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onstrated in a murine chlamydial pneumonia model that IL-10
production inhibits IFN-␥ expression and delays clearance of
lung infection in BALB/c mice compared to C57. Data from
Igietseme et al. indicate that IL-10 acts at the level of the
dendritic cell (DC) to inhibit efficient induction of a Th1 response against chlamydial infection (12).
Induction of chemokines is important in recruiting appropriate effector cells to sites of inflammation, including differential recruitment of Th1 and Th2 cells (28, 35). Increasing
evidence suggests that differential expression of the chemokines macrophage inflammatory protein-1␣ (MIP-1␣) and
monocyte chemoattractant protein-1 (MCP-1) influences the
direction of T-cell differentiation, with MIP-1␣ being a Th1
promoter (18, 19, 23, 25, 36) and MCP-1 being a Th2 promoter
(9, 18, 19, 24–26).
In this study we examined the patterns of IFN-␥ and IL-10
responses in C57, BALB/c, and C3H mice to further explore
their potential relationship to differential disease outcomes
after genital chlamydial infection. We also examined the relevant chemokines, MIP-1␣ and MCP-1. In addition, we examine
the effects of inhibition of MCP-1 in C3H mice. An important
question is whether inhibition of specific chemokine mediators
leads to a decrease in the sequelae of chlamydial infection or,
alternatively, promotes the spread of infection and increases
tissue damage in the host.
(This work was presented in part at the 5th International
Chlamydia Meeting, Helsinki, Finland, 2000.)

A key issue for the study of chlamydial infection is to understand why individuals infected with Chlamydia trachomatis
experience different clinical outcomes. Cytokine patterns elicited by infection are critical in the regulation of the adaptive
immune response and in the resolution of infection. We used
a mouse model of ascending chlamydial genital tract infection
to explore genetically controlled differences in the host response that lead to differential outcomes of chlamydial infection. Vaginal infection of C57BL/6 (C57), BALB/c, and C3H/
HeN (C3H) mice with the mouse pneumonitis biovar of C.
trachomatis (MoPn) results in genital tract infections that differ
with respect to duration and outcome (5, 6, 8). The C57 strain
exhibits a short duration of infection and the least oviduct
pathology. The BALB/c strain also exhibits an infection of
relatively short duration, but despite this, the mice develop
severe oviduct pathology. The C3H strain exhibits a longer
course of infection and also develops severe oviduct pathology
(5, 6, 8). Thus, the C57 strain exhibits the least susceptible
phenotype, the BALB/c strain exhibits an intermediate phenotype, and the C3H strain exhibits the most susceptible phenotype (5, 6, 8). All three strains develop high levels of cells
producing antigen-specific gamma interferon (IFN-␥) and low
to undetectable levels of interleukin 4 (IL-4)-producing-cells in
the genital tract and iliac nodes after infection (3, 6). Thus, a
predominant chlamydia-specific Th1 response is induced by
genital tract infection in all three strains.
Recent data have shed some light on regulation of the Th1
response as regards chlamydial infection. Yang et al. (44) dem-
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Animals. Female C57BL/6 (H-2b), BALB/c (H-2d), and C3H/HeN (H-2k) mice
(6 weeks old) were purchased from Jackson Labs, Bar Harbor, Maine. Mice were
given food and water ad libitum in an environmentally controlled room with a
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Vaginal infection with the mouse pneumonitis agent of Chlamydia trachomatis (MoPn) produces shorter
courses of infection in C57BL/6 and BALB/c mice than in C3H/HeN mice, while C57BL/6 mice are more
resistant to oviduct pathology. A robust Th1 response is extremely important in host defense against chlamydia. In this study we examined gamma interferon (IFN-␥), interleukin 10 (IL-10), and the T-cell-regulatory
chemokines macrophage inflammatory protein-1␣ (MIP-1␣) and monocyte chemoattractant protein-1 (MCP-1) to
determine if differences in these responses were associated with the differential courses of infection seen in
these three strains of mice. Increased and prolonged IFN-␥ responses and lower IL-10 responses were observed
in the C57BL/6 strain compared to BALB/c and C3H. Examination of genital tract chemokines revealed a
marked predominance of MIP-1␣ over MCP-1 only in the C57 strain. Thus, a pattern of high MIP-1␣ and low
MCP-1 levels during the first week of infection is associated with an increased Th1 response and a shorter,
more benign chlamydial infection. Inhibition of the MCP-1 response in C3H mice increased their later T-cell
production of IFN-␥ but decreased their early IFN-␥ response and had no effect on the course or outcome of
infection. Inhibition of MCP-1 is not beneficial in chlamydial infection because of its pleiotropic effects.
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RESULTS
IFN-␥ responses are higher in C57 mice than in BALB/c and
C3H. Since IFN-␥ plays a critical role in host defense against
chlamydiae (16, 17, 29, 32, 39), we hypothesized that differences might exist in the production of IFN-␥ that would help to
explain the relative susceptibilities seen in C57, BALB/c, and

FIG. 1. IFN-␥ levels in genital tract secretions of C57, BALB/c, and
C3H mice during primary infection with C. trachomatis MoPn. Levels
were determined with ELISA kits specific for murine IFN-␥. Data are
means plus standard errors of the means and are the combined results
of three separate experiments (five or six mice per strain per experiment). Each sample was tested in duplicate.

C3H mice. Genital tract secretions tested by ELISA for IFN-␥
revealed increased levels of IFN-␥ in all three strains over the
first 10 days of infection, after which IFN-␥ responses fell in
the BALB/c and C3H mice but remained increased in the C57
strain through day 22 (Fig. 1). In fact, IFN-␥ levels remained
elevated in C57 mice for a significantly prolonged period compared to BALB/c and C3H (P ⬍ 0.05 by two-way ANOVA).
We next quantified IFN-␥ production from MNCs taken
from iliac nodes on days 7 and 21 of infection. Only low levels
of IFN-␥ (⬍0.2 ng/ml) were seen from cells cultured with
medium alone on both days 7 and 21 (data not shown). In all
three strains, high levels of IFN-␥ were detected on days 7 and
21 when MNCs were stimulated with UV-inactivated antigen
(Fig. 2A). The levels were not different among the strains on
day 7; however, on day 21, MoPn-specific IFN-␥ responses
were significantly higher (P ⫽ 0.03) in C57 mice than in
BALB/c and C3H (Fig. 2A).
IL-10 responses are lower in C57 mice than in BALB/c and
C3H. IL-10 and IL-4 levels were low in genital tract secretions,
with no differences between the strains (data not shown). The
production of IL-4 from antigen-stimulated iliac node MNCs
was nearly undetectable in all three strains (data not shown).
In addition, IL-10 production was minimal (Fig. 2). IL-10 levels were significantly lower in C57 mice than in BALB/c and
C3H on both days 7 and 21 (Fig. 2B).
MIP-1␣ is associated with an increased Th1 response in
C57 mice, and MCP-1 is associated with a diminished Th1
response in C3H mice. When we compared MIP-1␣ and
MCP-1 levels in the strains, striking differences between C57
and C3H mice during the first week of infection were found
(Fig. 3). We found high levels of MIP-1␣ and low levels of
MCP-1 in C57 mice. In contrast, in the C3H strain, we found
a significant MCP-1 response and low levels of MIP-1␣. The
MIP-1␣ response was significantly greater in C57 than C3H
mice and the MCP-1 response was significantly greater in C3H
than C57 mice over the first week of infection (P ⬍ 0.05 by
two-way ANOVA). We detected increased levels of both che-
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cycle of 12 h of light and 12 h of darkness. Female mice 7 to 10 weeks of age were
used throughout the study.
Infection with chlamydiae and measurement of chlamydial shedding. MoPn,
a C. trachomatis biovar, was used for infection. This agent was originally obtained
from American Type Culture Collection and is maintained in McCoy cells (32).
Mice were infected by placing 30 l of 250 mM sucrose–10 mM sodium phosphate–5 mM L-glutamic acid (SPG) containing 107 inclusion-forming units (IFU)
of MoPn into the vaginal vault. Infection was performed with the mice under
sodium pentobarbital anesthesia. In selected experiments, control mice of each
strain were inoculated with SPG. The mice received 2.5 mg of progesterone
(Depo-Provera; Upjohn, Kalamazoo, Mich.) subcutaneously 7 days before vaginal infection; the progesterone was given to synchronize all mice in a state of
anestrus. The course of infection was followed by swabbing the vaginal vault and
ectocervix with a Calgiswab (Spectrum Medical Industries, Los Angeles, Calif.)
at various times following infection and by enumerating IFU by isolation on
McCoy cell monolayers (21).
Collection of genital tract secretions for cytokine analysis. Genital tract secretions were collected from mice on multiple days throughout the course of
infection and analyzed by enzyme-linked immunosorbent assay (ELISA) for
various cytokines and chemokines of interest. At intervals before and after
infection or inoculation of buffer, an aseptic surgical sponge (ear wicks, 2 by 5
mm) (DeRoyal, Powell, Tenn.) was inserted into the vagina of an anesthetized
animal and retrieved 30 min later. The sponges were held at ⫺70°C until the day
of the cytokine assay. Each sponge was placed in a Spin-X microcentrifuge tube
(Fisher Scientific) containing a 0.2-m cellulose acetate filter and incubated in
300 l of sterile phosphate-buffered saline (PBS) with 0.5% bovine serum albumin and 0.05% Tween 20 for 1 h on ice and then centrifuged for 5 min. Spin-X
filters were preblocked with 0.5 ml of sterile PBS with 2% bovine serum albumin
and 0.05% Tween-20 for 30 min at 25°C, centrifuged, and washed twice with 0.05
ml of sterile PBS. Samples were kept on ice and promptly loaded into an ELISA
plate prepared for a specific cytokine assay.
Cytokine analysis of iliac node supernatants. Mononuclear cells (MNCs) were
prepared by gentle teasing of the pooled nodes from five mice in RPMI 1640, and
mononuclear cells were enriched over a Ficoll-Hypaque gradient. MNCs plated
in 96-well plates at 2 ⫻ 106 cells per well were stimulated with 5 g of UVinactivated MoPn antigen at 5 g/ml (34). Control wells received no antigen.
After 72 h of incubation, plates were centrifuged and cell supernatants were
removed and stored for later cytokine assays.
Cytokine and chemokine protein assays. Samples from sponges and iliac node
supernatants were assayed individually for cytokine or chemokine (IFN-␥, IL-10,
IL-4, MIP-1␣, or MCP-1) activity by ELISA using commercial cytokine ELISA
kits (R & D Systems, Minneapolis, Minn.).
Antibody inhibition of MCP-1 in C3H mice. Groups of five C3H mice were
injected intravaginally with 150 g of polyclonal rabbit anti-murine MCP-1
antibodies (Endogen, Woburn, Mass.) twice a day on days ⫺1, 1, 3, and 5 of
infection. Control infected mice were injected with 150 g of normal rabbit
immunoglobulin G (IgG) (Endogen). Each mouse was anesthetized by methoxyflurane inhalation, and 75 l of antibody was injected into each side of the vagina
using a 28-gauge needle attached to an insulin syringe. The needle was advanced
approximately 2 to 3 mm into the vaginal wall.
Histopathology. Genital tract tissues from the anti-MCP-1 antibody-treated
and control IgG-treated mice were removed en bloc and processed as previously
described for histopathology (6). A pathologist blinded to the experimental
groups scored the ectocervix, endocervix, uterine horns, and oviducts for inflammation and dilatation as previously described (6).
Statistics. Statistical comparisons between the groups for level of infection and
cytokine production over the course of infection were made by a two-factor (days
and murine strain) analysis of variance with the post hoc Tukey test as a multiplecomparison procedure. Differences in grouped cytokine data were analyzed with
the t test with correction for unequal variances. The Wilcoxon rank sum test was
used to compare the duration of infection in the respective groups over time. The
Kruskal-Wallis one-way analysis of variance (ANOVA) on ranks was used to
determine significant differences in the pathological data between groups. All
experiments were repeated at least once.
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mokines in the BALB/c strain during the first few days of
infection. After the first week of infection, MIP-1␣ and MCP-1
were absent from secretions in all three strains except for
increases in MCP-1 in C3H mice on day 21 (mean ⫾ standard
error of the mean, 215 ⫾ 65 pg/ml) and 28 (168 ⫾ 42 pg/ml).
All secretions from progesterone-treated mock-infected mice
were negative for chemokines (data not shown).
We also examined MIP-1␣ and MCP-1 production from the
iliac nodes on days 7 and 21 after in vitro stimulation with
MoPn antigen. We found high levels of MIP-1␣ but no detectable MCP-1 in all three strains (data not shown). Thus, although a MIP-1␣ response was predominant in the draining
nodes of all three strains, early increases of MCP-1 occurred in
the genital tracts of BALB/c and C3H mice (Fig. 3B), the
strains with lower Th1 responses.
Inhibition of early MCP-1 in C3H mice increases their Th1
response. Anti-MCP-1 administration resulted in a ⬎90% reduction in local MCP-1 levels for the first 5 days of infection;
on days 6 and 7, levels rebounded to those seen in C3H mice
treated with control IgG (data not shown). Groups of mice
were sacrificed on days 7 and 21, and we determined the IFN-␥
and IL-10 responses from iliac node MNCs stimulated with
MoPn antigen. The IL-10 response was not significantly different on day 7 or day 21 (day 7, 1.8 ⫾ 0.2 ng/ml in control
IgG-treated mice and 1.4 ⫾ 0.3 ng/ml in anti-MCP-treated
mice; day 21, 1.5 ⫾ 0.3 ng/ml in control mice and 1.9 ⫾ 0.4
ng/ml in anti-MCP-treated mice). However, IFN-␥ levels were

FIG. 3. MIP-1␣ (A) and MCP-1 (B) levels in genital tract secretions of C57, BALB/c, and C3H mice during the first week of primary
infection with C. trachomatis MoPn. Levels were determined with
ELISA kits specific for the respective chemokines. Data are means ⫾
standard errors of the means and are the combined results of three
separate experiments (five or six mice per strain per experiment). Each
sample was tested in duplicate.

significantly increased on day 21 in the nodes from anti-MCP1-treated mice (Fig. 4A). Higher IFN-␥ levels were also seen
on day 7 in the nodes from anti-MCP-1-treated mice than in
those from control IgG-treated mice, although the difference
was not statistically significant (Fig. 4A).
When local production of IFN-␥ was examined, interesting
kinetics were seen in C3H mice treated with anti-MCP-1.
IFN-␥ was not detected on days 2 to 5 in the anti-MCP-1treated mice but then increased on day 6, and levels remained
steady through day 20 (Fig. 4B). The prolonged detection of
IFN-␥ in genital tract secretions was similar to what we had
observed previously in infected C57 mice (Fig. 1). Although
inhibition of the early MCP-1 response resulted in a prolonged
IFN-␥ response in the genital tract, the course of infection, as
determined from isolations, and the outcome of infection, as
determined by histopathology, were unchanged (data not
shown).
DISCUSSION
Prior studies of C. trachomatis genital tract infection in mice
have shown the C57 strain to be more resistant to upper tract
disease than BALB/c and C3H (5, 6, 8), and control of infection occurs earlier in C57 than C3H mice (5, 6). If one considers the IFN-␥ response a measure of the level of Th1 immunity, our studies show that C57 mice have a prolonged and
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FIG. 2. Increased IFN-␥ and decreased IL-10 production by MNCs
in C57 versus BALB/c and C3H mice. Mice were infected intravaginally with MoPn (107 IFU), and iliac node MNCs were cultured on day
7 or 21 postinfection. IFN-␥ (A) or IL-10 (B) production by MNCs (72
h supernatants) after UV-inactivated MoPn-specific stimulation was
measured by ELISA. Data are means plus standard deviations for each
group of mice from one of three experiments with similar results. ⴱⴱ,
P ⬍ 0.01; ⴱ, P ⬍ 0.05.
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increased Th1 response compared to BALB/c and C3H. Lower
levels of IFN-␥ and higher levels of IL-10 (a Th2-like cytokine)
were previously found in BALB/c than C57 mice in a lung
model of MoPn infection (44); we confirmed those relationships in genital tract infection and extended the observation to
the C3H strain. Many studies indicate that early resolution of
primary C. trachomatis genital tract infection in mice is highly
dependent on strong Th1-type immune responses (12–16, 21,
29, 39–41). Our data support that conclusion and suggest that
genetically controlled quantitative differences in the Th1 response contribute to differential outcomes of infection in the
genital tract.
Chemokines play established roles as attractants of cell types
important in the development of T-cell immune responses.
Recent reports indicate that they can also influence the nature
of the developing T-cell response, with multiple in vitro and in
vivo studies documenting MIP-1␣ as promoting a Th1 response (18, 19, 23, 36) and MCP-1 as promoting a Th2 response (4, 9, 18, 19, 22, 25, 26). Determination of the patterns
of these two chemokines in C57, BALB/c, and C3H mice after
infection with chlamydiae suggest that a local predominance of

MIP-1␣ rather than MCP-1 is beneficial as regards chlamydial
genital tract infection. Increased MIP-1␣ levels were associated with a stronger Th1 response in C57 mice, and increased
MCP-1 levels were detected in BALB/c and C3H mice, strains
with weaker Th1 responses. A recent study by Shaw et al. (37)
revealed up-regulation of chemokine mRNA for MIP-1␣,
MIP-3␣, and MIP-2 but not for MCP-1 in DCs pulsed with
nonviable chlamydiae that generate a potent protective Th1
immune response following intravenous adoptive transfer.
Inhibition of the early MCP-1 response in C3H mice resulted in late increases in the IFN-␥ response in the genital
tract and significant increases in their antigen-specific IFN-␥
response in the iliac nodes. Since CD4⫹ T cells are prominent
in the genital tract and iliac nodes after days 7 to 10 of infection
(3, 20, 27), it is most likely that this reflects increased CD4⫹T-cell production of IFN-␥. Matsukawa et al. (26) demonstrated the ability of MCP-1, when present during the sensitization phase of T-cell antigen stimulation, to decrease the
development of an ensuing Th1 response to purified protein
derivative. However, in this animal model of chlamydial genital
tract infection, late increases in genital tract IFN-␥ occurred in
the face of significant inhibition of the early genital tract IFN-␥
response. MCP-1 has been shown to actively recruit natural
killer (NK) cells to a site of inflammation (1, 42), and NK cell
activity is high in the genital tract on days 2 and 4 of infection
(43). Thus, inhibition of early local MCP-1 may have led to
decreased NK cell recruitment and consequent decreased early
IFN-␥, despite later enhanced T-cell production of IFN-␥. This
implies that MCP-1 has a direct role in inhibition of the Th1
response in the genital tract independent of its activities on NK
cells.
There are many possible reasons why we were unsuccessful
in altering the course of infection in C3H mice despite inhibition of the local MCP-1 response. First, we were successful in
blocking the MCP-1 response for only the first 5 days of infection, after which levels rebounded to those seen in control
IgG-treated mice. Second, the coincident early inhibition of
IFN-␥ in the genital tract may have frustrated our efforts to
heighten the strength of the Th1 response to the level seen in
C57 mice. Third, and perhaps most important, is that although
we were successful in significantly increasing the antigen-specific IFN-␥ response in the iliac nodes, inhibition of MCP-1 did
not change the IL-10 response. Yang et al. (44) demonstrated
the importance of lower IL-10 production in C57 than BALB/c
mice in the MoPn pneumonia model. A recent report by Igietseme et al. (12) showed that IL-10 is a key down-regulator of
the potency with which DCs induce a Th1 response in chlamydial infection. Finally, it is also possible that although the
late IFN-␥ response was increased in the genital tract and iliac
nodes, other IL-12-dependent activities important for eradication of MoPn from the genital tract (29, 31) were not increased
by inhibition of MCP-1 alone. Perry et al. demonstrated that
although IL-12-dependent CD4⫹ T cells are necessary for control of chlamydial genital tract infection in the mouse, the
functional activity of these cells does not depend on secretion
of IFN-␥ (29), particularly when the murine biovar of C. trachomatis is used for infection (31).
Clearly, other mechanisms besides the intensity of the Th1
response play a role in the differential rate of resolution of
chlamydial genital tract infection seen in these three strains of
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FIG. 4. Increased IFN-␥ responses by CD4 T cells in C3H mice
treated with anti-MCP-1. Groups of MoPn-infected C3H mice (five
per group) were treated with normal rabbit IgG or anti-MCP-1 on days
⫺1, 1, 3, and 5 of infection. (A) Iliac node MNCs were cultured on day
7 or 21 postinfection. IFN-␥ production by MNCs (72-h supernatants)
after UV-inactivated MoPn-specific stimulation was measured by
ELISA. Data are means plus standard deviations for each group of
mice from one of two experiments with similar results. ⴱⴱ, P ⬍ 0.01.
(B) IFN-␥ levels determined by ELISA in genital tract secretions of
control rabbit IgG-treated and anti-MCP-1 antibody-treated C3H mice
over 3 weeks of infection. Data are means plus standard errors of the
means and are the combined results of two separate experiments. Each
sample was tested in duplicate.
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increased Th1 response in C57 mice was associated with high
MIP-1␣ and low MCP-1 responses. We determined that although MCP-1 helps to establish the intensity of the Th1 response, it is not a strong determinant of the T-cell response in
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mechanisms that determine whether an infected individual will
develop benign resolution of infection or chronic disease can
aid in developing treatment and prevention strategies.
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