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In this study, we used mice in which the gene for gamma interferon (IFN-y) has been disrupted (IFN-y~/~
mice) to study the role of this cytokine in the resolution of Chlamydia trachomatis infection. We show that
IFN-y~/~ mice are impaired in the ability to clear infection with C. trachomatis compared to IFN-y*/* control
mice. Activated CD8™ cytotoxic T lymphocytes (CTL) secrete IFN-y in response to intracellular infection, and
we have shown previously that a Chlamydia-specific CTL line can reduce C. frachomatis infection when adop-
tively transferred into infected mice. In the present study, we found that when these IFN-y*/* CTL lines are
transferred into Chlamydia-infected IFN-y '~ mice, the transferred CTL cannot overcome the immune defect
seen in the IFN-y '~ mice. We also show that Chlamydia-specific CTL can be cultured from IFN-y-deficient
mice infected with C. trachomatis; however, the adoptive transfer of IFN-y~'~ CTL into infected IFN-y*'* mice
does not reduce the level of infection. These results suggest that IFN-y production by CTL is not sufficient to

overcome the defect that IFN-y

~ mice have in the resolution of Chlamydia infection, yet IFN-y production by
CTL is required for the protective effect seen upon adoptive transfer of CTL into IFN-y

** mice.

Cytotoxic T lymphocytes (CTL) play a role in the resolution
of many intracellular infections. When CTL recognize an in-
fected cell, the activated CTL clones lyse the infected cell and
secrete cytokines. Each of these effector functions may be
involved in limiting further spread of the pathogen. Lysis of
infected cells deprives organisms of their replicative niche;
release of cytokines, such as gamma interferon (IFN-vy), stim-
ulates and activates other elements of the immune system.

In a previous report, we demonstrated that CTL were primed
during murine infection with the obligate intracellular parasite
Chlamydia trachomatis (16). When cultured Chlamydia-specific
CTL were adoptively transferred into C. trachomatis-infected
animals, the CTL effected a reduction in the number of organ-
isms recovered from the spleen. Additional experiments showed
that in animals treated with neutralizing anti-IFN-vy antibody,
the protective effect seen upon adoptive transfer was abro-
gated, suggesting that the protection by adoptive transfer re-
quired the activity of IFN-y. Because these data were obtained
by systemic elimination of this cytokine by using antibody, it
was not possible to define whether neutralization of IFN-vy
produced by the transferred cells or IFN-y produced by an-
other resident cell type was responsible for the loss of the
protective effect. In this report, we expand on these previous
findings, separating the effect of IFN-y production by resident
host cells from IFN-y production by the transferred CTL lines.

Here we use mice in which the gene for IFN-vy is disrupted
(5) (IFN-y ™/~ mice) to explore the effect of IFN-y on C. tra-
chomatis infection and the CTL response to this organism. We
show that animals deficient in the ability to produce IFN-vy are
impaired in the ability to clear C. trachomatis infection and that
transfer of IFN-y-producing C. tfrachomatis-specific CTL is not
sufficient to mediate clearance. We further demonstrate that
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Chlamydia-specific CTL can be cultured from infected IFN-
v/~ mice and that these CTL lines, unlike wild-type (IFN-
~y*/*) lines, are not able to protect mice against Chlamydia
challenge.

MATERIALS AND METHODS

Mice. Female BALB/c mice (H-2?) were purchased from The Jackson Labo-
ratory and used at 10 to 14 weeks of age. IFN-y~/~ and heterozygous (IFN-y~/*)
mice in the C57/BL6 strain background were generously provided by Dyana
Dalton and her colleagues at Genentech (South San Francisco, Calif.). These
mice were mated through seven backcrosses to the BALB/c strain. Mice used in
these experiments resulted from matings of IFN-y~/~ with IFN-y*/~ mice.
IFN-y~/~ animals were differentiated from IFN-y™/~ animals by a PCR screen
of DNA from tail biopsy specimens for the IFN-y gene. Additional IFN-y~/~
mice (BALB/c-Ifng"'"* mice) were purchased from The Jackson Laboratory.

Tissue culture. Medium used for all tissue culture was RPMI 1640 supple-
mented with L-glutamine, 50 wM 2-mercaptoethanol, antibiotics (except where
noted), and 10% fetal calf serum (RP-10). All cells were cultured at 37°C in 7.0%
CO,. The cell lines used in this study were J774A.1 (H-2%), derived from a
BALB/c monocyte-macrophage tumor, and BALB/3T3 (H-2¢), derived from a
BALB/c embryo.

Growth, isolation, and detection of C. trachomatis. C. trachomatis LGV serovar
L2 (434) has been described previously (18). Elementary bodies were propagated
on human epithelial (HeLa) monolayers and purified on Renografin density
gradients (7). The isolated elementary bodies were titered on McCoy cells (15)
and stored at —70°C in a medium containing sucrose (219 mM), phosphate (3.8
mM KH,PO,, 8.6 mM Na,HPO,), and glutamate (4.9 mM glutamic acid) (SPG)
(9). Aliquots of C. trachomatis elementary bodies were thawed at 37°C immedi-
ately prior to use, diluted in sterile SPG, and injected into mice or used to infect
monolayers. To quantitate C. trachomatis, spleens from infected mice were
homogenized, sonicated, diluted, and applied to McCoy cell monolayers. Inclu-
sions were counted by immunofluorescent microscopy 42 h after infection and
reported as inclusion-forming units (IFU) (15).

Infection of tissue culture monolayers with C. trachomatis. J774 cells used for
stimulation of C. trachomatis-specific CTL were seeded at a density of 2 X 10°
cells per well in a 24-well tissue culture plate in RP-10 without antibiotics. The
following day the medium was removed from each well and an aliquot of thawed
C. trachomatis containing 107 IFU was added to each well. To facilitate infection,
the plates were centrifuged at 1,200 X g for 1 h at 37°C. The inoculum was then
removed by aspiration and replaced with 2 ml of RP-10 without antibiotics. After
incubation for 24 h at 37°C, the cells were rinsed twice with RP-10 containing
antibiotics and used in CTL cultures. All subsequent additions to the CTL
cultures contained antibiotics.

BALB/3T3 cells to be used as targets in CTL assays were seeded into six-well
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FIG. 1. Effect of the IFN-y gene mutation on the ability of mice to resolve
infection with C. trachomatis. Mice were sacrificed 14 days after infection with
10° IFU of C. trachomatis. Bars indicate median values within the group. A P
value of 0.000058 for these data is based on a one-way analysis of variance and
a trend test on ranked data.

tissue culture plates at a density of 10%well in RP-10 without antibiotics and
incubated overnight. The medium was then removed and replaced with 5 X 107
IFU of C. trachomatis. The plates were centrifuged at 1,200 X g for 1 h at 37°C,
the inoculum was removed, and 5 ml of RP-10 without antibiotics was added to
each well. These Chlamydia-infected cells were incubated for 18 h and then
removed from the tissue culture plate with phosphate-buffered saline (PBS)
containing 0.1 M EDTA. The suspended cells were washed twice by centrifuga-
tion with RP-10 containing antibiotics and used as target cells in CTL assays.
Uninfected cells were prepared exactly as were infected cells, using SPG without
C. trachomatis.

Stimulation and maintenance of C. trachomatis-specific CTL. Spleen cells
from infected mice were washed in RP-10, and cultures containing 4 X 10°
splenocytes and 2 X 10° irradiated (2 X 10* rads) C. trachomatis-infected J774
cells were established in 2 ml of RP-10 in 12 wells of a 24-well tissue culture plate.
Infected J774 cells used for stimulation were prepared as described above.
Primary cytotoxic effector populations were harvested from the 12 wells after 7
days, and half of the recovered cells were restimulated again in 12 wells of a new
24-well tissue culture plate. In addition to the effector cells, each culture well
contained 4 X 10° irradiated (2,000 rads) syngeneic spleen cells and 2 X 10°
irradiated (2 X 10* rads) C. trachomatis-infected J774 cells. Subsequent weekly
stimulations were carried out with 2-ml cultures in multiple wells of a 24-well
tissue culture plate. Each culture consisted of 10° responder cells, 4 X 10°
irradiated (2,000 rads) syngeneic spleen cells, and 2 X 10° irradiated (2 X 10*
rads) C. trachomatis-infected J774 cells in a medium containing RP-10 supple-
mented with 5% supernatant from concanavalin A-stimulated rat spleen cells
and 50 mM a-methylmannoside.

CTL assays. Activity of CTL was determined by chromium release assay.
Infected and uninfected BALB/3T3 target cells were resuspended in 100 pl to
which 100 pCi of sodium >!chromate was added. The cells were incubated at
37°C for 1 h, washed three times with RP-10, and diluted for use at 10* cells per
assay well in 96-well plates. Serial dilutions of CTL were added to the assay wells
such that the final assay volume was 200 pl in RP-10. Spontaneous release was
determined in wells with target cells but without CTL. Maximum release was
determined by addition of detergent to wells containing target cells. Following a
4-h incubation at 37°C, 100 pl of supernatant was evaluated on a Wallac 1470
gamma counter. Percent specific lysis was determined as 100 X [(release by CTL —
spontaneous release)/(maximal release — spontaneous release)]. In all experiments,
spontaneous release was less than 30% of maximal release by detergent.

Assay for IFN-y production. The amount of IFN-y produced by the CTL lines
stimulated from the IFN-y*™/* TFN-y*/~, and IFN-y ™/~ mice was determined by
incubating 10> CTL with 10* irradiated (2 X 10* rads) C. trachomatis-infected
J774 cells and 2.5 X 10° irradiated (2 X 10 rads) syngeneic spleen cells. These
cultures were established in triplicate in 200 pl of RP-10 in 96-well assay dishes.
Control wells contained uninfected rather than infected J774 cells. After 12 h of
incubation, the culture medium was removed from each well, diluted, and as-
sayed for mouse IFN-y by using a commercially available enzyme-linked immu-
nosorbent assay kit (Endogen, Woburn, Mass.). Antigen-specific IFN-y produc-
tion was determined by subtracting the concentration of IFN-y in the wells with
infected J774 cells from the concentration of IFN-y in the wells with uninfected
J774 cells. The average amounts of IFN-y produced in the assay wells with
uninfected J774 cells were 20 ng/ml for the IFN-y*/* CTL line, 8 ng/ml for the
IFN-y*™/~ line, and 0 ng/ml for the IFN-y~/~ line.

INFECT. IMMUN.

RESULTS

IFN-y~/~ mice are impaired in the ability to clear infection
with C. trachomatis. To confirm that IFN-y plays a role in
clearance of C. trachomatis, whether produced by CTL or by
other cells of the immune system, we infected three groups
(IFN-y~/~, IFN-y*/~, and IFN-y*'*) of BALB/c mice intra-
venously (i.v.) with 10° C. trachomatis IFU per mouse. The
mice were sacrificed 14 days after infection, and the number of
IFU per spleen was determined. While wild-type mice were
able to reduce the number of C. trachomatis IFU almost to the
level of detectability, mice in which the gene for IFN-y has
been disrupted were impaired in the ability to resolve the
infection (Fig. 1). Interestingly, heterozygous mice, which have
cells producing, on average, half as much IFN-y also show a
deficit in the resolution of infection, although not to the extent
of the IFN-y~/~ mice.

IFN-y~/~ mice fail to completely resolve C. trachomatis in-
fection within 4 weeks of infection. To determine the extent to
which infection is prolonged in IFN-y ™/~ knockout mice, we
expanded the experiment described above to compare the level
of infection in IFN-y™* mice over 4 weeks to the level of
infection in IFN-y~/~ mice. Groups of IFN-y*'* mice and
IFN-y /" mice were infected with 10° C. trachomatis IFU, and
members of the groups were sacrificed 1, 2, 3, and 4 weeks
postinfection. Except for one animal sacrificed at week 2, all of
the IFN-y~/~ mice failed to completely resolve the infection
before sacrifice (Fig. 2). All IFN-y*'* mice sacrificed after
week 2 had resolved the infection. These results demonstrate
that the IFN-y /= mice have a deficit in the resolution of
C. trachomatis infection which extends at least 1 month postin-
fection.

The immune defect in IFN-y~'~ mice cannot be overcome by
adoptive transfer of IFN-y*'* CTL. We previously have shown
that adoptive transfer of Chlamydia-specific CTL into infected
mice reduces the number of C. trachomatis IFU per spleen 20-
to 30-fold (16). In the present experiments, we sought to de-
termine whether adoptive transfer of IFN-y*/* CTL into in-
fected IFN-y~/~ mice would reduce or resolve the immune
deficit seen in these mice in the experiments described above.
Groups of mice were infected i.v. with 10° C. trachomatis IFU
and 30 min later were given 107 C. trachomatis-specific CTL
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FIG. 2. Ability of IFN-y*/* and IFN-y~/~ mice to resolve infection with
C. trachomatis. Groups of IFN-y*/* mice (®) and IFN-y~/~ mice (O) were
infected with 10° IFU of C. trachomatis. Members of each group were sacrificed
at 1, 2, 3, and 4 weeks as shown. For the IFN-y™/* versus IFN-y~/~ values at
each time point, P < 0.01.
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FIG. 3. Effect of adoptive transfer of T cells on infection levels in IFN-y ™/~
mice. Mice were infected i.v. with 10° IFU of C. trachomatis and 30 min later with
Chlamydia-specific CTL from IFN-y*™’* mice (A) or PBS without T cells (B).
Groups consisted of five animals each. Bars show the number of IFU per spleen
determined 3 days after infection (P > 0.05).

from culture (line 69, described in reference 16). This cell line
has been shown previously (16) and in this study (see Fig. 5) to
confer protection against Chlamydia. Control groups were in-
fected and given injections of PBS in place of CTL. Three days
later the animals were sacrificed and the number of IFU per
spleen was determined. As shown in Fig. 3, adoptive transfer of
CTL able to secrete IFN-v did not reduce the level of infection
as compared to control groups not receiving CTL.

Chlamydia-specific CTL can be primed in IFN-y ™/~ mice.
To determine if the inability of IFN-y to resolve infection
results from an inability to mount a specific CTL response, we
attempted to culture C. trachomatis-specific CTL lines from
IFN-y*/* IFN-y*/~, and IFN-y~/~ mice. BALB/c mice with
IFN-y*/* IFN-y*/~, and IFN-y~/~ genotypes were infected
intraperitoneally with 107 IFU of C. trachomatis, allowed to
recover for 14 days, and then sacrificed. The spleen cells were
then stimulated in vitro on C. frachomatis-infected J774 cells
for 3 weeks, and the resulting CTL lines were tested for the
ability to lyse BALB/3T3 cells infected with C. trachomatis. As
shown in Fig. 4, Chlamydia-specific CTL were primed in ani-
mals of all three IFN-y genotypes. No lysis of the uninfected
controls was apparent with any of the resulting CTL lines.
Each of the CTL cell lines was >90% CD8" T cells, as mea-
sured by flow cytometry (data not shown). These results sug-
gest that although the mice in which the gene for IFN-y has
been disrupted are impaired in the ability to resolve C. tracho-
matis infection, they are able to mount a Chlamydia-specific
CTL response.

The amount of IFN-y produced by these IFN-y*/*  IFN-
v/~ and IFN-y~/~ CTL lines was measured 12 h after stim-
ulation on C. trachomatis-infected J774 cells as described
above. The concentrations of IFN-y in the assay wells follow-
ing stimulation were 158 ng/ml (%23 ng/ml) for the IFN-y*/*
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line, 81 ng/ml (=22 ng/ml) for the IFN-y™/~ line, and 0 ng/ml
for the IFN-y~/~ line.

Adoptive transfer of IFN-y~/~ CTL does not protect against
C. trachomatis infection. We have shown previously that the
protective effect seen following adoptive transfer of CTL into
infected mice is abrogated when the animals have been treated
previously with a neutralizing antibody specific for IFN-y. This
finding suggested that IFN-y production by CTL is required
for the observed protective effect. To more directly test this
hypothesis, we conducted adoptive transfer studies using a
CTL line cultured from an IFN-y~/~ mouse (the line repre-
sented in Fig. 4). To determine whether these IFN-y '~ CTL
(which are unable to produce IFN-v) could adoptively transfer
protection, we infected groups of BALB/c mice i.v. with 10°
IFU of C. trachomatis, followed 30 min later with 10" IFN-y ™/~
CTL. Control groups were infected and then injected with 107
IFN-y*/* CTL (line 69 [16]) (as a positive control) or with PBS
in place of CTL (as a negative control). As shown in Fig. 5,
mice injected with IFN-y~/~ CTL showed no protective ef-
fect—the level of infection was indistinguishable from that in
animals given no CTL (P > 0.05). Animals given IFN-y™/"
CTL showed the same level of protection as reported previ-
ously (P < 0.01) (16). These data suggest that IFN-y produc-
tion by CTL is required for their ability to confer protection
upon adoptive transfer.

DISCUSSION

The results presented here (Fig. 1 and 2) demonstrate that
mice deficient in IFN-y are impaired in the ability to resolve
C. trachomatis infection. There are at least two mechanisms by
which IFN-y might act to resolve these infections. IFN-vy is a
potent activator of macrophages, and organisms within acti-
vated macrophages are readily destroyed. It could be envi-
sioned that IFN-y-activated macrophages destroy elementary
bodies phagocytosed at the site of infection. Alternatively, the
IFN-y may act to directly limit C. frachomatis replication.
Many in vitro studies have shown that treatment of infected
cells with IFN-vy limits the replication of Chlamydia (1-3, 6, 11,
13, 14). Previous experiments examining the course of C. tra-
chomatis infections in mice treated with neutralizing anti-
IFN-vy antibody showed a pronounced increase in organisms
recovered from multiple organs (19, 20). The results shown in
Fig. 1 and 2 support the notion that IFN-y is an important
mediator of resistance to C. trachomatis. Studies are now being
conducted to define the cell type and site where IFN-y acts to
provide protection against C. trachomatis. The mechanism of
protection at this site also remains undetermined.

Others have recently used IFN-y '~ mice to study the
course of Chlamydia genital tract infection in the absence of
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FIG. 4. Lysis of cells infected with C. trachomatis by CTL in a >'Cr release assay. The CTL lines were stimulated from spleen cells of IFN-y*/*, IFN-y*/~, and
IFN-y~/~ mice following intraperitoneal infection with C. trachomatis. Target cells were C. trachomatis serovar 1.2-infected (@) or uninfected (O) BALB/3T3 cells.
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FIG. 5. Effect of adoptive transfer of IFN-y~'~ CTL on infection with C. tra-
chomatis. Mice were infected i.v. with 10° C. trachomatis IFU. Thirty minutes
after infection, animals were injected i.v. with IFN-y~~ CTL, IFN-y*/* CTL, or
PBS without CTL. Groups consisted of five animals each. Bars show the number
of IFU per spleen determined 3 days after infection.

this cytokine (4, 12). Consistent with the data shown here,
these reports describe a delay in the ability of IFN-y~/~ mice
to resolve these infections (4, 12). Although in these studies
the IFN-y~/~ mice were deficient in clearing the infections,
they could resolve subsequent reinfection to the same extent as
control IFN-y™* mice. Experiments using IFN-y receptor-
deficient (IFN-yR ~/7) mice also revealed an inability to con-
trol genital infection with C. trachomatis (10). However, in
contrast to the studies using IFN-y~/~ mice, infected IFN-
yR ™/~ mice which had resolved infection were not protected
upon reinfection (10).

In this study, we find that although IFN-y™/* mice show
protection upon adoptive transfer of CD8* T cells, infection
levels in IFN-y~/~ mice are not reduced by adoptive transfer
of known protective IFN-y*™/* CTL lines. This result suggests
that adoptive transfer of CD8" T cells cannot overcome the
immune deficit seen in IFN-y~/~ mice. It is likely that the
transfer of other cell types which produce IFN-y, including
Chlamydia-specific CD4" T cells, would be required to resolve
infection in IFN-y~/~ mice. We also show that despite the
limited ability of IFN-y~/~ mice to control infection with
C. trachomatis, there is a CD8" T-cell response primed in
these mice during infection. We were able to culture Chlamy-
dia-specific CTL lines from these mice and use these IFN-y~/~
CTL lines to pursue the role of IFN-y in the adoptive transfer
of protection.

Two mechanisms by which transferred CTL might mediate
protection were considered. First, CTL lysis of cells during
intracellular replication of C. frachomatis might release the
metabolically active reticulate bodies, depriving the organism
of its intracellular niche and releasing a form of the organism
unable to infect neighboring cells. Alternatively, the protective
effect might be primarily driven by the release of IFN-y from
CTL activated through recognition of a Chlamydia-infected
cell. The local increase in IFN-y concentration might act either
by stimulating the antimicrobial activity of nonspecific effector
cells such as macrophages, clearing the area of organisms and
limiting spread, or by exerting a direct inhibitory effect on
C. trachomatis replication. In experiments designed to differ-
entiate these two possibilities, we infected groups of IFN-y*/*
mice with C. frachomatis and then transferred into these ani-
mals either an IFN-y™'* or an IFN-y~/~ CTL line. Only the
IFN-y*/* CTL line was able to reduce the level of C. tracho-

INFECT. IMMUN.

matis infection in these animals (Fig. 5). This finding suggests
that production of IFN-y by the transferred CTL is required
for the protective effect and supports the hypothesis that a
protective mechanism dependent on IFN-vy is responsible for
protection rather than cytotoxicity. As perforin-, granzyme B-,
and Fas ligand (gld)-deficient mice become available in the
H-2“ haplotype, we will attempt to culture Chlamydia-specific
CD8™ T cells from these mice and assess their ability to confer
protection. These CD8" T cells would have deficits in the
ability to induce cell death by cytotoxic mechanisms and apo-
ptosis.

Both CD8* CTL and CD4" T cells produce IFN-y in re-
sponse to activation. The ability of both types of T cells to
reduce C. trachomatis infection has been described elsewhere
(8, 16, 17) and may allow for redundant or supplementary
systems to ensure the production of this cytokine in response
to infection.
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