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ABSTRACT Determining the effector populations involved in humoral protection
against genital chlamydia infection is crucial to development of an effective chla-
mydial vaccine. Antibody has been implicated in protection studies in multiple ani-
mal models, and we previously showed that the passive transfer of immune serum
alone does not confer immunity in the mouse. Using the Chlamydia muridarum model
of genital infection, we demonstrate a protective role for both Chlamydia-specific immu-
noglobulin G (IgG) and polymorphonuclear neutrophils and show the importance of an
antibody/effector cell interaction in mediating humoral immunity. While neutrophils
were found to contribute significantly to antibody-mediated protection in vivo, natural
killer (NK) cells were dispensable for protective immunity. Furthermore, gamma inter-
feron (IFN-�)-stimulated primary peritoneal neutrophils (PPNs) killed chlamydiae in vitro
in an antibody-dependent manner. The results from this study support the view that an
IFN-�-activated effector cell population cooperates with antibody to protect against gen-
ital chlamydia and establish neutrophils as a key effector cell in this response.
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Chlamydia trachomatis, the most common sexually transmitted bacterial infection
worldwide, is responsible for more than 90 to 100 million infections annually, and

health care costs exceed $500 million/year in the United States alone (1–3). Particularly
alarming are the high rates of asymptomatic cases, with more than 50% of men and up
to 95% of women reporting no noticeable symptoms (4). Genital infection results in a
variety of pathological consequences in women, which range from mild cervicitis to
pelvic inflammatory disease, ectopic pregnancy, and infertility (5–7). However, because
of the asymptomatic nature of this pathogen and the serious pathological conse-
quences that can result from untreated infection, renewed efforts have been placed on
vaccine development. To develop a protective vaccine, it is important to understand
the natural immunity that develops following genital infection resolution in animal
models. The highly related Chlamydia muridarum murine genital infection model has
been widely used because it recapitulates in many aspects both the pathology and
ascension of genital infection seen in women.

Previous studies using the C. muridarum murine genital infection model have shown
convincingly that both cellular and humoral arms of the adaptive immune response
contribute to protective immunity (8–10). By analyzing the immunity that develops
following primary infection, it has been shown that protection against reinfection is
multifactorial, with CD4� T cells and antibody playing predominant roles (9, 11–13).
While CD4� T cells themselves are protective, studies have concluded that Chlamydia-
specific antibody is unable to effectively directly neutralize C. muridarum in vivo,
suggesting that antibody interaction with an effector cell population(s) is required for
bacterial killing (9, 11, 13).
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Antibody interacts with immune effector populations in several different ways to
mediate protection against pathogens, though each requires the Fc region to bind a
cognate Fc receptor (FcR) on an effector cell. Antibody-dependent cellular cytotoxicity
(ADCC) is one common mechanism of defense, where nonself antigen is presented on
the surface of infected cells and opsonized by antigen-specific antibody. Typically
natural killer (NK) cells then recognize and bind the unbound Fc portion of the
antibody, triggering a degranulation cascade that results in target cell lysis. Occasion-
ally, ADCC has also been found to occur via macrophages, neutrophils, and eosinophils
(14). Both ADCC and NK cells have been implicated in protective immunity to genital
chlamydia (15, 16).

In addition to ADCC, antibody also participates in pathogen clearance via pathogen/
antibody complex internalization and subsequent pathogen killing by phagocytes.
Pathogen-specific antibodies first bind their cognate antigen, and then immune phago-
cytic cells (neutrophils, macrophages, and also dendritic cells) bind to the free Fc region
of the antibody/antigen complex, leading to phagocytosis of the entire complex. The
pathogen will then be shuttled along the endocytic/lysosomal pathway, ultimately
leading to its degradation. Support for this mechanism of protection includes antibody-
mediated protection’s requirement for gamma interferon (IFN-�) (17), which upregu-
lates expression of FcRs and enhances microbial killing in phagocytes (18, 19).

In the current study, we established that the immunoglobulin G (IgG) isotype was
specifically responsible for this protection. Additionally, we showed that NK cells (and
their degranulation) were dispensable for humoral immunity. In contrast, our data
indicated a significant role for neutrophils, in conjunction with antibody, in mediating
protection, thus supporting the hypothesis that antibody/effector cell interactions
function in antibody-mediated immunity to genital chlamydia reinfection.

RESULTS
IgG confers antibody-mediated immunity. Immune (convalescent) serum, col-

lected following the resolution of primary chlamydia genital infection, protects against
reinfection (13). Those studies also demonstrated that the protection conferred by the
immune serum was not due to the direct neutralization of the chlamydiae but likely
was due to an antibody/effector cell interaction. To confirm that the protective efficacy
of the immune serum was indeed IgG mediated and to investigate the role of the
immunoglobulin Fc region in the protective antibody response, serum was fractionated
and tested for protective efficacy using the well-defined murine model of chlamydia
reinfection. Prior to secondary infection, normal mouse serum, immune serum, protein
A-purified immune IgG, IgG-depleted serum, or Fab fragments were passively trans-
ferred to antibody-deficient (�MT) mice depleted of CD4� T cells. Antibody-deficient
mice depleted of CD4� T cells are incapable of resolving secondary infection naturally
because they are deficient in both protective arms (humoral and cellular) of antichla-
mydial immunity (9, 11–13). Using this infection model, any protection observed must
be afforded to the mice by the passively transferred serum. Immune serum and purified
immune IgG significantly protected the mice against secondary infection (Fig. 1).
However, normal serum, immune serum depleted of IgG (protein A flowthrough), or
Fab fragments prepared from immune IgG were unable to protect against infection, as
these mice displayed a heightened, persisting infection that did not begin to resolve
until after CD4� T cell depletion had ended. Consistent with the lack of direct
neutralizing ability of antibody in vivo (13), these data indicate that IgG, rather than IgM
or IgA (protein A flowthrough fraction), conferred protective immunity and that the Fc
region of Chlamydia-specific Ig was required for antibody-mediated protection. A
Chlamydia-specific enzyme-linked immunosorbent assay (ELISA) was used confirm
equivalent antibody titers prior to passive transfer (Fig. 2A) and at 16 days after
secondary infection (Fig. 2B). Taken together, these data directly show that IgG is a
protective component of the antichlamydial humoral response and that protection is
dependent on an intact antibody.
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Antibody mediates chlamydial clearance independently of NK cells. Cleavage of
the Fc region of antichlamydial antibodies resulted in complete ablation of the anti-
body’s protective capacity, suggesting that direct interaction with an effector popula-
tion(s) is required for antibody-mediated immunity. To identify the effector cells that
might be involved in antibody-mediated protection, we first considered the immune
cell populations expressing FcRs, which are required for antibody/effector cell interac-
tions. In vitro studies have suggested a role for ADCC in the killing of Chlamydia-
infected epithelial cells (16), leading us to question whether NK cells (classical media-
tors of ADCC) play a role in antibody-mediated immunity.

To determine whether NK cell-mediated ADCC contributed to antibody-mediated
protection against genital chlamydia rechallenge, we utilized two models of NK cell
deficiency: beige mice, which display a severe degranulation defect, resulting in a

FIG 1 Antibody-mediated protection is conferred by IgG. Prior to and throughout secondary infection, immune serum (or
a fraction of it) or normal serum was passively transferred to CD4-depleted antibody-deficient mice (n � 5). Following
infection, IFU were quantitated from cervicovaginal swabs collected at various time points after secondary infection. The
vertical dashed line at day 23 represents the final anti-CD4 injection. For clarity, statistical significance is listed here rather
than on the figure: for normal serum versus immune serum, P � 0.01 for days 7, 10, and 14, P � 0.0001 for days 21 through
42, and P � 0.05 for day 49; for normal serum versus purified IgG, P � 0.01 for days 7 and 14, P � 0.0001 for days 10 and
21 through 42, and P � 0.05 for day 49. There were no statistical differences between normal serum and Fab serum, normal
serum and IgG-depleted serum, or immune serum and purified IgG at any time point.

FIG 2 Class- and subclass-specific serum antichlamydial antibody titers prior to transfer and 16 days after passive transfer into CD4-depleted antibody-deficient
mice. Anti-Chlamydia antibody titers were measure by ELISA using formalin-fixed EBs as the antigen. (A) Anti-Chlamydia titers of normal serum, immune serum,
immune IgG, IgG-depleted immune serum, and immune Fab prior to passive transfer. (B) Anti-Chlamydia titers of serum collected 16 days after secondary
infection (day 82) from CD4-depleted antibody-deficient mice that had received passively transferred serum or fractions thereof. Titers from individual mouse
sera were determined, and data are presented as means � standard deviations (SD) for 5 mice/group.
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greatly dampened ability of immune granulocytes (including NK cells) to protect
against a variety of pathogens, and the in vivo depletion of NK cells using specific
antibody. The resolution of primary chlamydial genital infection of beige mice was
indistinguishable by bacterial shedding and infection duration from that of C57BL/6
mice, suggesting that NK cells are not required for the resolution of primary infection
(Fig. 3A). To test the protective efficacy of the Chlamydia-specific antibody response in
beige mice following rechallenge, CD4� T cells were depleted from mice of each strain
prior to secondary infection. Fully immunocompetent C57BL/6 and anti-CD4-treated
C57BL/6 mice were markedly protected against reinfection (9, 11, 13), exhibiting a
significant decrease in both bacterial shedding and duration of infection compared to
primary infection (Fig. 3B). Similarly, beige mice were also protected against reinfection,
both with and without CD4� T cell depletion. Those data support the view that
immune cell degranulation (and therefore ADCC) is not a major mechanism of
antibody-mediated protection.

To further assess the role of NK cells in the resolution of primary infection and in
antibody-mediated immunity to rechallenge, C57BL/6 mice were depleted of NK cells
using anti-NK1.1 prior to either primary or secondary challenge. NK-depleted mice
exhibited primary infections comparable to those of nondepleted mice (Fig. 4A). During
secondary infection, NK cell depletion alone had no effect on protective immunity, and
CD4� T cell depletion only minimally affected protective immunity. Although anti-CD4 �

anti-NK1.1-treated mice were susceptible to reinfection, chlamydia shedding was less
robust and the duration of infection was shorter than in primary infection of fully
immunocompetent mice (Fig. 4B). Thus, considerable protective immunity remained
following the depletion of both CD4� T cells and NK cells and was not unlike what we
have observed previously with anti-CD4 depletion (Fig. 5) (9, 11, 13). Notably, combined
NK cell/CD4� T cell depletion did not result in a prolonged persisting reinfection, such
as that observed in CD4-depleted antibody-deficient mice, implying that NK cells are
minimally involved and ultimately dispensable for antibody-mediated immunity to
Chlamydia reinfection.

Neutrophils contribute to antibody-mediated immunity. In addition to NK cells,
other immune effectors present in the genital tract during chlamydial infection express
FcRs for antibody interaction (17). Previous data indicate a key role for IFN-� activation
in antibody-mediated immunity (17); thus, we chose to investigate a role for neutro-
phils, a predominant cell population responding to genital chlamydia infection and an

FIG 3 Primary and secondary C. muridarum infection in CD4-depleted and nondepleted C57BL/6 and beige mice. (A) Primary infection course in C57BL/6 (n �
20) and beige (n � 20) mice. Prior to secondary rechallenge, mice from each strain (from panel A) were depleted of CD4� T cells. At 66 days after primary
infection, all mice were rechallenged intravaginally with C. muridarum. (B) Secondary infection course in CD4-depleted (n � 6) and nondepleted (n � 5) C57BL/6
and beige mice. The vertical dashed line at day 27 represents the final anti-CD4 injection. There were no statistical differences between C57BL/6 and beige mice
during primary infection. *, P � 0.05.
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IFN-�-responsive effector population, in antibody-mediated chlamydial clearance. After
primary infection but prior to secondary rechallenge, C57BL/6 mice were depleted of
neutrophils (alone or in combination with CD4� T cells) via anti-Ly6G administration.
While neutrophil depletion alone led to a slight increase in bacterial burden, depletion
of both CD4� T cells and neutrophils resulted in significantly more bacterial shedding
and persisting infection (Fig. 5), thus supporting the premise that neutrophils contrib-
ute importantly to antibody-mediated antichlamydial immunity.

Chlamydia-specific antibody responses in neutrophil-depleted mice. To confirm
that the results showing the involvement of neutrophils in antibody-mediated chla-
mydial immunity were not due to an altered antibody response in mice depleted of
neutrophils and CD4� T cells, serum was collected and analyzed by ELISA for

FIG 4 Effect of NK cell depletion on primary and secondary C. muridarum infection in CD4-depleted and nondepleted C57BL/6 mice. (A) Primary infection course
in NK cell-depleted (anti-NK1.1) and nondepleted C57BL/6 mice. The vertical dashed line at day 38 represents the final anti-CD4 injection. (B) Secondary infection
course in nondepleted C57BL/6 mice or in mice depleted of NK cells or NK cells and CD4� T cells. The vertical dashed line at day 26 represents the final anti-CD4
and anti-NK1.1 injections. Experiments with CD4-depleted C57BL/6 mice from Fig. 3 ran concurrently with NK cell studies for Fig. 4 and thus are displayed again
(green bars) for statistical comparison. There were no statistical differences between C57BL/6 and anti-NK1.1 mice during primary infection. *, P � 0.05; ***, P �
0.001; ****, P � 0.0001 (n � 5 mice for all experimental groups).

FIG 5 Effect of neutrophil depletion on bacterial clearance during secondary C. muridarum infection. At
66 days after primary infection, C57BL/6 mice were rechallenged. Prior to this reinfection, mice were left
untreated (n � 10) or treated with anti-CD4 (n � 10), anti-Ly6G (n � 5), or anti-CD4 and anti-Ly6G (n �
19). IFU were quantified from cervicovaginal swabs collected throughout secondary infection. The
vertical dashed line represents the last dose of anti-CD4 and anti-Ly6G at days 20 and 21, respectively.
Data are presented as mean IFU from two independent experiments. *, P � 0.05; **, P � 0.01; ***, P �
0.001; ****, P � 0.0001.
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Chlamydia-specific antibody. All class and subclass Chlamydia-specific titers were com-
parable between the groups of mice (Fig. 6), suggesting that a change in antibody
production was not the cause for the diminished humoral protection displayed by
neutrophil-depleted mice.

Anti-Ly6G effectively depletes neutrophils at early time points postinfection.
Although intraperitoneal (i.p.) administration of anti-Ly6G is known for its ability to
deplete neutrophils (20), we wanted to ensure effective elimination of this population
for the duration of secondary infection. Whole genital tracts and spleens were har-
vested from wild-type C57BL/6 mice and C57BL/6 mice treated with anti-CD4 and
anti-Ly6G at days 7 (early) and 21 (late) after secondary infection. Mice treated with
anti-CD4 are markedly depleted (9, 11, 17, 21), and the depletion regimen for neutro-
phils was highly effective in the genital tract, as neutrophils remained depleted
throughout secondary infection (Fig. 7A). However, although genital tract neutrophils
were effectively depleted at 21 days postinfection (dpi), splenic neutrophils numbers
were comparable to those in wild-type mice at that time (Fig. 4B). These data suggest
that anti-Ly6G was able to effectively deplete neutrophils in the genital tissues through-
out the course of infection but that splenic neutrophils began to repopulate the spleen
by 21 days postinfection.

Delaying neutrophil depletion has no effect on antibody-mediated protection.
Because of the significant variation in chlamydial burdens (from 105 inclusion-forming
units [IFU] to undetectable) seen at later time points (day 10 and onward) in mice
depleted of neutrophils and CD4� T cells (Fig. 5), we hypothesized that perhaps
effective depletion of neutrophils for an extended period (2 weeks or more) might not
be achievable, which would result in premature infection resolution in some mice.
Support for this hypothesis came from ineffective splenic depletion of neutrophils at 21
dpi, despite being depleted from genital tract tissue throughout the depletion period
(Fig. 7B). To test this hypothesis, we altered the neutrophil depletion regimen. C57BL/6
mice that had resolved primary chlamydial genital infection were depleted of CD4� T
cells per our standard depletion regimen. Either neutrophil depletion was accom-
plished using our standard depletion regimen (depletion was initiated at 2 days prior
to infection as for Fig. 5), or depletion was delayed until 3 dpi. If ineffective long-term
neutrophil depletion was responsible for infection resolution in our previous experi-
ments, we would expect the delayed depletion regimen to result in an extended,
persisting infection for all mice within the treatment group. However, mice receiving
the delayed depletion regimen resolved secondary infection significantly more rapidly
than control depleted mice (Fig. 8), suggesting that the presence of neutrophils early

FIG 6 Class- and subclass-specific serum antichlamydial antibody titers of neutrophil- and CD4� T
cell-depleted mice during secondary infection. Serum was collected 24 days after secondary infection (90
days after primary infection) from anti-CD4 (n � 8)-, anti-Ly6G (n � 4)-, and anti-CD4/anti-Ly6G (n �
18)-treated mice, as well as from wild-type (untreated) C57BL/6 mice (n � 9). Chlamydia-specific ELISAs
were performed using whole formalin-fixed EBs as the antigen. Titers from individual mice were
determined, and data are presented as means � SD.
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during rechallenge and/or additional effector cell populations are capable of aiding in
antibody-mediated resolution.

IFN-�-stimulated neutrophils kill Chlamydia in an antibody-dependent manner
in vitro. To further investigate the role of neutrophils in antibody-mediated protection,
we used an in vitro phagocytic killing assay and primary peritoneal neutrophils (PPNs)
isolated from C57BL/6 mice. IFN-�-stimulated or nonstimulated PPNs were incubated

FIG 7 Effective depletion of neutrophils in genital tract tissue and spleens. Whole genital tracts (A)
and spleens (B) were collected from nondepleted and CD4/Ly6G-depleted mice at days 7 (early) and
21 (late) after secondary infection. Viable neutrophils were isolated and stained with antibodies for
flow cytometry. Data represent the mean viable number of positive-staining cells per genital tract
(A) or spleen (B) � SD from 5 individual mice per time point.

FIG 8 Effect of delayed neutrophil depletion on bacterial clearance during secondary C. muridarum
infection. At 66 days after primary infection, C57BL/6 mice depleted of CD4� T cells and neutrophils were
rechallenged with C. muridarum. Beginning 6 days prior to rechallenge, anti-CD4 depletion was initiated
in all mice. Anti-Ly6G treatment was initiated either 2 days prior to rechallenge (day �2 start) (n � 14)
or on day 3 (day 3 start) (n � 15) following rechallenge. Chlamydial shedding (in IFU) was quantified from
cervicovaginal swabs collected throughout secondary infection. The vertical dashed line represents the
last dose of anti-CD4 and anti-Ly6G at days 20 and 21, respectively. Data are presented as mean IFU. *,
P � 0.05; **, P � 0.01; ***, P � 0.001.
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with chlamydial elementary bodies (EBs) (with or without immune serum). At 43 h
postinfection (hpi), PPN lysates were harvested and viable bacteria were enumerated.
IFN-�-stimulated PPNs, as well as nonstimulated PPNs with immune serum, were incapable
of reducing the bacterial burden below that of the nonstimulated control (Fig. 9).
However, IFN-�-stimulated PPNs with immune serum significantly inhibited chlamydiae
(approximately 100-fold). At high concentrations of IFN-� (�1 ng/ml), complete inhi-
bition of chlamydiae was observed regardless of antibody, which is consistent with the
well-documented inhibitory activity of higher doses of IFN-� on Chlamydia (22–25).
Interestingly, there was no reduction in bacterial burden when chlamydiae were
incubated with antibody and PPNs stimulated with low concentrations of IFN-� (�0.1
ng/ml). Thus, these data support an IFN-�-dependent antibody-mediated mechanism
of chlamydial killing by neutrophils.

DISCUSSION

Development of an effective chlamydial vaccine is dependent on defining immune
effector mechanisms that display natural protective abilities in vivo. Antibody and CD4�

T cells have evolved independent mechanisms of chlamydial control, yet their precise
mechanisms of protective immunity have not been thoroughly defined (12). In this
study, we sought to demonstrate that the protective efficacy of antibody in immunity
to genital chlamydia infection relied on antibody/effector cell interactions.

Antibody protects against a variety of pathogens by blocking attachment of the
microbe to susceptible host cells (i.e., direct neutralization) (26–28). However, other
notable mechanisms of antibody-mediated protection, such as ADCC and opsonization
with phagocytic killing, require cooperation between antibody and an effector cell
population. We have previously noted that the humoral protection observed following
chlamydia genital infection is not due to direct neutralization but is dependent on
cooperation between antibody and an effector cell population(s) (9, 13). That conclu-
sion is based upon the findings that passively transferred immune serum fails to protect
naive mice from infectious challenge and that antibody-mediated protection is abso-
lutely dependent on CD4� T cell priming of the genital tract tissues. In our current
study, we extend our understanding of antichlamydial immunity by demonstrating that
protection is mediated in part by IgG and neutrophils.

We initially hypothesized that IgG was likely to play a significant role in protection
because it is the dominant class present in antichlamydial immune sera (Fig. 2), and it
is capable of mediating a variety of effector functions upon binding to one of its
cognate FcRs, including ADCC, and enhancing phagocytosis and microbial killing (29).
NK cells are the classical mediators of ADCC, and while our studies do not rule out the
possibility of ADCC via other effector populations (14), NK cells appear not to be
involved in chlamydial immunity to reinfection in any measurable way. Neutrophils

FIG 9 IFN-� and immune serum are required for antichlamydial neutrophil activity in vitro. PPNs were
incubated with C. muridarum and either medium, IFN-�, immune serum (Ab), or IFN-� and immune
serum. PPN lysates were harvested at 43 hpi, and viable chlamydiae (IFU) were enumerated on HeLa 229
cell monolayers. Data represent the mean chlamydial burden (per well) from 4 individual experiments.
****, P � 0.0001.
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express high levels of the FcRs required to bind antibody/pathogen complexes during
infections and mediate pathogen killing via ADCC, phagocytosis and lysosomal degra-
dation, granule release, and a variety of other mechanisms. Neutrophils have tradition-
ally been associated with increased inflammatory pathology during chlamydial infec-
tion (30–34), but their role in antibody-mediated immunity had not been assessed.
Effective depletion of neutrophils at early time points (Fig. 7) in combination with CD4�

T cell depletion resulted in a persisting infection that was significantly higher than in
mice depleted of CD4� T cells alone (Fig. 5). Additionally, neutrophil killing of chla-
mydiae was dependent on the presence of immune serum and IFN-� stimulation in
vitro (Fig. 9), consistent with both current and previous studies on in vivo antibody-
mediated protection (17). From these data, we hypothesize that neutrophils phagocy-
tose and kill chlamydiae following antibody opsonization of the pathogen; however,
other mechanisms of neutrophil-mediated killing in vivo cannot be ruled out. Thus,
neutrophils represent a cell population that is required for optimal antibody-mediated
protection against chlamydial reinfection.

Although our data strongly support a role for neutrophils in immunity to genital
chlamydia reinfection, there was considerable variation in chlamydial shedding in
depleted animals (Fig. 5). That variation might be attributable to other FcR-bearing cell
populations, such as macrophages, or to incomplete depletion of neutrophils. Neutro-
phils are rapidly generated in the bone marrow in response to infection (35, 36), and
this response is heightened in the presence of a depleting antibody. Additionally, partially
immature neutrophil progenitor cells are released by the bone marrow in an attempt
to compensate, likely resulting in a mixed ability of these effectors to kill Chlamydia.
This hypothesis was supported by the presence of neutrophils in the spleens of
anti-Ly6G-treated mice at 21 dpi (Fig. 7B). In an attempt to ensure effective neutrophil
depletion (and possibly delay infection resolution), we delayed the beginning of
neutrophil depletion from 2 days prior to infection (day �2) until 3 days after infection
(3 dpi), a time when all anti-CD4-treated mice were positively shedding infectious
chlamydiae (Fig. 5). However, mice with delayed neutrophil depletion resolved infec-
tion more rapidly than those with a normal depletion regimen, indicating that the
presence of neutrophils early is adequate to provide protection against reinfection
(Fig. 8).

Macrophages are another cell population that fit the criteria for a potential effector
cell that functions with antibody to protect against microbial pathogens, including
Chlamydia. Macrophages are activated by IFN-�, express high levels of FcRs, are present
in large quantities in the genital tissues during C. muridarum infection, and are capable
of killing bacterial pathogens by a variety of different immune mechanisms (14, 16, 17,
37–40). However, our numerous attempts using a variety of methodologies to deplete
macrophages in the genital tract during the course of secondary infection have been
unsuccessful. Although we suspect that macrophages might also be involved in
antibody-mediated chlamydial immunity, we have thus far been unable to effectively
evaluate their contribution.

Our studies have clearly demonstrated a key role for IgG and neutrophils in protective
immunity to chlamydial genital infection. Absent from our findings, however, is any
evidence of a role for IgA in immunity to this mucosal pathogen. Because IgA is known
to protect against a variety of mucosal pathogens via both direct and indirect mech-
anisms (41–43) and because chlamydiae infect, grow, and cause disease at mucosal
surfaces, it is surprising that IgA has not been shown to be central to immunity to
chlamydial infection. Although no direct evidence supporting a protective role for IgA
in immunity to chlamydia genital infection has emerged using the murine model, it
cannot be concluded from the available data that IgA is unimportant. Indeed, experi-
mentally addressing the role of IgA in vivo is very challenging. For example, we
previously showed that IgA-deficient mice resolved primary and secondary chlamydial
genital infections similarly to IgA-sufficient mice (44). While those results demonstrate
that IgA is not specifically required for immunity, such studies are inconclusive as to the
possible contribution of IgA to protection. Similarly, there are caveats when interpret-
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ing data from experiments assessing immunity through the passive transfer of serum
(9, 11, 13). Although immune serum contains Chlamydia-specific IgA, the IgA is re-
moved by the liver and excreted into the gut upon transfer (45); thus, passively
transferred serum is functionally depleted of IgA. Indeed, a few studies do support the
notion that IgA could be a factor contributing to immunity (46–49). Higher local levels
of IgA have been correlated with both active infection and subsequent infection
resolution in humans (47). Although multiple mechanisms of antibody-mediated im-
munity likely exist, potentially utilizing multiple isotypes to elicit protection, it is clear
that further studies are particularly needed to more clearly define the role of IgA in
immunity to chlamydia infection.

A key difference between the C. muridarum infection model and human chlamydial
infection is the magnitude of cellular infiltration into genital tract tissues following
infection. C. muridarum causes marked inflammation characterized by a massive emi-
gration of immune cell populations into the murine genital tract (17, 50). Conversely,
the majority the human genital chlamydial infections cause few signs or symptoms of
infection (4), suggesting that the local cellular infiltrate is more modest. Therefore,
perhaps the infiltrate that follows many human genital infections is inadequate for
long-lived natural protection against C. trachomatis, unlike the long-lasting immunity
found for the C. muridarum infection model (50, 51). In the mouse, we have shown
marked infiltration of the local genital tract tissues with CD4� T cells, which remain long
after infection has resolved (50), as well as specific effector populations (neutrophils
and perhaps others) that are required for antibody-mediated protection against C.
muridarum (17). This robust local immune response is likely key to protective immunity
in the murine model. Our data show that IgG is a protective antichlamydial antibody
isotype in mice and is protective only in combination with an effector cell population.
Although humans mount a significant and long-lasting IgG response (52), perhaps
antibody-mediated immunity in humans is more short-lived because the cellular infil-
tration into the local genital tissues is more transient and less robust. Thus, there may
be insufficient numbers of local FcR-bearing effector cells for long-lasting IgG-mediated
protection in humans.

In this study, we provide direct evidence detailing components of antibody-mediated
protection against genital Chlamydia infection. Importantly, Chlamydia-specific IgG confers
protective immunity comparable to that of whole convalescent-phase serum. Additionally,
while multiple FcR-bearing populations are capable of interacting with antibody/pathogen
complexes, a primary role for neutrophils in antibody-mediated immunity has been char-
acterized, whereas NK cells appeared to be dispensable. Eliciting the appropriate effector
responses will be fundamental in the development of an efficacious chlamydial vaccine,
highlighting the need to further understand which populations contribute to protective
immunity following natural genital infection.

MATERIALS AND METHODS
Mice. Female 6- to 10-week-old wild-type C57BL/6, �MT (antibody-deficient) (B6.129S2-Igh-6tm1/Cgn/J),

and beige (C57BL/6J-Lystbg-J/J) mice were purchased from Jackson Laboratory and housed in the animal
facility at the University of Arkansas for Medical Sciences in Little Rock, AR. All institutional guidelines
were followed, and protocols were approved by the Institutional Animal Care and Use Committee.

Chlamydia growth and purification. C. muridarum (Weiss strain) was propagated in HeLa 229 cells,
and infectious elementary bodies (EBs) were harvested and purified via Renografin (Sourceone Health-
care Technologies) discontinuous density gradient centrifugation (53).

Genital infection and quantitation of chlamydiae. Prior to primary or secondary infection, mice
were treated with medroxyprogesterone acetate (Depo-Provera) (Greenstone LLC) and infected intra-
vaginally with 5 � 104 C. muridarum inclusion-forming units (IFU) (17). Genital infection was assessed at
various time points following primary and secondary infections by enumerating IFU (viable bacteria) on
HeLa229 cell monolayers (17).

Immune cell depletions. CD4� T cells were depleted via intraperitoneal (i.p.) injections of anti-CD4
(clone GK1.5) as previously described (11). Briefly, prior to infectious rechallenge, mice were injected i.p.
with 0.5 mg of GK1.5 on days �6, �5, and �4, and then 0.3 mg was administered every 3 days beginning
on day �1 and continuing through the indicated times. Following this dosing regimen, CD4� T cells
remain depleted (�99%) in the genital tissues and spleen throughout infection and for approximately 7
days following the final dose of anti-CD4 (9).
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NK cells were depleted via i.p. injections of anti-NK1.1 (clone PK136). For depletion prior to primary
infection, mice were given 0.3 mg of anti-NK1.1 on day �6, day �5, and day �4 and then every 3 days
beginning on day �1, continuing through day 38. For depletion prior to secondary rechallenge infection,
mice were given 0.3 mg of anti-NK1.1 on day �6, day �5, and day �4 and then every 3 days beginning
on day �1, continuing through day 26. Efficient NK cell depletion with this antibody regimen was
described previously (54–56).

Neutrophils were depleted via i.p. injections of anti-Ly6G (clone RB6-8C5). For depletion prior to
rechallenge, 0.5 mg was administered i.p. on day �2 and day 0, and then 0.3-mg injections were
administered every 3 days beginning on day 2 and continuing through day 21. In one experiment, we
used a delayed neutrophil depletion scheme. For that depletion, 0.5 mg was administered i.p. on day 3
and day 5, and then 0.3-mg injections were given every 3 days beginning on day 8 and continuing
through day 21. The efficacy of neutrophil depletion is shown in Fig. 7.

Immune serum preparations and passive transfer. Convalescent (immune) serum, collected
from mice having resolved a primary C. muridarum genital infection, was used to test the protective
efficacy of various immunoglobulin fractions. Serum was first fractionated using protein A-Sepharose
4B affinity chromatography. The unbound fraction (IgG-depleted flowthrough) was collected and
saved. The bound IgG was eluted using 0.1 M glycine (pH 2.8) and collected directly into tubes
containing 2 M Tris, pH 8.0. Antibody-containing fractions were extensively dialyzed against 10 mM
phosphate-buffered saline (PBS), and the volume of the purified IgG was adjusted to the same
volume as the starting serum. Fab fragments were generated from the purified IgG fraction using an
ImmunoPure Fab preparation kit (57) following the manufacturer’s instructions. The homogeneity of
the Fab preparation was confirmed by SDS-PAGE. To test protective efficacy, 0.5 ml of serum or
fraction thereof (described above) was passively transferred i.p. to recipient CD4-depleted antibody-
deficient mice beginning 1 day prior to infection (day �1) and then on days 0, 3, 6, 9, 12, and 15
postinfection.

Chlamydial ELISA. Chlamydia-specific serum antibody was measured by ELISAs using formalin-fixed,
density gradient-purified C. muridarum elementary bodies (EBs) as the antigen as previously described
(10).

Flow cytometry. Whole murine genital tracts and spleens were isolated at the indicated time points
as previously described in detail (17). Genital tract cells and splenocytes were stained with the following
antibodies in fluorescence-activated cell sorting (FACS) buffer: anti-Ly6G (Gr-1)-eFluor 450 (RB6-8C5;
eBioscience) and viability dye-eFluor 780 (eBioscience). The gating strategy was determined using
fluorescence minus one (FMO) controls (58).

PPN isolation. Primary peritoneal neutrophils (PPNs) were elicited in C57BL/6 mice via i.p. injection
of 1 ml of 90 mg/ml casein (59) at 24 h prior to harvest, followed by one additional 1-ml injection at 3 h
prior to PPN collection. PPNs were harvested by irrigating the peritoneal cavities of euthanized mice with
5 to 10 ml sterile PBS. Cells were washed three times in sterile PBS, resuspended in sterile PBS, and
counted using an Auto 100 Cellometer (Nexcelom Bioscience).

In vitro phagocytic killing assay. C. muridarum EBs at 1 � 106/ml were incubated alone or with
immune serum (final dilution of 1:50) in 0.5 ml Dulbecco’s modified Eagle medium–nutrient mixture F-12
(DMEM-F12) (Life Technologies) rotating for 1 h at 37°C. Separately, PPNs were incubated alone or with
0.5 ng/ml recombinant mouse IFN-� (BD Biosciences) in DMEM-F12 rotating for 1 h at 37°C. EB-serum and
PPN–IFN-� samples were combined at 1:5, respectively (representing a multiplicity of infection of 0.1) and
mixed rotating for 1 h at 37°C. Samples were then plated in 0.5 ml at 1 � 106 PPNs/well in 48-well cell
culture plates and rested for 30 min at 37°C. Monolayers were washed three times with Hanks’ balanced
salt solution (HBSS) to remove nonadherent cells. Fresh DMEM–F12-10 (DMEM-F12 plus 10% fetal bovine
serum), was added and infection was allowed to proceed at 37°C. At 43 hpi, PPN lysates were collected
via scraping in a 0.5-ml mixture of 250 mM sucrose, 10 mM sodium phosphate, and 5 mM L-glutamic acid
(pH 7.2) (SPG). Lysate samples were homogenized by sequential passage through 27- and 31-gauge
needles (BD Biosciences). Lysates were stored at �80°C until IFU enumeration.

Statistical analysis. IFU data were analyzed using two-way analysis of variance (ANOVA) with the
Bonferroni posttest. One-way ANOVA with the Bonferroni posttest was used for the analysis of antibody
titer and in vitro IFU data. Statistics were calculated using Prism 6.0f.
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