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Chlamydia trachomatis is an obligate intracellular bacterium that infects the oculogenital mucosae. C.
trachomatis infection of the eye causes trachoma, the leading cause of preventable blindness. Infections of the
genital mucosae are a leading cause of sexually transmitted diseases. A vaccine to prevent chlamydial infection
is needed but has proven difficult to produce by using conventional vaccination approaches. Potent immunity
to vaginal rechallenge in a murine model of chlamydial genital infection has been achieved only by infection
or by immunization with dendritic cells (DC) pulsed ex vivo with whole inactivated organisms. Immunity
generated by infection or ex vivo antigen-pulsed DC correlates with a chlamydia-specific interleukin 12
(IL-12)-dependent CD4ⴙ Th1 immune response. Because of the potent antichlamydial immunizing properties
of DC, we hypothesized that DC could be a powerful vehicle for the delivery of individual chlamydial antigens
that are thought to be targets for more conventional vaccine approaches. Here, we investigated the recombinant
chlamydial major outer membrane protein (rMOMP) as a target antigen. The results demonstrate that DC
pulsed with rMOMP secrete IL-12 and stimulate infection-sensitized CD4ⴙ T cells to proliferate and secrete
gamma interferon. These immunological properties implied that rMOMP-pulsed DC would be potent inducers
of MOMP-specific CD4ⴙ Th1 immunity in vivo; however, we observed the opposite result. DC pulsed ex vivo
with rMOMP and adoptively transferred to naive mice generated a Th2 rather than a Th1 anti-MOMP immune
response, and immunized mice were not protected following infectious challenge. We conclude from these
studies that the immunological properties of ex vivo pulsed DC are not necessarily predictive of the immune
response generated in vivo following adoptive transfer. These findings suggest that the nature of the antigen
used to pulse DC ex vivo influences the Th1-Th2 balance of the immune response in vivo.
have resulted in highly corroborative findings providing compelling evidence that protective immunity against C. trachomatis infection of the genital mucosae is mediated by a cooperative interaction of CD4⫹ Th1 T cells and B cells (8, 13, 18, 20,
21, 24, 32, 36, 46, 48). Although the exact mechanism(s) that
mediates the eradication of chlamydiae from the genital mucosae has yet to be precisely defined, it is evident that gamma
interferon (IFN-␥) is an important effector cytokine, particularly in the clearance of infections caused by human strains (11,
12). Despite this knowledge, there has been only minimal
progress in the development of a conventional vaccine that is
effective in preventing chlamydial genital infection.
Presently, the only proven means of eliciting potent protective immunity against C. trachomatis infection in murine genital mucosae is infection itself or adoptive immunization with
dendritic cells (DC) pulsed ex vivo with killed chlamydial EBs
(37). Interestingly, immunization with antigen-pulsed DC elicits levels of protective immunity equivalent to those generated
by infection. The potent adjuvant properties of DC, particularly their ability to generate Th1 immune responses (29) and
their propensity to home to follicular sites of systemic and
mucosal lymphatic tissues (30), likely account for their superior antichlamydial immunizing properties. It is unrealistic to
propose a therapeutic role for ex vivo antigen-pulsed DC as a
practical antichlamydial vaccine for use in humans. However,
the exceptional antichlamydial immunizing properties of DCbased cellular vaccines make them preeminent vehicles for

Chlamydiae are successful and complex obligate intracellular parasites with a unique biphasic life cycle comprised of an
infectious elementary body (EB) and a noninfectious reticulate
body (22, 26, 43). Chlamydia trachomatis is an epitheliumtropic parasite of humans, and infections of the oculogenital
mucosae are the cause of trachoma, the leading cause of preventable blindness in developing countries, and a major cause
of sexually transmitted diseases (25, 47). Antibiotic treatment
effectively eradicates infection. However, asymptomatic infections are common (⬎50%) and, when left untreated, can
progress to chronic disease, an impasse that questions whether
effective intervention can be managed by anti-infective agents
alone. It is likely that the most effective form of intervention
for diseases caused by C. trachomatis will be a vaccine (6, 19,
28, 44, 45). However, there has been little progress in the
development of an efficacious vaccine because of a lack of
understanding of adaptive protective immunity against C. trachomatis infection of the genital tract. Only recently has an
understanding of adaptive immunity to infection become apparent as a result of independent studies from a number of
laboratories using a murine model of female genital tract infection (1, 42). Collectively, these independent investigations
* Corresponding author. Mailing address: Laboratory of Intracellular Parasites, Rocky Mountain Laboratories, NIAID, NIH, 903 South
3rd St., Hamilton, MT 59840. Phone: (406) 363-9333. Fax: (406) 3639355. E-mail: hcaldwell@niaid.nih.gov.
1097

Downloaded from http://iai.asm.org/ on November 22, 2019 by guest

Received 10 August 2001/Returned for modification 27 September 2001/Accepted 26 November 2001

1098

SHAW ET AL.

MATERIALS AND METHODS
Chlamydiae. The C. trachomatis mouse pneumonia strain (MoPn) was grown
in HeLa 229 cells and infectious EBs were purified by density gradient centrifugation as previously described (3).
Mice. Female C57BL/10 (H-2b) mice between 8 and 12 weeks of age were
purchased from Jackson Laboratory (Bar Harbor, Maine). Animals were housed
in accordance with the Association for Assessment and Accreditation of Laboratory Animal Care in filter-top cages under standard environmental conditions
and provided food and water ad libitum.
DC. Bone marrow-derived DC were generated from female C57BL/10 mice (6
to 12 weeks old) by using a modified version of the method of Inaba et al. (9).
Briefly, femurs were removed from mice, and bone marrow cells were flushed
from femurs and cultured in IMDM-10 (GIBCO BRL) supplemented with 10%
fetal bovine serum, 10 g of gentamicin sulfate/ml, 10 ng of granulocyte-macrophage colony-stimulating factor (GM-CSF)/ml, and 103 U of IL-4 (PharMingen)/ml at 2 ⫻ 106 cells/ml in 100-mm tissue culture dishes. On day 3 of culturing,
the nonadherent cells were removed and fresh medium containing GM-CSF and
IL-4 was added. On day 5 of culturing, DC were isolated by transferring the
nonadherent and loosely adherent cells to new culture plates (leaving behind the
adherent macrophages), incubating the plates at 37°C for at least 2 h, and then
repeating the procedure to remove any contaminating macrophages. The DC
were further enriched (⬎95% purity) by density gradient centrifugation with

14.5% metrizamide solution (Sigma) in culture medium. DC purity was characterized by cell size, dendritic morphology was characterized by phase-contrast
microscopy, and viability was assessed by trypan blue exclusion. DC populations
were characterized for purity by fluorescence-activated cell sorting analysis after
staining with anti-I-Ab, anti-CD86, anti-CD40, and anti-CD11b antibodies. DC
cultures were also analyzed by fluorescence-activated cell sorting following staining with anti-Gr1, anti-CD3, anti-CD19, and anti-pan-NK monoclonal antibodies
(MAbs) for enumerating contaminating granulocytes, T cells, B cells, and NK
cells, respectively. In general, CD11b-positive DC showed high levels of MHC
class II, CD86, and CD40 expression. Isolated DC contained less than 5%
contamination with T, B, or NK cells (results not shown).
Pulsing DC with rMOMP. Day 5 DC were panned twice and purified by
density gradient centrifugation. DC (5 ⫻ 105 DC in 1 ml of IMDM-10) were
incubated in the presence 1.2 mg of rMOMP for 1 h at 37°C with gentle mixing
every 15 min. The biological and physical properties of the C. trachomatis MoPn
rMOMP particles were previously described (38). The purified fusion protein
exists as ca. 30-nm colloidal spheres that specifically bind to and efficiently
compete with infectious EBs for cultured HeLa 299 cells. Purified MBP was used
as a control antigen. The cells were centrifuged, washed twice with IMDM-10,
and plated on IMDM-10–GM-CSF (10 ng/ml) overnight. On the following day,
the cells were fixed in methanol, stained with murine MAb 33B (specific for the
MoPn MOMP), and then stained with a secondary fluorescein isothiocyanateconjugated goat anti-mouse immunoglobulin G (IgG) antibody. DC were viewed
by fluorescent-antibody staining and confocal microscopy for internalization of
rMOMP.
T-cell proliferation assay. Spleens were harvested from immune mice (animals
that had resolved primary genital infections), and a single-cell suspension in
phosphate-buffered balanced salt solution–5% fetal bovine serum was made.
Magnetic CD4⫹ (L3T4) and CD8⫹ (Ly-2) microbeads (Miltenyi Biotec) were
used for positive selection of CD4⫹ T cells and CD8⫹ T cells, respectively (37).
Immune T cells were then plated in round-bottom 96-well plates at 3 ⫻ 105
cells/well. DC that had been pulsed overnight with rMOMP were harvested, and
4 ⫻ 103 DC were incubated with 1.2 ⫻ 104 T cells in 100 l of medium.
Forty-eight hours later, 1 Ci of 3H-thymidine (78.4 Ci/mmol; LIFESCIENCENEN) was added to each well. Radioactive cultures were incubated overnight,
and counts per minute were measured by using a TopCount NXT microplate
scintillation counter (Packard Instrument Company, Meriden, Conn.) to assess
thymidine uptake or incorporation.
Antibody and cytokine ELISAs. Chlamydia-specific serum antibodies (IgG1
and IgG2a) and IgA in mouse vaginal secretions were assayed by an enzymelinked immunosorbent assay (ELISA) with formalin-fixed MoPn EB and alkaline
phosphatase-conjugated goat anti-mouse IgG antibodies (Southern Biotechnology Associates, Birmingham, Ala.) as described previously (18, 37). Cytokines
were measured by an ELISA with the corresponding specific capture and detection antibodies, and cytokine quantities were calculated by using standard curves
constructed with recombinant murine cytokines as described by the manufacturer (Pharmingen).
Adoptive immunization with antigen-pulsed DC. Female C57BL/10 mice (6 to
12 weeks old) were used as bone marrow donors. DC were propagated and
enriched as described above. Mice (four to eight per treatment group) were
adoptively immunized by intravenous (retro-orbital) injection with 4 ⫻ 106 to 7 ⫻
106 DC pulsed with either MBP, rMOMP, or heat-killed (HK) EBs suspended in
Hanks balanced salt solution (37). A booster immunization was administered 14
days after the initial immunization, and mice were bled and vaginal wash specimens were collected 5 to 8 days following the booster immunization. One week
following the booster immunization, mice were injected subcutaneously with 2.5
mg of medroxyprogesterone acetate (Depo-Provera; Pharmacia and Upjohn
Company, Kalamazoo, Mich.) per mouse to synchronize the estrous cycle prior
to the infectious challenge. One week following the medroxyprogesterone acetate injection, mice were challenged intravaginally with 20 l of MoPn (150
infection-forming units [IFU] are equivalent to 10 50% infective doses). Protection was assessed by quantifying the chlamydial burden isolated from cervicovaginal swab samples taken at 7 days postchallenge.

RESULTS
Phagocytosis of rMOMP by DC. We first investigated
whether DC efficiently ingested rMOMP particles. Bone marrowderived DC were pulsed with a range of concentrations (0 to 60
g of protein) of rMOMP, washed, and reseeded on glass coverslips. At different times after pulsing, the medium was removed
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screening candidate chlamydial vaccine antigens that have potential for more conventional vaccine development.
The C. trachomatis major outer membrane protein (MOMP)
(4) is regarded as the most promising vaccine candidate (3, 5,
44, 49). It is surface accessible and highly immunogenic, eliciting both neutralizing antibodies and T-cell responses (33, 35).
Moreover, the MOMP has been implicated as a chlamydial
cytoadhesin (39, 40) that mediates attachment by binding to
host glycoaminoglycan receptors (38). Attempts to vaccinate
mice against chlamydial infection of the genital tract by using
recombinant MOMP (rMOMP) (41), synthetic peptides corresponding to MOMP T- and B-cell epitopes (33, 34), or
DNA-based immunogens (23) have met with only marginal
success. The inability to generate potent protective immunity
by using these MOMP-based immunogens likely is multifactorial, but it is possible that an optimum protective immune
response against the MOMP requires the use of an immunogen that more closely mimics the native conformation of the
protein (31). It has been shown that, following purification, a
recombinant maltose binding protein (MBP)-rMOMP fusion
protein exists as ca. 30-nm colloidal particles that effectively
compete with viable chlamydial EBs for attachment to HeLa
229 cells (38); this finding implies that rMOMP possesses sufficient native structural characteristics to mediate its cytoadhesin function and hence may represent a more native antigenic structure.
We hypothesized that the rMOMP particles might represent
a rational antigen for pulsing DC and for targeting a potent
anti-MOMP Th1 response in vivo. In this report, we test this
hypothesis. The results showed that although DC pulsed ex
vivo with rMOMP secreted interleukin 12 (IL-12) and presented processed MOMP antigen to infection-sensitized CD4⫹
T cells that secreted IFN-␥, they elicited a nonprotective Th2
rather than a protective Th1 immune response following adoptive transfer. These results imply that the in vitro immunological profiling of antigen-pulsed DC cannot be used to
consistently predict their in vivo immunizing characteristics,
suggesting that a more thorough understanding of DC maturation following adoptive transfer is required to optimally use
their potent immunizing properties as cellular vaccines.
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and the cells were washed, fixed in methanol, and examined for
MOMP antigen by fluorescent-antibody staining. DC exhibiting
the highest frequency and intensity of staining for rMOMP were
those pulsed with 1.2 g of rMOMP/ml at a DC density of 105
cells/ml for 1 h (Fig. 1). Under these conditions, the majority
(⬎95%) of cultured DC stained positive for MOMP antigen
24 h after pulsing. Fluorescence was consistently observed as a
particulate staining pattern localized at the cell periphery.
Confocal microscopy of pulsed DC confirmed the intracellular
location of immunoreactive material (results not shown).

DC pulsed with rMOMP secrete IL-12. It was previously
shown that DC pulsed ex vivo with HK EBs secrete IL-12, a
potent Th1-polarizing cytokine, and that following adoptive
transfer to naive mice, these DC generated a potent chlamydia-specific protective CD4⫹ Th1 immune response. It was
therefore of interest to compare the cytokine profiles found in
the supernatants of DC pulsed with rMOMP and DC pulsed
with HK EBs. The culture supernatants of DC pulsed with HK
EBs or rMOMP for 48 h were assayed for IL-12 (p40), IL-10,
IL-6, and IL-4. We found that DC pulsed with either HK EBs

FIG. 2. DC pulsed ex vivo with rMOMP secrete IL-12. DC were cultured alone or following pulsing with HK EBs or rMOMP. After 48 h of
incubation, culture supernatants were collected and assayed by an ELISA for cytokines IL-12, IL-10, IL-6, and IL-4. A representative from two
independent experiments is shown.
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FIG. 1. Endocytosis of rMOMP by DC. (A) Phase-contrast photomicrograph of rMOMP-pulsed DC. (B) Fluorescent-antibody staining of
rMOMP-pulsed DC. DC (5 ⫻ 105 cells) were pulsed with 1.2 g of rMOMP in 1 ml of medium for 1 h at 37°C, washed, and incubated overnight
at 37°C with 10 ng of GM-CSF/ml. DC were fixed in methanol and stained with an anti-mouse MAb specific for C. trachomatis MoPn MOMP (MAb
33B). A goat anti-mouse antibody conjugated to fluorescein isothiocyanate was used for secondary staining. Arrows indicate the punctate staining
of antigen along the perimeter of the DC surface. No staining was observed when unpulsed DC were stained with MAb 33B or when
rMOMP-pulsed DC were stained with a negative control MAb (EVI-H1) specific for chlamydial LPS (data not shown).
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or rMOMP secreted IL-12 (Fig. 2). Neither DC population
secreted IL-10 or IL-4, and only DC pulsed with HK EBs
secreted IL-6.
Immune CD4ⴙ T cells proliferate in response to DC pulsed
with rMOMP. We next investigated whether DC pulsed with
rMOMP presented antigen to either CD4⫹ or CD8⫹ T cells
isolated from the spleens of mice that had resolved a primary
infection of the genital tract and were immune to rechallenge. We
found that CD4⫹ but not CD8⫹ T cells proliferated in response
to DC pulsed with rMOMP (Fig. 3). A vigorous proliferative
response occurred following incubation of CD4⫹ T cells with
rMOMP-pulsed DC. DC pulsed with the MBP fusion partner
alone also stimulated immune CD4⫹ T cells to proliferate.
Importantly, however, immune CD4⫹ T cells showed a significantly greater response to DC pulsed with the rMOMP fusion
protein (P ⫽ 0.01) than to DC pulsed with MBP alone, demonstrating that rMOMP was specifically recognized by CD4⫹ T
cells in the context of chlamydial genital tract infection.
Immune CD4ⴙ T cells secrete IFN-␥ in response to DC
pulsed with rMOMP. To determine the type of MOMP-specific CD4⫹ T cells (Th1 or Th2) that were being activated in
response to infection, we assayed IL-4, IL-10, and IFN-␥ in the
culture supernatants of DC alone, DC pulsed with MBP, and
DC pulsed with rMOMP by an ELISA (Fig. 4). No detectable
cytokines were found in culture supernatants of unpulsed DC
propagated with immune CD4⫹ T cells. IFN-␥ was detected in

high concentrations (900 pg/ml) relative to IL-10 and IL-4 (280
and 0 pg/ml, respectively) in culture supernatants obtained
from CD4⫹ T cells incubated with DC pulsed with rMOMP.
Both cytokines were detected, but at much lower levels, in
supernatants of CD4⫹ T cells cultured with MBP-pulsed DC.
Moreover, the cytokine profile was reversed compared to that
observed for rMOMP-pulsed DC, with IL-10 (270 pg/ml) being
present at higher concentrations than IFN-␥ (53 pg/ml). These
finding indicate that the reactivity found in the immune CD4⫹
T-cell population against the MBP fusion partner was mediated by a CD4⫹ Th2 rather than a Th1 subset of cells.
The following conclusions can be drawn from the above
results. (i) DC cultured in vitro efficiently ingest rMOMP particles; (ii) pulsed DC secrete IL-12 following uptake of
rMOMP particles; (iii) pulsed DC present processed MOMP
antigen to CD4⫹ T cells; and (iv) the responding CD4⫹ T cells
secrete IFN-␥, indicative of a Th1 phenotype. Thus, genital
infection generates an MOMP-specific CD4⫹ Th1 immune
response. Therefore, we hypothesized that it should be possible to immunize mice with rMOMP-pulsed DC to generate an
MOMP-specific CD4⫹ Th1 immune response and then to challenge mice to ascertain if this immunity was protective.
Immunization of mice with rMOMP-pulsed DC generates a
CD4ⴙ Th2 immune response. Naive mice were immunized
with DC alone, DC pulsed with HK EBs, or DC pulsed with
rMOMP. The anti-MOMP humoral and CD4⫹ T-cell immune
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FIG. 3. Infection-sensitized CD4⫹ T cells proliferate in response to DC pulsed with rMOMP. CD4⫹ and CD8⫹ T cells were collected from mice
that had resolved a C. trachomatis (MoPn) genital infection. Infection-sensitized T cells were incubated for 48 h in the presence of T cells alone,
DC alone, T cells plus DC, T cells plus DC and rMOMP, or T cells plus MBP. T-cell proliferation was measured by pulsing cells with 3H-thymidine
overnight, and cell-associated radioactivity was determined by using a TopCount NXT microplate scintillation counter. Experiments were
performed in triplicate, and counts per minute are expressed as the mean and standard deviation. The asterisk denotes a P value of 0.01 (Student’s
two-tailed t test) for a comparison of CD4⫹ T cells pulsed with rMOMP fusion protein or with MBP alone.
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responses were tested following immunization. Serum antichlamydial IgG1 and IgG2a antibodies were assayed by an
ELISA with formalin-fixed MoPn EBs as the antigen. CD4⫹
T-cell immunity was assessed by determining the concentrations of IL-4, IL-10, and IFN-␥ in the supernatants of splenocytes cultured with formalin-treated MoPn EB antigen. Infected immune mice and mice immunized with DC pulsed with
HK EBs produced a mixed IgG1 and IgG2a antichlamydial
response (Fig. 5). In contrast, mice immunized with DC pulsed
with rMOMP showed a predominant IgG1 response. Vaginal
wash specimens obtained from mice immunized with rMOMPpulsed DC were negative for chlamydia-specific IgG and IgA
(results not shown). No antichlamydial antibodies were detected in the sera of mice immunized with MBP-pulsed DC.
These findings showed that rMOMP immunization generated
an antibody response capable of reacting with intact protein on
the chlamydial cell surface, strongly implying that rMOMP
retained at least some structural characteristics in common
with the native protein. Conversely, the predominant IgG1
antibody response indicated that the anti-MOMP response was
Th2 rather than Th1 biased.
To more directly test this hypothesis, CD4⫹ T cells isolated
from rMOMP-immunized mice were assayed for antigen-specific production of IL-4, IL-10, and IFN-␥ (Fig. 6). CD4⫹ T
cells from infected immune mice or mice immunized with DC
pulsed with HK EBs generated a Th1 cytokine profile characterized by elevated concentrations of IFN-␥, moderate levels of
IL-10, and no detectable IL-4. In contrast, CD4⫹ T cells from
mice immunized with rMOMP-pulsed DC produced no IFN-␥
but did secrete moderate levels of both IL-4 and IL-10, a
cytokine profile characteristic of a Th2 response.
Mice immunized with rMOMP-pulsed DC are not protected

against chlamydial challenge. We next challenged mice immunized with rMOMP-pulsed DC intravaginally to assess protective immunity. Naive mice, infected immune mice, and mice
immunized with HK EB-pulsed DC were included as negative
and positive controls. As previously shown, both infected immune mice and mice immunized with DC pulsed with HK EBs
were significantly more resistant to intravaginal challenge than
naive controls, with a reduction in the levels of recoverable
organisms of 3.8 and 4.4 log10 units, respectively (Fig. 7). On
the other hand, mice immunized with rMOMP-pulsed DC
were not protected, as shown by equivalent levels of shedding
of infectious organisms in these mice and in intravaginally
challenged immunologically naive mice. Thus, in contrast to
infected immune mice or mice immunized with HK EB-pulsed
DC, mice immunized with rMOMP-pulsed DC produced a
CD4⫹ Th2 immune response that did not protect against chlamydial challenge of the genital tract.
DISCUSSION
We have proposed that because of their potent adjuvant
properties and capability of immunizing against chlamydial
genital tract mucosal colonization and infection (37), ex vivo
antigen-pulsed DC will be useful as an antigen delivery system
for screening the immunogenicity and protective efficacy of
candidate chlamydial vaccine antigens. In the work described
here, we investigated this hypothesis by using the chlamydial
MOMP as a target antigen. Although there have been numerous attempts to immunize female mice by using rMOMP (41),
MOMP peptides (34), or naked DNA encoding MOMP (23)
incorporated in a number of adjuvants, these approaches have
yielded either negative findings or only partial protective im-
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FIG. 4. Infection-sensitized CD4⫹ T cells secrete IFN-␥ in response to DC pulsed with rMOMP. Infection-sensitized CD4⫹ T cells were
incubated in the presence of unpulsed DC (DC), DC pulsed with rMOMP, and DC pulsed with MBP for 48 h, and supernatants were collected.
Levels of IL-4, IL-10, and IFN-␥ in supernatants were measured by an ELISA. A representative from two independent experiments is shown.
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munity following intravaginal challenge. There are likely many
possible explanations for the inability of MOMP-based vaccines to generate potent protective immunity of the genital
mucosae. One possibility, suggested by Stephens (31) and
Zhang et al. (49), is that in order to achieve optimum utility of
MOMP as a vaccine, the protein must be delivered in a nondenatured native conformation to elicit a recall response to
infection-specific T- and B-cell epitopes. Validation of native
MOMP is not possible, because its crystal structure has yet to
be determined; therefore, the native conformation can be implied only through indirect analysis, such as its interaction with
antibodies that bind to conformationally dependent epitopes
or maintenance of biological activity. Toward this end, it was
previously shown that the rMOMP fusion protein forms colloidal particles of about 30 nm and that the rMOMP particles
specifically bind to HeLa 229 cells and, most importantly; compete with the binding of infectious EBs (38). Based on these
findings, we suggested that MOMP binding to its cognate host
receptor was dependent on its native configuration. Therefore,
because of the superior ability of ex vivo pulsed DC to generate
a Th1 immune response and the evidence supporting MOMP
as a promising vaccine candidate, it was logical to investigate
whether rMOMP-pulsed DC could function in mediating an
anti-MOMP Th1 response and, if so, whether this response
would be protective.
We found that rMOMP was efficiently ingested by DC, a
finding likely due to the colloidal nature of the recombinant

protein. Of further interest, however, was the observation that
rMOMP-pulsed DC produced IL-12 and stimulated infectionsensitized CD4⫹ T cells to proliferate and secrete IFN-␥.
These findings demonstrate that rMOMP-pulsed DC present
antigen in the context of class II to CD4⫹ T cells generated in
response to natural infection. Moreover, the secretion by
rMOMP-pulsed DC of IL-12, a potent stimulator of Th1 immunity, suggests that rMOMP-pulsed DC had the potential to
generate an anti-MOMP CD4⫹ Th1 immune response in vivo.
Furthermore, our finding that antibodies induced by rMOMPpulsed DC reacted with the surface of intact EBs provides
additional evidence that rMOMP retained certain native structural characteristics. In all, these results were very encouraging,
leading us to believe that rMOMP-pulsed DC would be efficient inducers of CD4⫹ Th1 immunity. In fact, we observed the
opposite result. Mice adoptively immunized with rMOMPpulsed DC generated a CD4⫹ Th2 response, as shown by the
predominant serum IgG1 antibody response and the secretion
of IL-4 and IL-10 but not IFN-␥ by cultured CD4⫹ T cells. Not
unexpectedly and consistent with the immune response elicited
by rMOMP-pulsed DC, immunized mice were not protected
following chlamydial genital challenge. This finding was unlike
that observed following adoptive immunization with HK EBpulsed DC, which elicited potent protective CD4⫹ Th1 immunity.
What are some of the possible explanations for these contradictory findings? Culturing murine bone marrow cells with
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FIG. 5. Mice immunized with rMOMP-pulsed DC produce a chlamydia-specific IgG1 antibody response. Sera were collected from mice that
had resolved a C. trachomatis (MoPn) genital infection (infected), mice immunized with chlamydia-pulsed DC (DC ⫹ HK EB), mice immunized
with rMOMP-pulsed DC, and mice immunized with MBP-pulsed DC. An ELISA was used to measure the levels of chlamydia-specific IgG1 and
IgG2a antibodies. Mice previously infected with chlamydiae or immunized with chlamydia-pulsed DC generated high titers of IgG2a; however,
mice immunized with rMOMP-pulsed DC produced only IgG1. Mice immunized with MBP-pulsed DC (control) did not produce chlamydiaspecific antibodies. A representative from two independent experiments is shown. A 1:256 dilution of serum was used for all assays.
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GM-CSF and IL-4 gives rise to immature DC. Immature DC
differentiate into subclasses of CD8␣⫹ or CD8␣⫺, which direct the development of distinct Th-cell populations in vivo
(16, 17). Antigen-pulsed CD8␣⫹ cells induce a Th1 response,

whereas CD8␣⫺ cells induce a Th2 response. It is therefore
possible that pulsing of DC ex vivo with inactivated intact
chlamydiae and rMOMP differentially drives DC populations
to the CD8␣⫹ and CD8␣⫺ phenotypes, respectively. Chlamyd-

FIG. 7. Mice immunized with rMOMP-pulsed DC are not protected following chlamydial challenge. Mice were given no immunization (naive), 150
IFU intravaginally (infected), 7 ⫻ 106 DC pulsed with whole inactivated chlamydial EBs (DC ⫹ HK EB), and 7 ⫻ 106 DC pulsed with rMOMP (DC
⫹ MOMP) and then challenged intravaginally with 150 IFU of chlamydiae. Recoverable IFU were determined from cervicovaginal swab samples 7 days
following challenge. Triangles represent individual mice. Log10 mean organisms shed from the cervicovaginal region and log10 protection are shown to
the right of the graph. Mice immunized with unpulsed DC, HK EB alone (no DC vehicle), and MBP-pulsed DC did not show protection (data not shown).
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FIG. 6. CD4⫹ T cells isolated from mice immunized with rMOMP-pulsed DC secrete IL-4 and IL-10. CD4⫹ T cells were harvested from mice
that had resolved a C. trachomatis (MoPn) genital infection (infected), mice immunized with chlamydia-pulsed DC (DC ⫹ HK EB), and mice
immunized with rMOMP-pulsed DC. T cells were incubated in the presence of antigen-presenting cells pulsed with whole chlamydial EB antigen
(EB), and supernatants were collected 72 h later. An ELISA was used to measure the levels of IL-4, IL-10, and IFN-␥ in culture supernatants. A
representative from two individual experiments is shown.
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