-day culture period. Cells were
harvested onto Packard self-aligning RG glass fiber filters by using a Packard
FilterMate cell harvester. The uptake of [methyl-3H]thymidine was measured by
determination of total counts during a 1-min period by using a Packard Matrix 96
direct beta counter. The mean response was obtained from an average of trip-
licate cultures. Data are expressed as a stimulation index, which was calculated
by dividing the total counts of cells incubated with the antigen by the total counts
of cells incubated with the medium alone.

Determination of GPIC-specific antibody levels. Blood was obtained from the
lateral saphenous veins of ketamine-anesthetized guinea pigs (8). To obtain local
urethral secretions, guinea pigs were anesthetized with pentobarbital sodium,
and a 16-gauge intravenous (i.v.) catheter containing a sterile surgical sponge
(diameter, 1.7 mm) was inserted approximately 1 cm into the urethra. The
sponge was expelled from the catheter, and the catheter was removed. The
sponge was removed from the urethra after 30 min and was frozen at �20°C until
further processing.

Levels of antibodies to the GPIC agent in plasma and local urethral secretions
were determined by an enzyme-linked immunosorbent assay (ELISA) as de-
scribed previously using Renografin-purified elementary bodies as the antigen
(20). To measure IgG titers in serum or secretions, HRP-labeled rabbit anti-
guinea pig IgG (heavy and light [H�L] chain specific; MP Biomedicals, Irvine,
CA) was used. For measurement of IgA, rabbit anti-guinea pig alpha chain (MP
Biomedicals) was added for 1 h, followed by HRP-conjugated goat anti-rabbit
IgG (H and L chain specific; MP Biomedicals). Sponges were eluted in phos-
phate-buffered saline. Sera from individual animals were assessed for antibody
levels; however, because only very small amounts of urethral secretions could be
collected from single animals, the secretions from a given day were pooled.

Quantitative PCR for cytokine detection. Urethral tissues were collected from
groups of male guinea pigs by removing the mucosal layer after a longitudinal
incision through the urethral tract was made. The tissues were stored in RNA-
later (Ambion, Austin, TX) at �20°C. Total RNA was extracted from urethral
tissue homogenates by using a PerfectPure RNA tissue kit (5 Prime) according
to the manufacturer’s instructions. RNAs (12.5 pg/�l) were treated using 10 U of
RNase-free DNase (Roche) for 15 min at 37°C. DNase was inactivated by heat
denaturation at 70°C. cDNAs were synthesized from 0.25 �g of total RNA using
the SuperScript III reverse transcriptase kit (Invitrogen).

The cytokine response was determined by quantitative PCR in a reaction
mixture with a total volume of 12.5 �l containing 2.5 �l of a 1:10 dilution of the
cDNA product and 6.25 �l of 2� iQ Supermix (Bio-Rad) in a Bio-Rad iCycler.
The protocol consisted of denaturation at 95°C for 3 min, followed by 40 cycles
of 95°C denaturation (30 s) and 60°C annealing (1 min). Serial dilutions of the
PCR product for the individual genes tested were used for standard curves.
Absolute concentrations of cDNA obtained from PCR were extrapolated to
entire tissues for their representation in figures. The genomic DNA of the GPIC
agent was extracted using the Promega Wizard SV genomic DNA purification
system, and serial dilutions were used as the standard curve for 16S RNA.
Primers and probes for chemokines, cytokines, guinea pig glyceraldehyde-3-
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phosphate dehydrogenase (GAPDH), and GPIC 16S RNA are listed in Table 1.
Probes labeled with 6-carboxyfluorescein (FAM) at the 5� end are needed for
qPCR of the 16S RNA gene of the GPIC agent. The sequence is 5�-TGCCTC
ATCCACGCCGCCAG-3�.

Flow cytometry. Guinea pigs were euthanized at various times after infection,
and their genital tracts were removed for enumeration of CD4 and CD8 T cells,
B cells/plasma cells, and cells bearing the CD45 cell surface marker. The urethral
tissues were collected, and the outer skin, cartilage, ligament, and muscle por-
tions of the penis were discarded. Tissues were processed to produce a single-cell
suspension as described previously (23, 27). R-phycoerythrin (RPE)-labeled
mouse anti-guinea pig CD4 (CT7), fluorescein isothiocyanate (FITC)-labeled
mouse anti-guinea pig CD8 (CT6), mouse anti-guinea pig CD45 (IH-1), mouse
anti-B-cell subset (MsGp10), and an allophycocyanin (APC) conjugation kit
were purchased from AbD Serotec (Oxford, United Kingdom). APC was con-
jugated to the anti-CD45 antibody according to the protocol suggested in the kit.
All antibodies were mouse IgG1. The secondary antibody used was RPE-conju-
gated goat anti-mouse IgM–IgG–IgA (H�L) and was obtained from Southern
Biotech (Birmingham, AL). Mouse IgG1 negative controls were from AbD
Serotec. Flow cytometric analysis was performed using a FACSAria cell sorter
(BD Biosciences, San Jose, CA), and the data were analyzed using FloJo/FCS
software. Dead cells were excluded on the basis of positive staining with 4�-6-
diamidino-2-phenylindole (DAPI). Because of the different weights of the tissues
collected and the resulting variance in the total numbers of cells, the data are
presented as the percentages of cells of given phenotypes among total genital
tract cells.

Statistical analyses. For experiments recording repeated measures from indi-
vidual animals, statistical significance was determined by a two-factor (group,
days) analysis of variance with repeated measures on one factor (days) and with
Tukey posthoc analysis. Differences were considered to be significant if P was
�0.05. When repeated measures were not performed, the data were evaluated by
a two-factor (group, days) analysis of variance with Tukey posthoc analysis.

RESULTS

Determination of infectious dose. In order to determine the
optimal infectious dose for subsequent studies, groups of 9 or
10 guinea pigs were inoculated intraurethrally with 101, 102,
103, or 104 IFU of the GPIC agent in 10 �l of SPG. The course
of infection was determined by isolation of the GPIC agent
from urethral swabs every 3 days (Fig. 1). Infectious organisms
were cleared from the urethrae of male guinea pigs at all doses
by day 18 after infection. As expected, the peak level of infec-
tion occurred more quickly, and the organisms attained higher
levels, in animals inoculated with the higher doses (103 and 104

IFU) than in those inoculated with the lower doses (101 and
102 IFU). The infection courses for animals inoculated with
104 IFU were statistically different from the infection courses
for animals infected with any of the lower doses: 103 (P �
0.02), 102 (P � 0.001), and 101 (P � 0.01) IFU. The 50%
infectious dose (ID50) for male guinea pigs was calculated to
be 78 IFU by the method of Reed and Muench (27). Because
we found that 100% of the animals became infected only with
doses of 104 IFU and greater, we elected to use 104 to 105 IFU
as our standard inoculating dose.

Histopathologic response. Groups of 3 to 5 male guinea pigs
each were infected with 104 IFU of the GPIC agent, and penile
tissues were collected and fixed for histopathologic assessment.

TABLE 1. PCR primer sequencesa

Gene F primer R primer

Housekeeping (GAPDH) AAGGCTCTGGGCAAGGTCAT GCCAAATACGATGACATCAAGAAGG

Inflammatory cytokines
IL-8 GGCAGCCTTCCTGCTCTCT ACAAAGTTGGTCTCGGAGCTG
CCL5 (RANTES) CTGGCCCACTGCTTAGCAAT TTTCAAGGCAAAGAAGCAAGG
GM-CSFb TGAGCCTCCTGAACCACACTAG GAAGTTGTTCATGACCAGTTTGAGCC
CCL2 (MCP-1) TGCCAAACTGGACCAGAGAA ACTTCAAAGCCTTTGAACATTCG
IL-1� GCCCAGGCAACAGCTCTC CCAAGTTGAGCTGGTAGAGACTCC
TNF-	 CCTACCTGCTTCTCACCCATACC TCAACCTTCTCTCTGCCATCAA

Th1 cytokines
IL-2 AAACTTTCCCTTGATACACACC GTGTGTGACTTAGAAGATGAATCA
IFN-
 CCATCTTGGCTCTTCAGTTC GAATTGCCAAGAGGAGAGTG
IL-12p40 GTGGGTAGAGTTGGATTGGCACA ACCTGCAACACTGCTGACCA

Th2 cytokine (IL-10) CCTTACTGGCCGGGGTCAA CTTTCTTCCAAACACAGGATCAGC

GPIC agent (16S RNA) CTGAGAATTTGATCTTGGTTCAG CGCTATTATTCCGTTTGACTTG

a F primer, forward primer; R primer, reverse primer.
b GM-CSF, granulocyte-macrophage colony-stimulating factor.

FIG. 1. Kinetics of urethral infection in male guinea pigs following
inoculation with different doses of chlamydiae. Each data point rep-
resents the mean number of IFU for animals that became infected. To
the right of each dose in the key, the ratio of the number of animals
that became infected to the total number of animals inoculated with
that dose is given in parentheses. The infection courses of animals
infected with 101, 102, and 103 IFU were significantly different from
those of animals inoculated with 104 IFU.
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The pathology score for each parameter in each tissue section
was recorded; thus, the pathology score represented the mean
for at least 3 penile tissues in each group, depending on the
quality of the tissue. The penile urethra of the guinea pig
consists of the orifice area and distal and proximal portions.
The orifice area of the penile urethra was covered by squamous
epithelium, and the rest of the urethra had transitional epithe-
lium at the luminal surface. There are no glands in the distal
portion, while secretory glands are prominent in the proximal
urethra. No obvious differences in pathological changes were
noted between the distal and proximal portions of penile ure-
thrae throughout the infection course. Of the control unin-
fected tissue sections, most were normal urethral mucosae with
transitional epithelium lining the luminal surface (Fig. 2A to
C). In only one out of three tissue sections, scattered lympho-
cytes and plasma cells, distributed submucosally, were ob-

served. This may have been the result of some prior stimula-
tion encountered in the urethra of that particular animal.

On day 2 after chlamydial infection, inflammatory cells, in-
cluding PMNs, lymphocytes, and plasma cells, could be ob-
served (Fig. 2D to F and 3). By day 4, PMN infiltration peaked
in the urethra, accompanied by frequent epithelial erosion.
PMNs were present not only in the submucosa but also in the
epithelium and luminal exudates (Fig. 2G to I and 3). Infiltra-
tion of inflammatory cells became increasingly intense by days
7 to 14, with lymphocytes and plasma cells as the predominant
populations, while PMN infiltration declined greatly by day 14
(Fig. 2J to O and 3). Also, by day 14, no more erosive damage
to the epithelial layer of the urinary mucosa was observed, and
fibrosis was evident in only one animal on days 7 to 14 but was
then absent by day 21 and thereafter (Fig. 2P to R and 3). After
day 21 postinfection, at which time the infection in the genital

FIG. 2. Pathological responses to chlamydial urethral infection at various times after infection. (Left) Distal area; (center) proximal area;
(right) higher-magnification image of the boxed section of the corresponding distal or proximal area.
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tract had begun to clear, there was a dramatic decrease in the
inflammatory response in the genital tract, with few inflamma-
tory cells present. The inflammation continued to decline by
day 35, with only a few occasional submucosally distributed
lymphocytic aggregates (Fig. 3). By day 50 after infection, the
urethral mucosa had returned to normal.

In order to determine the presence of chlamydial inclusions,
additional tissue sections were immunohistochemically stained
for chlamydial LPS. The resulting brown precipitate, indicating
the presence of GPIC inclusions, provided a direct visualiza-
tion of chlamydial genital infection which was strictly limited to
the epithelial layer of the infected male urinary mucosa in both
the proximal and distal areas (Fig. 4). The presence of chla-
mydiae at a given site was routinely accompanied by an inflam-
matory response at the same site.

GPIC-specific antibodies in serum and urethral secretions.
In order to determine both serum and local urethral IgG and
IgA antibody responses, 10 male guinea pigs were inoculated
intraurethrally with 104 IFU of the GPIC agent. On days 0, 7,
14, 21, 28, 35, 42, 49, 63, and 75 following either a primary
infection or a challenge infection, serum and secretion samples
were collected from each animal. Urethral swabs were not
collected from the animals, so that trauma and potential bleed-
ing in the local urethra could be avoided, and thus, the poten-
tial for serum contamination in the urethral secretions would
be reduced. Local urethral secretions were collected and
pooled because of the small amount obtained from each ani-
mal. GPIC-specific IgG and IgA levels in sera developed be-
tween 7 to 10 days after infection, increased to peak by day 28,
and remained elevated as long as day 75 postinfection (Fig. 5).
All animals were positive for serum antibodies, confirming that
they had indeed become infected. As with the response in
serum, both IgG and IgA in secretions reached elevated levels
by 28 days after infection, and their levels remained relatively
constant through day 75, although there was a slight decrease
in the IgA level at day 75. The antibody titers in secretions did
not reach the same overall levels as those in serum, which is

FIG. 3. Mean pathology scores of tissues for the indicated parameters at various times after infection. Each error bar represents 1 standard
deviation. Tissues from 3 to 5 guinea pigs were evaluated at each time point.

FIG. 4. Immunohistochemical staining of chlamydial inclusions in
urethral tissue. Shown are the distal urethra (A) and the proximal
urethra (B) on day 4 after infection. Arrows indicate chlamydial
inclusions.
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attributed to the greater dilution factor of secretions required
for performance of the assay. It is also possible that the con-
tinuous urination in the male urethra reduced the amount of
secretions present and affected the sensitivity of our assay.

To determine the anamnestic response, each animal was
challenged with 104 IFU 75 days after the primary infection.
Urethral swabs from all guinea pigs were collected only once,
on day 4, to determine if they had been reinfected. Only 4 out
of 10 swabs were positive for GPIC IFU, indicating a high level
of immunity to challenge infection. Upon reinfection, there
was clear evidence of an anamnestic response in both serum
and secretions with IgG and IgA. Levels of both IgG and IgA
increased by 7 to 14 days after the challenge infection but
diminished to the levels present prior to challenge by 35 to 42
days after challenge. The levels remained consistent at the
prechallenge levels until the experiment was terminated.

Antigen-specific lymphocyte proliferation. To evaluate the
cell-mediated response to GPIC genital infection in males, an
antigen-specific proliferation assay was performed with lym-
phocytes from both the spleen and the iliac lymph nodes, the
draining lymph nodes of the genital tract, obtained on days 0,
7, 14, 21, 35, and 50 postinfection from guinea pigs inoculated
intraurethrally with 104 IFU of the GPIC agent. The results

indicated that the chlamydial urethral infection elicited a strong
iliac lymph node response by day 7, in contrast to splenic lym-
phocytes, which did not show a response until day 21, and even
then the response was substantially lower than that of the iliac
lymph nodes (Fig. 6). The proliferative response of iliac node
lymphocytes to the GPIC antigen peaked by day 14 and then
declined by day 21 and thereafter. The difference in the overall
proliferative response between lymphocytes from the iliac lymph
nodes and lymphocytes from the spleen was statistically signifi-
cant (P � 0.001).

Flow cytometric evaluation of the cellular response in the male
urethra. The temporal kinetics of different cell subsets present
in the local urethral tissue following GPIC infection was as-
sayed by flow cytometry. The penile tissues were obtained from
groups of 5 guinea pigs each on days 0, 2, 4, 7, 10, 14, 21, and
35 after a primary infection with 105 IFU and on days 0, 2, 4,
7, and 10 after a challenge infection with 105 IFU. An increase
in the number of CD45� cells (leukocytes) was first observed
on day 4, and they then continued to increase, with two peaks
of CD45� infiltrates on days 7 and 14 after the primary infec-
tion (Fig. 7). Based on the histopathologic results, the initial
response up to and including day 7 likely consisted of acute
inflammatory cells, such as PMNs and mononuclear cells,
while after day 7, the response likely represented predomi-
nantly recruited lymphocytes, monocytes, and plasma cells.
Upon challenge infection, the CD45� cell response increased
more quickly, by day 2, but did not reach the same peak level
as that in the primary infection. Such a reduced response
would be expected based on the reduced number of organisms
in the tissue after challenge because of the protective immune
response.

Increased numbers of both CD4� and CD8� subsets began
to appear in the male urethra by 7 days after the primary
infection, increasing to peak levels by day 14 and diminishing
thereafter. Interestingly, and in contrast to what has been ob-
served in female guinea pigs and mice, the peak number of

FIG. 5. Mean antibody responses to the GPIC agemt in sera and
secretions following primary and challenge infections. Error bars rep-
resent 1 standard deviation. Serum samples were collected sequentially
from 10 guinea pigs. All urethral secretion samples from the 10 ani-
mals were pooled for the determination of antibody titers.

FIG. 6. Proliferation responses of iliac lymph node and splenic cells
to chlamydial antigen. Each bar represents the mean stimulation index
for 6 animals, and each error bar represents 1 standard deviation.
Asterisks indicate that the difference between the response in the iliac
lymph node and the response in the spleen was significant (P � 0.001).
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CD8� T cells was significantly greater than that of CD4� T
cells (P � 0.008). The influx of CD4� and CD8� cells in the
urethra following challenge infection occurred as soon as day
2, but the peak levels were markedly lower than those attained
during the primary infection (Fig. 7).

The number of B cells in the urethra did not increase until
day 14 after the primary infection but reached its maximum
level at day 21, later than the peak of CD4� and CD8� T cells.
The B-cell response was rapidly induced after the challenge
infection, but again, the peak level of B cells in the urethra was
less than that attained during the primary infection (Fig. 7).
Nevertheless, the observation that the number of B cells fol-
lowing the challenge infection was significantly greater than
the numbers of CD4 and CD8 T cells on each of the days
following challenge (P, �0.01 to �0.001) was of interest.

Cytokine and chemokine responses. In addition to host cy-
tokine/chemokine genes, 16S RNA transcripts of the GPIC
agent were also quantified in order to determine the presence
of replicating organisms in the penile tissues, because the pro-
cessing of the tissues was not compatible with the performance
of standard culture. Following the primary infection, all ani-
mals examined were positive for 16S RNA until day 21, with a
peak level of infection about 7 days after inoculation (Fig. 8).
The majority of the animals had resolved the infection by 21 to
35 days after inoculation. Upon challenge, the amount of 16S

FIG. 7. Kinetics of the cellular response in the urethra following primary and challenge infections as assessed by flow cytometry. Each data
point represents the mean and standard deviation for 5 animals. The number of CD8 cells on day 14 was significantly greater than the number of
CD4 cells (P � 0.008). The number of B cells following challenge infection was significantly greater than the numbers of CD4 and CD8 T cells
on each of the days following challenge (P, �0.01 to 0.001).

FIG. 8. Kinetics of 16S RNA transcripts of the GPIC agent follow-
ing a primary and a challenge urethral infection. Each symbol repre-
sents a single animal, and the line represents the mean of the responses
of 5 animals at each time point. Filled symbols indicate that the animal
was positive for chlamydiae by determination of 16S RNA transcripts.
Where the symbols overlap, the total number positive for 16S RNA is
given over the total number of animals at each time.
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RNA detected was very low in comparison to that in the pri-
mary infection, and only 4 of 5 animals on day 2 after challenge
and 1 of 5 animals on day 4 were infected. Thus, as expected,
and as we had reported previously (13), there was a high level
of immunity to reinfection.

The local chemokine and cytokine transcript levels in the
male urethra following a primary chlamydial infection were
determined by quantitative PCR. A group of 40 male guinea
pigs was infected with 105 IFU of the GPIC agent intraure-
thrally, and the penile urethral tissues of 5 guinea pigs each
were collected on days 0, 2, 4, 7, 10, 14, 21, and 35 after
infection. Tissues from individual animals were quantified with
respect to the levels of chemokine and cytokine expression.

Transcription of IL-8, CCL2 (monocyte chemoattractant pro-
tein 1 [MCP-1]), IL-1�, and tumor necrosis factor alpha (TNF-
	), all of which are involved in the recruitment of PMNs and/or
monocytes and dendritic cells to the local tissue site, was de-
tected by 2 days after infection, increased to peak levels by days
4 to 7, and then began to decline to the basal level during the
second week of infection (Fig. 9). The appearance of these
molecules coincided with the initiation of the inflammatory
response observed by histopathology. Transcripts of the Th1
response-related cytokines IL-12p40, gamma interferon (IFN-

), and IL-2 initially occurred between days 2 and 4. IFN-
 and
IL-2 reached peak levels on days 7 to 10, while IL-12p40
transcripts had begun to decline by that time (Fig. 10). The

FIG. 9. Kinetics of chemokine and cytokine response following a primary and a challenge urethral infection. Each symbol represents a single
animal, and each line represents the mean of the responses of 5 guinea pigs. Filled symbols indicate that the animal was positive for chlamydiae
by determination of 16S RNA transcripts.
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production of these cytokines corresponded to the develop-
ment of the adaptive T-cell response, as evidenced by the
proliferation assay and the influx of CD4 and CD8 cells.
CCL5 (RANTES) transcript levels also began to increase by
day 4 and persisted longer than the other chemokines, con-
comitant with the influx of T cells into the urethra. IL-10
transcripts were also found to increase by days 4 to 7, but the
levels were quite low compared to those of the Th1 cyto-
kines.

In order to evaluate the chemokine/cytokine response upon
challenge infection, male guinea pigs were challenged intra-
urethrally with 105 IFU of the GPIC agent on day 75 after a
primary infection with 105 IFU, and tissues from groups of 5
animals each were collected on days 0, 2, 4, 7, 10, 14, and 21.
To confirm that the animals had been infected previously,
serum from each animal was obtained on day 28 after the
primary infection and assayed for GPIC-specific IgG by
ELISA. All animals were confirmed to be positive (data not
shown). Levels of 16S RNA in tissues were also determined in
order to assess the number of animals that were reinfected
upon challenge. In results similar to those of other experi-
ments, 4 of 5 animals were determined to be positive for 16S
RNA on day 2, and only 1 guinea pig of 5 was positive on day
4. When the transcript levels of local cytokines and chemokines
in the penile urethra were evaluated after a challenge infec-
tion, in general, the overall expression of each of the chemo-

kines and cytokines after challenge was induced to a much
lesser extent than after the primary infection (Fig. 9 and 10).
IL-8, IL-1�, CCL2 (MCP-1), and TNF-	 levels showed only
modest increases on days 2 and 4 following reinfection. Instead
of the dramatically enhanced expression of IFN-
 and IL-2 on
days 7 and 10 following the primary infection, transcript levels
of these genes were only slightly increased at the earlier
times of days 2 and 4 following challenge. There was no
obvious increase in IL-12p40 levels following challenge. In-
terestingly, CCL5 (RANTES) was expressed at relatively
high levels and was still present in some animals 21 days
following reinfection.

DISCUSSION

Virtually everything we know about the host response to
chlamydial genital infections has been derived from studies of
the female, both in humans and in animal models. Painfully
little is known about the immune response of the male, and
even less is known about the local host response in the male
urethra. Therefore, in this study, we used the model of the
male guinea pig infected with C. caviae to further characterize
the immune responses to chlamydial infection, especially the
local antibody, cytokine/chemokine, and cellular responses in
the penile urethra, the primary target infection site in males.

Initially, we determined the infection course in male guinea

FIG. 10. Kinetics of the T-cell cytokine response following a primary and a challenge urethral infection. Each symbol represents a single animal,
and each line represents the mean of the responses of 5 animals. Filled symbols indicate that the animal was positive for chlamydiae by
determination of 16S RNA transcripts.
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pigs inoculated with different doses of chlamydiae in order to
determine the optimal dose for our studies. Not surprisingly,
we found that guinea pigs infected with higher doses of the
GPIC agent had increased levels of infection and earlier onset.
A similar dose response in the course of cervical chlamydial
infection was seen in the female (24). We did not see any
obvious clinical signs of disease, such as significant weight loss
or urethral exudate.

Upon histopathologic examination of the penile urethra,
there was clear evidence of a marked inflammatory response
directed to the site of infection. As in the female (25), the
initial response was an acute inflammatory response peaking at
4 days after infection. A chronic inflammatory response devel-
oped concomitantly and remained elevated through day 14. Of
note was the observation of a large number of plasma cells
from days 4 to 14. This was quite interesting in that plasma
cells are a hallmark of the histopathologic response of the
female in the cervix and Fallopian tubes. Epithelial erosion
occurred along with PMN infiltration into the male urinary
tract, and fibrotic changes of the urethral mucosa appeared
during the peak response of chronic inflammation. While some
PMNs were noted in the lumen, there was no gross evidence of
pyuria, although we did not examine the urine for leukocytes.
Since fibrosis was only a rare event seen between days 7 and 14,
there was no obvious scarring in the male urinary mucosa. This
is in contrast to the infection in females, where the fibrosis in
the Fallopian tubes is responsible for the severe consequences
of chlamydial infection (25). These data clearly demonstrate
that the particular morbidity associated with chlamydial infec-
tion in either sex depends on the nature of the specific ana-
tomic site that is targeted. Although only the penile urethrae of
male guinea pigs with chlamydial infection were examined for
urethritis in the present study by histopathology, Rank et al.
(26) previously observed that cystitis resulted from ascending
infection to the bladder following intraurethral inoculation of
chlamydiae into male guinea pigs; however, this occurrence
was relatively rare in immunologically intact animals. In our
earlier study, we also examined the vas deferens, epididymis,
seminal vesicles, and prostate glands by histopathology and
found no apparent inflammation or organisms in any of these
tissues in normal animals. Only in one animal, which was im-
munosuppressed, did we find inflammation in the vas deferens
and epididymis. In general, the nature and kinetics of the
pathological response in the male guinea pig are virtually the
same as those seen in the female cervix, endometrium, and
oviducts (25).

The only other animal model for infection of males via the
urethral route in which histopathology was examined is the
mouse infected with Chlamydia muridarum (11). In a detailed
study, Pal and colleagues were able to detect organisms in the
urethrae, bladders, epididymides, and testes of infected mice,
in contrast to GPIC infection of male guinea pigs. Moreover,
they were able to detect organisms in the urethra and bladder
for as long as 7 weeks after infection, considerably longer than
we have seen in the guinea pig model. The histopathologic
response was very similar to that of the guinea pig, with an
acute inflammatory response developing later into a chronic
inflammatory response.

The induction of a strong acute inflammatory response is
supported by the expression of key proinflammatory cytokines,

such as IL-8, IL-1�, and TNF-	, concomitant with the appear-
ance of PMNs in the tissue. The levels of IL-8, IL-1�, and
TNF-	 were considerably lower following challenge infection
than after primary infection, but this would be expected be-
cause of the lower number of chlamydiae present as a result of
the adaptive immune response. Each of these cytokines is
dependent on the interaction of chlamydiae with the host cell
(16). The increase in the expression of CCL2 (MCP-1) would
suggest that other cells, such as NK cells and dendritic cells,
are also recruited to the urethra during a primary infection.

For the first time in the male, the local cellular response
was evaluated by flow cytometry. The data largely supported
the observations from the histopathologic analysis. There
was a strong influx of CD45� cells beginning on day 4,
increasing to a peak response on day 14. CD45� cells would
include PMNs and the various mononuclear cells, so this
measure reflects the overall cellular response. Both CD4
and CD8 cells were observed in the urethra in parallel to the
CD45 response. Interestingly, in contrast to the female
guinea pig and mouse models (7, 23), there were signifi-
cantly more CD8 cells than CD4 cells in the target tissue.
The appearance of B cells was somewhat delayed in the
primary infection, and they reached their peak level about 7
days after the T cells. Unfortunately, because of the lack of
reagents for the guinea pig, no other cell surface markers or
cell populations could be quantified. Upon challenge infec-
tion, CD45� cells appeared by day 2, more quickly than in the
primary infection but not to the same level. Surprisingly, the
B-cell response appeared to constitute the majority of the re-
sponse to the challenge infection, while there was only a trivial
influx of CD4 and CD8 cells. This was somewhat different from
the response in the female, in which there was only a minimal
influx of T and B cells into the cervix and endometrium fol-
lowing challenge infection. Levels of both T and B cells were
markedly increased in the oviduct following challenge in con-
trast to the primary infection, indicating a clear anamnestic
response in the upper genital tract. Obviously, it is difficult to
compare the male and female completely because of the ana-
tomic differences, but the fact that there is a stronger anam-
nestic response of B cells than of T cells in the male urethra is
of interest and suggests that memory B cells/antibodies may
play an important role in the resolution of challenge infections
in the male.

The presence of CD4 and CD8 cells certainly suggests that
an active cell-mediated immune response develops in the male
urethra, and this was supported by the strong proliferative
response to chlamydial antigen by lymphocytes derived from
the draining lymph nodes. The response paralleled the pres-
ence of T cells in the urethra. The likelihood that the T-cell
response is a Th1 response was supported by the presence of
IFN-
, IL-2, and IL-12p40 in the urethra, paralleling the T-cell
response in the genital tract. There was an increase in IL-10
levels; however, the absolute amount of IL-10 was far less than
that of IFN-
, and so the response was clearly a Th1 response.
The increase in CCL5 (RANTES) levels also paralleled the
T-cell influx in the urethra, a response that would be expected
because CCL5 (RANTES) is a major T-cell chemokine. Upon
challenge infection, only CCL5 (RANTES) appeared to be
elicited at a relatively high level, in contrast to the other che-
mokines and cytokines. CCL5 (RANTES) has been found to
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be important for immunity to chlamydial infections (28). The
lower levels of IFN-
, IL-2, and IL-12p40 following challenge
are substantiated by the low T-cell response following chal-
lenge. While cell-mediated immunity has been found to be
essential for the resolution of chlamydial genital infections in
female guinea pigs and mice (18), one cannot yet make the
same statements regarding the male.

The other major observation in this study was the quan-
tification of the local GPIC-specific antibody response in
urethral secretions. GPIC-specific IgG and IgA levels in-
creased by days 14 to 21 and remained relatively constant in
the local secretions after the primary infection. Upon chal-
lenge, there was a marked increase in local IgG and IgA
levels in secretions but only a modest increase in serum. The
source of the antibodies detected in the urethral secretions
of infected males is not yet clear. It is likely that IgG was
derived from serum and IgA was produced locally, but that
remains to be determined. It is noteworthy that there were
numerous plasma cells in the submucosal area of the penile
urethra, which could be the origin of local antibody produc-
tion. The increase in the level of B cells in the urethra
paralleled the increase in local antibody levels. Since the
B-cell and antibody responses upon challenge infection were
more intense than the T-cell response, it is tempting to
speculate that this branch of the immune response is critical
for immunity to reinfection. In fact, we reported that male
guinea pigs which were depleted of B cells by cyclophospha-
mide treatment, leaving cell-mediated immunity intact, had
a longer course of infection with increased pathology (26).
Moreover, Cunningham and colleagues recently demon-
strated that polyimmunoglobulin receptor-mediated trans-
port of IgA played an important role in the clearance of
infection from the genital tracts of male mice (2). In female
guinea pigs, humoral immunity is essential for the recovery
of chlamydial genital infection (25), and immune serum-
derived antibody contributed to protection against a genital
tract infection (21). Immunity to reinfection in the genital
tracts of female guinea pigs was also dependent on an intact
humoral immune response (19).

In general, we have observed that the host response in the
male urethra is similar both to the inflammatory response
and to the humoral and cell-mediated immune responses to
infection of the female genital tract. Nevertheless, there are
two key differences between the male and the female. First,
the CD8 T-cell response appears to be greater than the CD4
T-cell response in the male guinea pig. This is in contrast to
the responses of the female guinea pig, in which the ratio of
CD4 to CD8 cells is about 1:1 (23), and the female mouse,
in which the ratio is about 2:1 (7). Second, upon challenge
infection, the B-cell response is stronger than the T-cell
response in the male guinea pig, in contrast to the responses
in the female guinea pig and mouse (7, 23). The anamnestic
B-cell response is accompanied by a sharp increase in both
IgG and IgA levels in urethral secretions. We have observed
previously that male guinea pigs have a high level of com-
plete immunity for a longer time than female guinea pigs
(13, 22). Whether these differences in the host response
account for the “stronger” immunity in the male guinea pig
remains to be determined.
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