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Introduction

Summary

Chlamydia trachomatis urogenital serovars D-K are intracellular bacterial
pathogens that replicate almost exclusively in human reproductive tract
epithelium. In the C. muridarum mouse model for human Chlamydia
genital tract infections CD4 T helper type 1 cell responses mediate pro-
tective immunity while CD8 T-cell responses have been associated with
scarring and infertility. Scarring mediated by CD8 T cells requires pro-
duction of tumour necrosis factor-a (TNF-a); however, TNF-a is associ-
ated with protective immunity mediated by CD4 T cells. The latter result
suggests that TNF-a in-and-of itself may not be the sole determining fac-
tor in immunopathology. CD8 T cells mediating immunopathology pre-
sumably do something in addition to producing TNF-a that is
detrimental during resolution of genital tract infections. To investigate
the mechanism underlying CD8 immunopathology we attempted to iso-
late Chlamydia-specific CD8 T-cell clones from mice that self-cleared gen-
ital tract infections. They could not be derived with antigen-pulsed
irradiated naive splenocytes; instead derivation required use of irradiated
immune splenocyte antigen-presenting cells. The Chlamydia-specific CD8
T-cell clones had relatively low cell surface CD8 levels and the majority
were not restricted by MHC class Ia molecules. They did not express
Plac8, and had varying abilities to terminate Chlamydia replication in
epithelial cells. Two of the five CD8 clones produced interleukin-13
(IL-13) in addition to IL-2, TNF-a, IL-10 and interferon-y. IL-13-producing
Chlamydia-specific CD8 T cells may contribute to immunopathology dur-
ing C. muridarum genital tract infections based on known roles of TNF-a
and IL-13 in scar formation.
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not the incidence of infection.* For that reason there is
widespread interest in development of a C. trachomatis

Chlamydia trachomatis genital tract infections are a major
public health problem throughout the world. In the wes-
tern hemisphere the incidence of C. trachomatis infection
in individuals of reproductive age is roughly 2-15%
depending on population surveyed.'> The majority of
infected individuals are asymptomatic and do not seek
medical care. Aggressive public health test-and-treat pro-
grammes have reduced the incidence of infection-associ-
ated morbidities such as pelvic inflammatory disease, but

vaccine. However, early vaccination attempts with whole-
inactivated C. trachomatis trachoma vaccines showed
poor protection and exacerbated immunopathology upon
infection or infectious challenge.” The possibility of vac-
cine-enhanced immunopathology remains a major hurdle
for Chlamydia vaccine development.

In women, C. trachomatis genital tract infections fre-
quently ascend to damage the Fallopian tubes either
acutely, presenting as pelvic inflammatory disease, or

Abbreviations: APC, antigen-presenting cells; CM, complete medium; EB, elementary bodies; IFN-7, interferon-y; IFU, inclusion
forming units; IL-10, interleukin-10; TNF- o, tumour necrosis factor-o
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insidiously, presenting as infertility. Both scenarios carry
risk for infection-associated scarring that can cause infer-
tility and ectopic pregnancies. After-the-fact studies in
women have shown infertility to be associated with
peripheral blood mononuclear cell responses to
Chlamydia antigens that are relatively deficient in inter-
feron-y (IFN-7),° or overly exuberant in production of
interleukin-10 (IL-10)"® and tumour necrosis factor-o
(TNF-).®

The Chlamydia muridarum mouse model for genital
tract infections reproduces all the major features of
human infections including an ascending infection that
reaches the oviducts to cause scarring, hydrosalpinx and
infertility. Using this model others have elegantly shown
that protective immunity is mediated by CD4 T cells with
little apparent contribution from CD8 T cells.”'® Con-
versely, immunopathology appears to be mediated by
CD8 T cells. Adoptive transfer of T cells taken from mice
that cleared previous infection leads to enhanced rates of
infertility in recipient mice after infectious challenge, and
mice with a CD8-dominant immune response (CD4
knockout mice) were more susceptible to infection-
induced infertility than those with a CD4-dominant
response (CD8 knockout mice).!! Murthy et al. have
shown TNF-o, but not perforin, to be critical for CD8-
mediated immunopathology.'>'? That result suggests that
TNF-a causes detrimental tissue damage/remodelling dur-
ing the course of genital tract infections. Conversely, nasal
infection-induced'* and subunit vaccine-induced'>'® pro-
tective immunity are associated with a multifunctional
CD4 T-cell phenotype that includes production of IFN-y
and TNF-o. Because vaccinated mice are protected from
immunopathology, these data suggest that TNF-o in-and-
of itself may not be sufficient for infection-associated
scarring.

To date, no CD8 T-cell lines or clones have been
derived from mice that self-cleared Chlamydia genital tract
infections. Two Chlamydia-specific CD8 T-cell clones were
derived from mice infected intravenously with C. murida-
rum; both were reported to be MHC-restricted.'” More
extensive studies in humans with C. trachomatis genital
tract infections have shown that the majority of
Chlamydia-specific CD8 T-cell clones were not HLA-
restricted.'®'” To investigate mechanisms underlying CD8
T-cell-associated immunopathology we attempted to
derive CD8 T-cell clones from immune mice that had
cleared a C. muridarum genital tract infection. Usual deri-
vation protocols dependent on irradiated naive splenocytes
pulsed with UV-inactivated C. muridarum were unsuc-
cessful. We were able to derive Chlamydia-specific CD8
T-cell clones using antigen-pulsed irradiated immune
splenocytes as feeder layers. We present the interesting
results of studies with those CD8 T-cell clones here,
including lack of MHC class Ia restriction and cytokine
polarization patterns that include IL-13.

© 2014 John Wiley & Sons Ltd, Immunology, 142, 248-257

Chlamydia-specific CD8 T cells and IL-13

Materials and methods

Mice

Female C57BL/6 mice, 4-5 weeks old, were purchased
from Harlan Labs (Indianapolis, IN). K°D® double knock-
out female mice (which lack MHC class Ia molecules)
were purchased from Taconic (Hudson, NY). All mice
were housed in a pathogen-free barrier animal facility in
accordance with procedures and protocols approved by
the Indiana University School of Medicine Animal Care
& Use Committee (animal welfare assurance #A4091-01)
and performed in accordance with the United States Ani-
mal Welfare Act and the National Research Council’s
Guide for the Care and Use of Laboratory Animals.

Epithelial cells and bacteria

C57epi.1 epithelial cells and McCoy fibroblasts were cul-
tured as previously described.*® Mycoplasma-free C.
muridarum (Nigg), previously known as C. trachomatis
strain mouse pneumonitis (MoPn) (Nigg) was grown in
McCoy cells as previously described.”’ Elementary body
(EB) -depleted Chlamydia antigen was prepared by infect-
ing 175-cm? flasks of McCoy cells with C. muridarum at
3 inclusion-forming units (IFU) per cell. Thirty-two
hours after infection the monolayers were removed using
sterile glass beads, sonicated for 60 seconds, spun at low
speed (464 g for 10 min) to remove debris, then centri-
fuged at 19 000 g for 30 min to pellet EB; this gave
~ 99-998% depletion. EB-depleted supernatants were col-
lected, concentrated (4000 g for 30 min) in ultra-filtration
centrifuge units with 30 000 molecular weight cut-off
(Amicon Ultra-15; Millipore, Billerica MA), split into
aliquots and stored at —80°.

Genital tract infections

One week before infection, mice were treated with 2-5 ng
of medroxyprogesterone delivered subcutaneously (Depo-
Provera, Pfizer Pharmaceuticals, New York, NY). Lightly
anaesthetized mice were infected vaginally with
5 x 10* IFU of C. muridarum biovar Nigg in 10 ul of
sucrose phosphate glutamate buffer. Mice were swabbed
7 days after infection and IFU were quantified to docu-
ment infection. Mice > 6 weeks post infection were con-
sidered immune mice.

Chlamydia-specific CD8 T cells

T-cell expansion cultures were performed in RPMI-1640—
25 mm HEPES supplemented with 10% characterized fetal
bovine serum (HyClone, Logan, UT), 2 mm L-alanyl-1-
glutamine (Glutamax [; Gibco/Invitrogen, Carlsbad, CA),
25 pg/ml  gentamicin (Sigma, St Louis, MO), and
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5 x 107> M 2-mercaptoethanol (Sigma); referred to as
RPMI CM. Immune splenocytes harvested from mice
were plated at 12-5 x 10° cells per well in tissue culture
treated 12-well plates, in RPMI CM containing murine
recombinant IL-lo0 (2 ng/ml), IL-6 (2 ng/ml), IL-7
(3 ng/ml), IL-15 (4 ng/ml), human recombinant IL-2
(100 units/ml) (Chiron Corp. Emeryville, CA), 20% 2°
mixed lymphocyte culture supernatant,”® and 20 pg of
UV-inactivated C. muridarum (~ 2-5 IFU equivalents per
splenocyte) as previously described®® or with 20 ul per well
EB-depleted C. muridarum antigen. Subsequent passages in
24-well plates used 2-5 x 10° T cells and 5 x 10° y-irradi-
ated (1200 rads) immune splenocyte antigen-presenting
cells (APC) and the same conditions as in the primary
culture. CD4 T cells were depleted from polyclonal
populations by magnetic bead separation per the manufac-
turer’s protocol (Miltenyi Biotec, Auburn, CA). The result-
ing polyclonal CD8 T-cell populations were cloned by
limiting dilution and passed weekly as above. Recombinant
mouse cytokines were purchased from R&D Systems
(Minneapolis, MN).

Flow cytometry

T-cell clones were stained for 20 min on ice in RPMI CM
with: unconjugated 145-2c11 (CD3), FITC-coupled phy-
coerythrin (PE) -coupled 53-5.8 (CD8f), PE-coupled
53-6.7 (CD8a) (BD Biosciences, San Jose CA), PE-cou-
pled YTS191.1 (CD4) (Cedarlane Laboratories, Burling-
ton, NC), FITC-coupled mouse IgG2a (control antibody),
PE-coupled rat IgG2b (control antibody) (Ebioscience,
San Diego, CA), FITC-coupled goat anti-Armenian ham-
ster immunoglobulin (Jackson Immunoresearch Laborato-
ries, West Grove, PA). Cells were fixed with 1%
paraformaldehyde after staining and analysed on a
FACSCalibur cytometer (BD Biosciences).

T-cell proliferation assays

For proliferation assay, 2-5 x 10* T cells were added to
25 x 10° y-irradiated immune splenocytes (2000 rads)
without antigen (only sucrose phosphate glutamate buf-
fer) and with antigen (UV-C. muridarum or soluble anti-
gen) in 96-well U-bottom plates; wells pulsed with
0-5 pCi/well [SH]thymidine (ICN, Costa Mesa, CA) for
12 hr at 36-48 hr of the culture cycle. [*H]Thymidine
incorporation was measured with a TopCount f-counter.

T-cell cytokine ELISAs

For the specificity experiment in Fig. 2 the conditions
were the same as for the proliferation assay detailed
above. For the MHC mapping experiments (Fig. 3) the
conditions were the same except immune and naive
splenocytes were more lightly irradiated with 1000 rads
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(better antigen presentation capabilities;”) and all wells
contained 1 ng/ml recombinant IL-7 to support T-cell
viability over the 72-hr experiment. For cytokine polariza-
tion determination T cells were activated by immobilized
anti-CD3 antibody (145-2C11; NA/LE BD Pharmingen,
San Jose, CA). Flat-bottom 96-well tissue culture plates
were prepared by incubating 50 pl of 0-5 pg/ml 145-2Cl11
in PBS overnight at 4°. Wells were washed once with
medium before use. Then, 5 x 10* T cells were added to
each well and supernatants were collected at 24 hr. Rela-
tive levels of IL-2, IL-10, IL-13, IL-17, IFN-y and TNF-a
determined by ELISA using capture and biotinylated
monoclonal antibody pairs with recombinant murine
standards according to the manufacturer’s protocols: IL-2
ELISA: 1A12 and 5H4, IFN-y: XMG1 2 (ThermoScientif-
ic, Rockford, IL); TNF-o: TN3-19.12/C1150-14; IL-10:
JES5-2A5/SXC-1 (BD Biosciences, San Jose, CA); IL-13:
Ebiol3a/Ebiol316H (Ebioscience). Recombinant murine
IL-2, IL-10 (ThermoScientific), IFN-y (R&D Systems),
IL-13 (Ebioscience) and IL-17a (Biolegend, San Diego,
CA) were used as standards. Detection was accomplished
with streptavidin-horseradish peroxidase (BD Biosciences)
and tetramethylbenzidine substrate (Sigma).

Chlamydia replication experiments

C57epi.1 cell monolayers in 48-well plates were untreated
or treated with IFN-y (10 pg/ml) for 14 hr pre-infection.
Wells were infected with 3 IFU/cell. After addition of
C. muridarum, the plates were spun at 1200 rpm (300 g)
for 30 min. Mock-infected wells received an equivalent
volume of sucrose glutamate phosphate buffer lacking
C. muridarum. Four hours after infection, the inoculums
were removed, and 1-5 x 10° CD4 T-cell clone cells were
added per well. After 28 hr (32 hr post-infection) wells
were scraped, harvested in sucrose glutamate phosphate
buffer, and stored at — 80° until titres could be deter-
mined on McCoy cell monolayers.

RT-PCR

T-cell clones at the end of their culture cycle were puri-
fied by Ficoll-Hypaque and cultured for 3 days in RPMI
CM supplemented with 3 pg/ml recombinant IL-7. Total
RNA was isolated from each T-cell clone using a protocol
that included an RNase-free DNase I treatment step
(RNAeasy; Qiagen, Valencia, CA). Specific mRNA gene
reverse transcription and amplification were performed
using AMV reverse transcriptase/Tfl DNA polymerase in
a one-step system (AccessQuick RT-PCR; Promega, Mad-
ison, WI). Amplification conditions were (i) 48° for
45 min; (ii) 95° for 2 min; (iii) 95° for 30 seconds; (iv)
56° for 20 seconds; (v) 72° for 30 seconds; (vi) go to step
3 for 37 times; (vii) 72° for 7 min; and (viii) hold at 4°
using an MJ Research J200 PCR machine. Primer pairs

© 2014 John Wiley & Sons Ltd, Immunology, 142, 248-257
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Figure 1. Derivation of Chlamydia-specific CD8 T-cell clones. CD4 and CD8 staining of polyclonal T-cell populations expanded from immune

mice using irradiated immune splenocytes with (a) UV-inactivated Chlamydia muridarum (uvMoPn), (b) Elementary bodies-depleted Chlamydia
antigen. (c) CD8f staining of CD8 T-cell clones 8uvmo-2, 8uvmo-3, 8sAgl and 8sAg3 compared with alloreactive CD8 T-cell clone CD8bml.

used were f-actin (5-CCTGACGGCCAGGTCATCACTA
TT-3', 5-ACTCCTGCTTGCTGATCCACAT3-; 358 bp
product); perforin (5-TGGATGTGAACCCTAGGCCAGA
G3-', 5'-AAGTACTTCGACGTGACGCTCAC-3'; 515 bp
product), and Plac8 (5-ATGGCTCAGGCACCAACAGTT
A-3',  5-GAAAGCGTTCATGGCTCTCCTC-3'; 336 bp
product).

Statistical analysis

Summary figures for each experimental investigation are
presented as ‘pooled” means and with their associated
standard error of the mean (SEM). Figure legends indi-
cate the number of independent experiments pooled to
generate each figure. Student’s two-tailed #-tests and Wil-
coxon non-parametric tests, depending on data distribu-
tion, were used to assess significance of experimental
data. Homogeneity of variances was assessed using a
folded F-test. All data were verified to meet analytical
assumptions. Analyses were performed using SAS 9-3
(SAS Institute, Cary, NC). P-values < 0-05 were consid-
ered statistically significant.

Results

Derivation of Chlamydia-specific CD8 T cells
required immune splenocyte APC

We previously found derivation of Chlamydia-specific
CD4 T-cell clones from immune mice to be relatively
straightforward.”> However, those protocols based on
irradiated naive splenocytes pulsed with UV-inactivated
C muridarum did not expand Chlamydia-specific CD8
T cells (unpublished observations and ref. 24). We there-
fore investigated culture conditions using alternative APC
feeder layers and Chlamydia antigens.

Splenocytes from mice that had previously self-cleared
genital tract infections were harvested and stimulated in
vitro with UV-inactivated C. muridarum (usual protocol)
or with EB-depleted (~ 99-998%) C. muridarum antigen
prepared by depleting infected cell lysates of EB by centri-
fugation (see Materials and methods). For the secondary

© 2014 John Wiley & Sons Ltd, Immunology, 142, 248-257

stimulation and subsequent passages the T-cell popula-
tions were activated with irradiated immune splenocytes
pulsed with UV-inactivated C. muridarum or EB-depleted
antigen as per the primary culture. Under these condi-
tions there was significant expansion of a CD8" T-cell
population (Fig. la,b). Polyclonal cultures activated with
UV-inactivated C muridarum had a minority CD8 T-cell
population of ~ 3%, whereas cultures activated with
EB-depleted antigen had a minority CD8 T-cell popula-
tion of ~ 10%. Those bulk T-cell populations were
depleted of CD4 T cells using magnetic bead separation,
then cloned by limiting dilution on irradiated immune
splenocytes pulsed with the relevant antigen. Five CD8
T-cell clones were kept for further study. The clones were
stained for CD8f chain and compared with a typical
alloreactive CD8 T-cell clone CD8bm1%* (Fig. 1c). The
Chlamydia-specific CD8 T-cell clones had significantly
lower levels of cell surface CD8 than the alloreactive CD8
T-cell clone CD8bml; all clones were CD3* CD8xff T
cells (data not shown). We tested their specificity by pro-
liferation and IFN-y production when activated by irradi-
ated immune splenocytes mock-pulsed or pulsed with
UV-inactivated C. muridarum or EB-depleted Chlamydia
antigen (Fig. 2). All the clones recognized immune
splenocytes pulsed with UV-inactivated C. muridarum or
EB-depleted antigen to greater or lesser degrees. All clones
recognized their original antigen by proliferation and IFN-y
production with one exception; 8uvmo-3 production of
IFN-y was not statistically greater than IFN-y production
by antigen-pulsed immune splenocytes. None of the clones
recognized immune splenocytes pulsed with freeze—thawed
McCoy cells, ruling out cross-presentation of McCoy
alloantigens (see Supporting information, Fig. S1).

Three Chlamydia-specific CD8 T-cell clones are not
restricted by MHC class Ia molecules

In two previous independent human studies the majority
of Chlamydia-specific CD8 T cells isolated from individu-
als with C. trachomatis genital tract infections were not
restricted by HLA class Ia molecules.'®' For that reason
we were interested in determining the restriction element

251



R. M. Johnson et al.

(a) 80000 -
70000 ~ 27771 Mock
60 000 | - uvMoPn
] i
Z 50000 -
o .
c
S 40000 4
ol
8 .
'S 30000
n_ -
20 000 o
10 000
0 -
% <, %, % % %
» %o‘é) L,))O‘G 79; 409 ?9@
(b) 15000 ~
1 {271 Mock
12 i
000 1 B o VoPn
1 [ ] sAg
9000 -
E
[=]
£
>
p
™=

Figure 2. Specificity of CD8 T-cell clones. Each T-cell clone was
activated with irradiated (2000 rads) immune splenocytes mock-
pulsed, UV-inactivated Chlamydia muridarum (uvMoPn) -pulsed,
and elementary bodies-depleted antigen (sAg) -pulsed. At 36 hr cul-
ture supernatants were harvested and [*H]thymidine was added;
wells were harvested at 48 hr to score proliferation. (a) Proliferation
in counts per minute (CPM). (b) Interferon-y (IEN-y) production as
determined by ELISA. Data are means and SD for one experiment
performed as quadruplicates. For each T-cell clone the experimental
wells were compared with their mock-pulsed control and with the
antigen-presenting-cells-only control (No T) for the relevant antigen.
The higher P-value of those two comparisons (the least significant)
was assigned and graphed. **P < 0-005; ***P < 0-0005.

for the five murine CD8 T-cell clones. Irradiated immune
splenocytes produce cytokines capable of supporting anti-
gen-independent proliferation and IFN-y production
making them ill-suited for MHC restriction mapping.
However, irradiated naive splenocytes pulsed with
Chlamydia antigens do not produce measurable cytokines
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and did not support meaningful antigen-independent
IEN-y production by bystander T cells (Fig. 3a). We
tested whether the CD8 T-cell clones were MHC class Ia
restricted by comparing activation of mock-pulsed and
UV-inactivated C. muridarum-pulsed irradiated naive
splenocytes from C57BL/6 mice (wild-type H-2") and
K®D dual knockout mice (H-2% no MHC class Ia mole-
cules) (Fig. 3b). K°DP knockout splenocytes lacking MHC
class Ta molecules were as competent as wild-type spleno-
cytes for activating three of the CD8 T-cell clones, 8sAgl,
8sAg2, 8sAg3; whereas 8uvmo-2 and 8uvmo-3 were not
significantly activated by antigen-pulsed naive splenocytes.
The majority of CD8 T-cell clones (three of five) were
not restricted by MHC class Ia.

The CDS8 clones have varying abilities to terminate
Chlamydia replication in epithelial cells

We have previously shown that Chlamydia-specific CD4
T-cell clones had varying abilities to terminate Chlamydia
replication in epithelial cells.** We similarly tested the
ability of the CD8 T-cell clones to terminate Chlamydia
replication in epithelial cells. C57epi.1 cells, untreated or
pre-treated with IFN-y, were infected with C. muridarum
at 3 IFU/cell. Four hours later the inocula were removed,
monolayers were washed, and T-cell clones were added to
each well at an effector to target ratio of ~ 0-75 : 1. Wells
were harvested at 32 hr after infection and recovered IFU
were quantified on McCoy monolayers (Fig. 4a,b).
8uvmo-2 and 8uvmo-3 were potent terminators of
C. muridarum replication, with or without IEN-y pre-
treatment of the epithelial monolayer. 8sAgl, 8sAg2, and
8sAg3 were entirely unable to control replication, and
IFN-y pre-treatment improved the efficiency of only
8sAg3, and that only modestly. Relative ability to termi-
nate C. muridarum replication did not correlate cleanly
with IFN-y produced during interaction with infected
epithelial cells (Fig. 4c). For the Chlamydia-specific CD4
T-cell clones previously studied, potent termination of
Chlamydia replication and relative independence from
IFN-y pre-treatment of epithelial monolayers correlated
with T-cell expression of Plac8. Total mRNA was isolated
from the CD8 T-cell clones, and from CD4 T-cell clones
uvmo-2 and spl4-10, serving as positive and negative con-
trols, respectively. All the CD8 clones had mRNA levels
of perforin comparable with that of the alloreactive T-cell
clone CD8bml; none of the CD8 T-cell clones had
detectable mRNA for Plac8 (Fig. 5).

The CDS8 clones have multifunctional cytokine
profiles including production of IL-13 by two clones

We investigated the cytokine profiles of the CD8 T-cell
clones using wells coated with anti-CD3 antibody. Super-
natants were collected at 24 hr and analysed for levels of

© 2014 John Wiley & Sons Ltd, Immunology, 142, 248-257
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Figure 3. Mapping the restriction element for the CD8 T-cell clones. (a) Irradiated (1000 rads) immune and naive splenocytes from C57BL/6
mice were pulsed with UV-inactivated Chlamydia muridarum (uvMoPn) and co-cultured without T-cell clone (No CD8 clone) and with non-spe-
cific bystander CD8bm1 T cells in quadruplicate. Supernatants were collected at 72 hr and levels of interferon-y (IFN-y) determined by ELISA.
CD8bm1 experimental wells were compared with the relevant ‘No CD8 clone’ control wells; mean IFN-y levels shown in parentheses. (b) CD8
T-cell clones were mock-activated and uvMoPn-activated with irradiated (1000 rads) naive C57BL/6 and K°D® knockout (KO) splenocytes anti-
gen-presenting cells. Supernatants were collected at 72 hr and levels of IFN-y were determined by ELISA. Data presented are aggregate data from
two independent experiments. IFN-y released by 8sAgl, 8sAg2 and 8sAg3 in response to uvMoPn-pulsed irradiated splenocytes was at least five-
fold higher than the bystander effect shown in (a). **P < 0-005; ***P < 0-0005
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Figure 4. CD8 T clone recognition and termination of Chlamydia muridarum replication in epithelial cells. (a) C57ep.1 epithelial cells, untreated
(a) or treated with IFN-y (10 ng/ml for 10 hr) (b), were infected with three inclusion forming units (IFU) C. muridarum per cell. After 4 hr the
inocula were removed, monolayers were washed then T cells were added. Wells were harvested 32 hr after infection; recovered IFU were quanti-
fied on McCoy monolayers. Top panels of (a) and (b) = experiment #1; bottom panels = experiment #2. For IFU values below 100 000, actual
recovered IFU are shown immediately above the data bars. (c) Supernatants in experiments #1 and #2 were collected immediately before harvest-
ing monolayers; interferon-y (IFN-y) levels were determined by ELISA. Aggregate data from experiments 1 and 2. ¥*¥P < 0-005; ***P < 0-0005.

IL-2, IL-10, IL-13, IL-17, IEN-y and TNF-o by ELISA
(Fig. 6a). All the clones produced significant amounts of
IFN-y and TNF-o, with varying amounts of IL-2; three
clones produced large amounts of IL-10, and two signifi-
cant amounts of IL-13; 8uvmo-2 made a trace amount of
IL-17. These multifunctional cytokine patterns do not fall
neatly into existing paradigms for CD8 T-cell cytokine
polarization.

© 2014 John Wiley & Sons Ltd, Immunology, 142, 248-257

Interleukin-13 has been shown to be detrimental to
clearance of C. muridarum as determined by genome copy
number in mouse lungs and genital tract.”® Because epithe-
lial cells including C57epi.1 express IL-13 receptors (data
not shown), we investigated whether IL-13 had a direct
effect on Chlamydia replication. C57epi.1 epithelial mono-
layers untreated and treated with TNF-o, IL-13 and TNF-«
plus IL-13, for 10 hr were infected with C. muridarum
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Figure 5. Chlamydia-specific CD8 T-cell clones express perforin but
not Plac8. Total mRNA was isolated from each of the T-cell clones
and tested for presence of f-actin, perforin and Plac8. In the bottom
panel, previously published Chlamydia-specific CD4 T-cell clones
uvmo-2 and uvmo-4 were included as positive and negative controls,
respectively, for the Plac8 RT-PCR. No RT, no reverse transcriptase
control. 2% agarose gel stained with ethidium bromide; image
inverted for presentation.

at 3 IFU/cell. After 25 hr the wells were harvested and
recovered IFU were quantified on McCoy monolayers
(Fig. 6b). Interleukin-13 modestly promoted C. muridarum
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replication in epithelial cells, and abrogated the negative
effect of TNF-o on replication.

Discussion

The role of CD8 T-cell subsets in protection and immu-
nopathology during Chlamydia genital tract infections is
unclear. Experiments using adoptive transfer of Chia-
mydia-specific CD8 T-cell lines and clones into chroni-
cally infected nude mice demonstrated that CD8 T cells
are capable of clearing genital tract infections.'”*” Subse-
quent research using knockout mice revealed that MHC
class II (class IT knockout) was critical while MHC class I
(f, microglobulin knockout) and CD4 (CD4 knockout)
were non-essential for clearing the genital tract.'® A fol-
low-up study using CD4 and CD8 depletions before sec-
ondary infectious challenge in B-cell-deficient mice
confirmed the importance of CD4 T cells and identified a
role for B cells in clearing C. muridarum from the genital
tract, while failing to show any protective effect of the
Chlamydia-specific CD8 T cells that were presumably
generated during the primary infection.”® Those studies
did not exclude the possibility that development of pro-
tective CD8 T-cell immunity is dependent on both CD4
T cells (MHC class II knockout mice) and antibody
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Figure 6. Cytokine profiles of the CD8 T-cell clones. (a) CD8 T-cell clones were activated with immobilized anti-CD3 antibody. Supernatants
were collected at 24 hr and indicated cytokine levels were determined by ELISA. Aggregate data from two independent experiments. (b) Interleu-

kin-12 (IL-13) facilitates Chlamydia muridarum replication in epithelial cells. C57epi.1 epithelial cells untreated, and treated with tumour necrosis
factor-o. (TNF-o (5 pg/ml), IL-13 (30 pg/ml) and TNF-a/IL-13 (5/30 ng/ml) for 10 hr then infected with C. muridarum at 3 inclusion forming
units (IFU) per cell. Monolayers were harvested 25 hr later; recovered IFU were quantified on McCoy monolayers. Aggregate data from six inde-

pendent experiments; **P < 0-005.
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(T-cell depletions in B-cell-deficient mice). An important
technical hurdle for derivation of CD8 T-cell clones in
this study was a requirement for immune splenocyte pre-
sentation of Chlamydia antigens; the two CD8 clones that
efficiently terminated C. muridarum replication in epithe-
lial cells recognized immune splenocytes but not naive
splenocytes pulsed with C. muridarum.

Although the mechanism underlying the immune
splenocytes requirement remains to be determined, it
probably involves one of two known antigen presentation
mechanisms. The first is an antigen concentrating mecha-
nism wherein specific antibody efficiently binds and deliv-
ers soluble antigen to the pH-dependent endosome/
lysosome exogenous pathway for MHC class II presenta-
tion. Rock et al. showed that B cells specific for the hap-
ten 2,4,6-trinitrophenyl (TNP) could activate an MHC
class II-restricted T-cell hybridoma with 1000-fold less
TNP-haptenated cognate antigen than could naive B
cells.” Similarly, IgG specific for tetanus toxoid (TT)
improved the efficiency of monocyte-derived dendritic
cell activation of TT-specific human CD4 T-cell clones by
100-fold.”® The second mechanism involves delivery of
exogenous antigen into an otherwise inaccessible MHC
class I presentation pathway. Murine dendritic cells could
not cross-present physiological concentrations of soluble
antigen to an MHC class I-restricted T-cell hybridoma,
but could cross-present IgG-complexed antigen via Fc
receptors to the same hybridoma; demonstrating a role
for IgG and Fc receptors in directing soluble antigen into
an otherwise inaccessible MHC class I presentation path-
way.”! Fc receptors and Chlamydia specific antibodies
have been shown to play a role in Chlamydia pathogene-
sis. Chlamydia-specific antibodies increase the ability of
naive splenocyte APC to activate purified immune T cells
to make IFN-y, and mice deficient in Fc receptors lose
their protection from secondary infection.”> Whether the
defect in secondary immunity is due to less efficient anti-
gen delivery into the exogenous MHC class II antigen
presentation pathway, or loss of an MHC class I cross-
presentation pathway, or both, or other, is not known.

The majority of Chlamydia specific CD8 T cells in this
report were not restricted by MHC class Ia molecules.
Because 8uvmo-2 and 8uvmo-3 were not activated by
naive splenocytes pulsed with UV-inactivated C. murida-
rum we were unable to determine their MHC restriction
elements. However, 8sAgl, 8sAg2 and 8sAg3 were suffi-
ciently activated by antigen-pulsed naive C57BL/6 and
K’D® knockout splenocytes to draw the conclusion that
they are not restricted by MHC class Ia molecules. This
finding in the mouse model is consistent with the finding
that the majority of Chlamydia-specific CD8 T-cell clones
isolated from humans with C. trachomatis infections were
not restricted by HLA class Ta molecules.'®"”

Relatively little is known about Chlamydia antigens rec-
ognized by CD8 T cells. Gervassi et al.”> showed that a

© 2014 John Wiley & Sons Ltd, Immunology, 142, 248-257
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human class Ia-restricted CD8 clone recognized OmcB,
and there is evidence for a human CD8 major outer
membrane protein epitope.’® In mice Capl, CrpA and
Pmpl were identified as containing CD8 epitopes using
mice infected intravenously or intraperitoneally with
C. trachomatis serovar 12.>>” A subset of murine CD8 T
cells specific for C. pneumonia recognized formylated bac-
terial peptides in the context of H2-M3, an MHC class Ib
molecule.”® Interestingly, a proteomic approach toward
identifying T-cell epitopes identified only a single C.
muridarum  peptide from amino acid permease
(TC_0653) associated with MHC class Ia molecules, while
multiple peptide epitopes were extracted from MHC class
II molecules.”® There is no information regarding C. tra-
chomatis or C. muridarum antigens recognized by non-
class Ia restricted CD8 T cells in humans or mice.

The CD8 T-cell clones in this study had widely varying
abilities to terminate C. muridarum replication in epithe-
lial cells. 8uvmo-2 and 8uvmo-3 were as potent as our
most potent Chlamydia-specific CD4 T-cell clones in a
previous study®’, while 8sAgl, 8sAg2, and 8sAg3 were
unable or inefficient at terminating replication, even when
the epithelial monolayers were pre-treated with IFN-y.
The greater efficiency of 8uvmo-2 and 8uvmo-3 did not
correlate cleanly with their relative production of IFN-y.
For Chlamydia-specific CD4 T-cell clones, potent termi-
nation of Chlamydia replication correlated with high
Plac8 and low perforin mRNA levels.*’ In this study all of
the CD8 clones expressed perforin and none had detect-
able Plac8 mRNA. Efficient termination of Chlamydia
replication by 8uvmo-2 and 8uvmo-3 is probably due
either to the previously described iINOS-dependent mech-
anism*"*? or to cytolysis of infected epithelial cells in the
non-infectious reticulate body stage of infection/replica-
tion (< 18 hr after infection for C. muridarum).

A surprising finding in this study was that two of the
five CD8 T-cell clones produced significant amounts of
IL-13 upon activation, along with IL-2, IFN-y, IL-10 and
TNF-o. Interleukin-13 has been shown to be detrimental
to C. muridarum clearance from lung and genital tract as
IL-13 knockout mice clear infections more quickly than
wild-type mice.”® Interleukin-10 is similarly detrimental
to C. muridarum clearance from lung, and is associated
with increased residual scarring.*>** CD8 T cells produc-
ing IL-10, IL-13 and TNF-« are interesting with respect
to immunopathology because in addition to a role for
IL-10 in scarring, the combination of TNF-« and IL-13 has
been shown to induce expression of transforming growth
factor-f3; in some cell types; this cytokine combination is
the underlying mechanism for bleomycin-induced pulmo-
nary fibrosis*® and trinitrobenzene sulphonic acid-induced
colonic fibrosis*® in mouse models. Interleukin-13 express-
ing CD8 T cells are thought to mediate immunopathology
in systemic sclerosis, a rheumatological disorder that
manifests as progressive scarring of skin.*’ It is reasonable
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to hypothesize that Chlamydia-specific CD8 T cells making
IL-10, IL-13 and TNF-o contribute to the CD8-mediated
immunopathology observed in experimental murine geni-
tal tract infections.

Previous studies in the C. muridarum mouse model
have shown that CD8 T cells are capable of mediating
bacterial clearance from the genital tract; however, on the
whole, CD8 T cells play a greater role in immunopathol-
ogy than in protection. This investigation using Chla-
mydia-specific CD8 T-cell clones revealed potential for
protection and immunopathology. CD8 T cells that may
mediate protection, represented by 8uvmo-2 and 8uvmo-
3, terminated C. muridarum replication in epithelial cells
and had a multifunctional cytokine profile that included
IFN-y and TNF-o. CD8 T cells that may contribute to
immunopathology, represented by 8sAgl and 8sAg3, were
not restricted by MHC class Ia, were relatively ineffective
at terminating C. muridarum replication in epithelial
cells, and had a cytokine profile including IL-10, TNF-«
and IL-13. Production of IL-13 did not cleanly identify
poor terminators of Chlamydia replication in epithelial
cells as IL-13"°® 8sAg2 was also ineffective. In this study
IL-13 modestly facilitated C. muridarum replication in
epithelial cells, consistent with published data showing
that IL-13 prolongs C. muridarum genital tract infec-
tions.”® More importantly, CD8/TNF-o immunopathology
has been shown to be a cytokine-mediated event unre-
lated to bacterial clearance.'” Because IL-13 and TNF-o
synergize to induce expression of the scarring-associated
cytokine transforming growth factor-f in some cell types,
IL-13 may play a role in CD8/TNF-o-mediated Chlamydia
immunopathology. A better understanding of CD8 T cells
producing IL-13 in the genital tract may provide useful
insights into Chlamydia-associated immunopathology.
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