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Mice with the type I interferon (IFN) receptor gene knocked out (IFNAR KO mice) or deficient for
alpha/beta IFN (IFN-o/f3) signaling clear chlamydial infection earlier than control mice and develop less
oviduct pathology. Initiation of host IFN-B transcription during an in vitro chlamydial infection requires
interferon regulatory transcription factor 3 (IRF3). The goal of the present study was to characterize the
influence of IRF3 on chlamydial genital infection and its relationship to IFN-[3 expression in the mouse model.
IRF3 KO mice were able to resolve infection as well as control mice, overcoming increased chlamydial
colonization and tissue burden early during infection. As previously observed for IFNAR KO mice, IRF3 KO
mice generated a potent antigen-specific T cell response. However, in contrast to IFNAR KO mice, IRF3 KO
mice exhibited unusually severe dilatation and pathology in the uterine horns but normal oviduct pathology
after infection. Although IFN-3 expression in vivo was dependent on the presence of IRF3 early in infection
(before day 4), the IFN-independent function of IRF3 was likely driving this phenotype. Specifically, early
during infection, the number of apoptotic cells and the number of inflammatory cells were significantly less in
uterine horns from IRF3 KO mice than in those from control mice, despite an increased chlamydial burden.
To delineate the effects of IFN-{3 versus IRF3, neutralizing IFN-{3 antibody was administered to wild-type (WT)
mice during chlamydial infection. IFN-f depletion in WT mice mimicked that in IFNAR KO mice but not that
in IRF3 KO mice with respect to both chlamydial clearance and reduced oviduct pathology. These data suggest
that IRF3 has a role in protection from uterine horn pathology that is independent of its function in IFN-f3

expression.

The obligate intracellular bacterium Chlamydia trachomatis
is the most common cause of sexually transmitted bacterial
infection in the world and can cause pelvic inflammatory dis-
ease and Fallopian tube pathology in women. The cellular
paradigm for immune-mediated pathology posits that cyto-
kines produced by persistently infected epithelial cells are nec-
essary and sufficient for the development of pathology during
chlamydial infection (49). This theory has generated interest in
characterizing the types and classes of genes upregulated dur-
ing infection (24, 39, 40, 54). In addition to expressing proin-
flammatory genes, such as those for interleukin 6 (IL-6) and
tumor necrosis factor alpha (TNF-a), infected cells upregulate
the type I IFNs (IFN-a and IFN-B), which can signal via the
common type I IFN receptor (IFN-a/BR) (29), leading to
subsequent induction of a broad assortment of interferon-stim-
ulatory genes (ISGs) (30). Using Chlamydia muridarum and
the mouse female genital tract infection models, our laboratory
demonstrated that signaling via IFN-«/BR was detrimental to
the host during infection, as mice with the gene for IFN-a/B
signaling knocked out (IFNAR KO mice) cleared infection
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sooner than wild-type (WT) mice and developed less oviduct
pathology (31). Similar observations were also reported for a
lung infection model using C. muridarum (38). These results
provide a strong rationale for defining how type I IFNs are
produced in the female genital tract and for determining the
role of upstream mediators of type I IFN during genital chla-
mydial infection.

A key difference in the expression of type I IFN genes from
that of proinflammatory cytokines like TNF-a and IL-1pB is
their regulation by interferon-regulatory factors (IRFs). The
IRF family of transcription factors consists of nine members
(reviewed in reference 46). Three of these transcription fac-
tors, namely, IRF3, IRF7, and ISGF3, have been characterized
as crucial contributors in the regulation of type I IFNs. IRF3 is
constitutively expressed in most cell types and, following acti-
vation, is phosphorylated and translocated to the nucleus. Nu-
clear IRF3 plays an important role in the initial transcriptional
upregulation of IFN-B in conjunction with AP-1 and NF-«B
(12, 25, 52). IRF7 is expressed at low levels inside most cell
types but can be induced severalfold following initial autocrine
or paracrine IFN-@ signaling (48). IRF7 and ISGF3 (a trimeric
complex composed of STAT1, STAT2, and IRF9) (14) bind to
promoters with interferon-sensitive response elements (21),
leading to induction of interferon response genes (IRGs) and
enhanced expression of IFN-$ (44). Unlike IRF3, which does
not upregulate IFN-a genes, IRF7 has been termed a master
regulator of type I IFNs because of its ability to regulate both
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the IFN-B and IFN-a genes (20). It is important to note that
IRF transcription factors also contribute to the transcription of
genes other than those for type I IFNs. Many genes that are
classified as IRGs can also be induced directly by IRF3 or
IRF7 in the absence of type I IFN (1, 11, 16, 17, 22, 50),
highlighting the flexible nature of these loosely defined cate-
gories. In addition to having a role as a transcription factor,
IRF3 plays an important role in cell death. Apoptosis has been
shown to require IRF3 during infection with multiple viruses
(15, 19, 22, 23, 35, 55). While it is possible that some virally
induced cell death is secondary to autocrine IFN-o/BR signal-
ing, in the cases of certain viral and nonviral stimuli, apoptosis
can occur via IRF3 directly, independently of the activities of
type I IFNs (13, 18, 41, 53). A number of proapoptotic genes,
such as those for Zacl, Daax, Erg2, and Scotin, are IRF3
dependent and IFN independent (2), suggesting potential di-
rect involvement of IRF3 in apoptosis.

The critical role of IRF3 in the induction of IFN- during
chlamydial infection has been demonstrated in vitro using mul-
tiple Chlamydia species in different cell types (4, 30, 36, 51).
However, the role of IRF3 during in vivo infection and its
IFN-independent functions during chlamydial infection have
not been explored. Using mice deficient for IFNAR, we have
shown that type I IFN signaling has a detrimental role during
infection with C. muridarum in the mouse genital tract (31).
However, it is difficult to pinpoint the relative contributions of
IFN-a and IFN-B to this phenotype. Identifying these contri-
butions is especially a problem with the multiple IFN-a sub-
types, which preclude the use of single-knockout mice or an-
tibody-mediated neutralization. Since IRF3 is required for
IFN-B expression in macrophages infected in vitro with C.
muridarum (36), it is expected that IFN-B expression during an
in vivo infection would also be IRF3 dependent. Therefore,
IRF3 KO mice may provide us with an opportunity to examine
the contribution of IFN-B to the phenotype of IFNAR KO
mice. With this prospect in mind, our goal in the present study
was to characterize the outcome of chlamydial infection in
IRF3 KO mice. In contrast to the previously stated hypothesis,
our results indicate that the IFN-independent functions of
IRF3 during in vivo genital infection outweigh its effect on
IFN- expression, indicating a surprising role for IRF3 in uter-
ine horn protection during chlamydial infection.

MATERIALS AND METHODS

Bacterial stocks and mouse strains. Chlamydia muridarum, “Nigg” strain, was
propagated in Mycoplasma-free McCoy cells grown in Dulbecco’s modified Ea-
gle’s medium (DMEM) supplemented with 100 wM nonessential amino acids
(Invitrogen), 2 mM r-glutamine (Invitrogen), 10% fetal bovine serum (FBS)
(Atlas Biologicals), 50 wg/ml gentamicin sulfate (Gemini Bioproducts), and 0.5
pg/ml cycloheximide (Sigma) as previously described (37). The infectious titer of
the stock was determined by infecting a fresh McCoy cell monolayer and calcu-
lating the number of inclusion forming units (IFU). Numbers of IFU from
experimental samples were calculated by infecting a fresh McCoy cell monolayer
in 96-well black plates using a previously published protocol (9). IRF3 KO (45)
(Stock number RBRCO00858) mice and IRF7 KO (20) (stock number
RBRC01420) mice in the C57BL/6 background were purchased from Riken
BioResource Center, Japan, and bred in-house. All C57BL/6 WT control mice
were purchased from Jackson Laboratory (stock number 000664).

In vivo mouse infections. Seven days prior to infection with C. muridarum, each
mouse received 2.5 mg of medroxyprogesterone (Depo-Provera) subcutaneously
in 100 wl of phosphate-buffered saline (PBS). Mice were anesthetized with
pentobarbital (Nembutal; 200 to 230 pl of a stock diluted 1:10 with PBS) and
infected by inoculating 1 X 10° IFU (unless otherwise noted in the figure
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legends) of C. muridarum in 10 pl SPG buffer (250 mM sucrose, 10 mM sodium
phosphate, 5 mM glutamic acid, pH 7.2) directly into the vaginal vault. For
experiments featuring antibody-mediated cytokine neutralization, mice were ad-
ministered 500 U (50 wl) of neutralizing rabbit polyclonal IFN-B antiserum
(Fitzgerald, Inc.) at day 0, after the urethra was pulled up with forceps and the
antibody injected into the vaginal tissue slowly. Another 100 wl (1,000 U) of
antibody was given intraperitoneally to each mouse. Mice were infected 5 h later
with an infectious dose of 3 X 10° IFU of C. muridarum. Control mice were given
an identical volume of control rabbit serum. Antibody administrations were again
performed at day 4 postinfection, when each mouse received 1,000 U intraperito-
neally. Mice from both groups were treated similarly with genital swabs for secre-
tions. All animal experiments were approved by the Institutional Animal Care and
Use Committee at the University of Arkansas for Medical Sciences.

Sample collection for IFU determination and cytokine analysis. Chlamydial
colonization was determined by swabbing the cervix and vaginal vault of infected
mice with a calcium alginate swab (Spectrum Medical Instruments) at various
times postinfection, and numbers of IFU were calculated as described earlier (9).
Additionally, genital secretions were collected throughout the duration of infec-
tion and subsequently processed for cytokine analysis (9). Briefly, mice were
anesthetized with pentobarbital, and absorbent sponges were placed into the
vagina for 30 min. Sponges were then removed and stored at —70°C until further
processing. Subsequently, cytokines were then eluted from the sponges with a
solution containing PBS, 0.5% bovine serum albumin (BSA), and 0.05% Tween
20. This procedure was performed with Spin-X centrifuge tubes (Fisher Scientific
number 07-200-385). Sponges were placed in the upper chamber of these tubes
in 350 pl of the elution solution and vortexed vigorously for 1 min. Elution was
allowed to occur on ice for a further 1 h. Finally, after a second vortexing,
samples were centrifuged at 10,000 X g for 5 min at 4°C.

Cytokine analysis. Enzyme-linked immunosorbent assay (ELISA) kits were
used to quantify the protein levels of IFN-B (PBL Biomedical Laboratories kit
number 42400-1), Cxcl10 (R&D Systems kit number SMCX100), and IFN-y
(R&D Systems kit number MIF00) in genital tract eluates. Optical densities were
measured at 450 nm using a BioTek plate reader. A Luminex-based bead array
(Milliplex MPX MCYTO-70K-04; Millipore) was used according to the manu-
facturer’s instructions to measure the levels of TNF-a, MCP-1, and IL-1.

Tissue processing for flow cytometry and IFU number determination. For
analysis of cell recruitment to the infected site or determination of chlamydial
burden in the tissue, infected WT and IRF3 KO mice were euthanized and their
genital tracts were excised on day 4 or 7 postinfection depending on the partic-
ular experiment. Lower genital tracts were defined as the area from the cervix to
the beginning of the uterine horn. Upper genital tracts were defined as the
uterine horns and oviducts. Isolated tissues were initially minced thoroughly with
surgical scissors and incubated individually in 0.5 ml of dispase (BD Biosciences)
for 30 min at 37°C while being rocked. These tissue and cell suspensions were
subsequently forced through a 70-wm nylon mesh filter by maceration with a
rubber stopper from a syringe. Cell populations were kept separate throughout
the remainder of the procedure and not pooled at any time. Red cells were lysed
by resuspending the cell pellet in a red blood cell (RBC) lysis solution (140 mM
NH,CI, 17 mM Tris, pH 7.4) for 5 min at 37°C, followed by neutralization with
RPMI medium. After centrifugation (350 X g, 5 min, 4°C), cells were resus-
pended in RPMI medium and passed through a second 70-pum nylon filter. These
samples were then used for immediate analysis by flow cytometry as described
below. Alternatively, for determination of IFU numbers in the tissue, cell sus-
pensions from the cervix were sonicated, centrifuged to remove debris, and used
to infect a fresh McCoy cell monolayer.

Cell analysis by flow cytometry. Single-cell suspensions (~10° cells) in PBS
supplemented with 0.5% BSA and 2 mM EDTA were incubated with Fc Block
(BD Pharmingen; clone 2.4G2) (5 wg/ml) for 10 min at 4°C. This was followed by
staining for 20 min on ice with the antibodies Ly-6G-fluorescein isothiocyanate
(FITC) (BD Pharmingen; clone RB6-8C5), F4/80-allophycocyanin (APC) (Bio-
legend, clone BM8), and CD45-peridinin chlorophyll protein (PerCP)Cy5.5 (BD
Pharmingen; clone 30-F11) at a titer of 0.25 pg/10° cells. As the Ly-6G-FITC
(clone RB6-8C5) antibody stains Gr-1 antigen (Ag) expressed on both neutro-
phils and macrophages, macrophages were identified as CD45" F4/80" Gr-1"
cells and neutrophils as CD45" F4/80~ GR-1" cells. Cells were also stained with
the combinations of corresponding fluorochrome-conjugated isotype control an-
tibodies. Cells were analyzed with a BD FACSAria flow cytometer. Analysis of
flow cytometry data was carried out using FlowJo software (Tree Star, Inc.).

Histopathology. WT control and IRF3 KO mice were sacrificed at day 4, 14, or
45 postinfection depending on the experiment, and their genital tracts were
excised and fixed in 10% buffered formalin for a minimum of 24 h. Subsequently,
the tissues were embedded in paraffin and longitudinal sections (4 wm) were
prepared and stained with hematoxylin and eosin. The sections were evaluated
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FIG. 1. IRF3 KO mice resolve a primary infection equivalent to that in WT mice despite elevated chlamydial burdens at early time points.
(A) Infection courses of WT control (n = 10) and IRF3 KO (n = 12) mice infected with 1 X 10° IFU of C. muridarum (P = 0.067, two-way
ANOVA). SD, standard deviation. (B) In an independent experiment, IFU measurements from day 4 postinfection in cervical lysates from
individual WT (n = 5) and IRF3 KO (n = 4) mice are represented. The line represents the mean, while each dot represents the value from an
individual mouse. An asterisk denotes a statistically significant difference (P < 0.05) as measured by a two-tailed ¢ test.

using a previously elaborated semiquantitative scoring system (10) by a veteri-
nary pathologist who was blind to the experimental design. Briefly, acute (with
the presence of polymorphonuclear leukocytes [PMNs]) and chronic (with the
presence of mononuclear cells, namely, lymphocytes and monocytes) inflamma-
tion, epithelial erosion, and dilatation were graded from 0 (absence of the
parameter) to 4 (severe lesion). Images were acquired using an Olympus BX40
microscope equipped with a Spot Insight 2 camera.

TUNEL staining. Terminal deoxynucleotidyl transferase dUTP nick end la-
beling (TUNEL) staining was performed as described previously (3), with some
modifications for the genital tract tissues. Genital tracts were excised at day 4
postinfection and fixed in 10% buffered formalin for 24 h on a piece of card-
board. The fixed tissues were washed twice in PBS and kept at 4°C. Samples were
dehydrated and embedded in paraffin using methyl benzoate (Sigma). Sections
were oriented longitudinally, and serial 4-um-thick sections were cut until the
uterine horn lumens were visible bilaterally. For staining, sections were dewaxed,
rehydrated in PBS, and processed for TUNEL assay using an in situ cell death
detection kit (Roche Diagnostics). Each section was probed with terminal de-
oxynucleotidyltransferase (TdT) and FITC-labeled precursor in cacodylate-
based buffer for 1 h at 37°C, rinsed with 0.05% Tween 20 in PBS 3 times, and
then mounted under a ProLong Antifade medium containing DAPI (4',6-di-
amidino-2-phenylindole; Invitrogen). Control sections in each slide were treated
the same way but did not include TdT for TUNEL specificity. Images were taken
using an Olympus IX-81 microscope, equipped with a Hamamatsu ORCA-ER
digital camera. Slide book 4.2 software was used for image capturing and anal-
ysis. Images were acquired following setting up of the baseline threshold for
control sections. For quantification, five images/horn (10 per mouse) were taken,
quantified, and averaged (n = 1). Five mice were used per group. Cells that
detached into the tube lumen were excluded from quantification. The areas of
total nuclear DNA (DAPI positive) and fragmented nuclear DNA (TUNEL
positive) in tube walls were masked and measured within each image. The results
are presented as percentages of the total nuclear DNA area that was TUNEL-
positive nuclear DNA, calculated for individual cells.

Chlamydial staining in paraffin-embedded sections. The sections were stained
with antichlamydial mouse serum at a 1:100 dilution and then with anti-mouse
Texas Red antibody (1:1,000). The staining protocol was similar to that of
TUNEL staining, and sections were mounted under a ProLong Antifade medium
containing DAPI (Invitrogen).

In vitro T cell proliferation. On day 7, 14, or 21 postinfection, WT and IRF3
KO mice were sacrificed and their iliac lymph nodes were harvested. These nodes
were individually macerated through a 70-pm mesh filter and brought into
single-cell suspensions at 2.5 X 10%ml in complete medium (RPMI media sup-
plemented with 10% FBS, 100 mM HEPES, 1 mM sodium pyruvate, 2 mM
L-glutamine, 100 wM nonessential amino acids, 50 wg/ml gentamicin sulfate, and
50 mM B-mercaptoethanol). In triplicate, 2.5 X 10° cells (100 wl) were added to
a 96-well plate with either 100 pl medium, 100 pl medium containing 5 pg/ml
concanavalin A (ConA), or 100 pl medium containing 5 pg/ml chlamydial anti-
gen. Chlamydial antigen was prepared by isolating C. muridarum elementary
bodies (EBs) from infected HeLa cells by Renografin centrifugation and UV
inactivation, as previously described (5). After 96 h, 20 ul of supernatants per well
was pulled and replaced with 20 .l alamarBlue. Fluorescence was read 24 h later on
a 96-well Synergy II plate reader (BioTek). Triplicate values were averaged to
determine the proliferation for each individual mouse. These values were then used

to calculate the means and standard deviations for the WT and IRF3 KO mouse
groupings. T cell proliferation supernatants were diluted 1:10 for IFN-vy analysis and
analyzed undiluted for IL-17 (R&D Systems kit number M1700).

Statistical analysis. Statistical comparison between the two mouse strains for
IFU quantification over the course of infection were made by a 2-way analysis of
variance (ANOVA) with the post hoc Tukey test as a multiple-comparison
procedure. The Fisher exact test was used for determination of significant dif-
ferences in the frequencies of hydrosalpinx observed in the two groups. For
analysis of pathology scores, the Mann-Whitney rank sum test was performed. A
two-tailed ¢ test was performed to analyze the significance of the differences in
levels of T cell proliferation, numbers of IFU taken on a single day, TUNEL
data, or percentages of cells recruited to the tissues of WT and IRF3 KO mice
infected with C. muridarum.

RESULTS

IRF3 KO mice display increased bacterial loads early dur-
ing infection, although the overall infection course is similar
to that of WT mice. In order to establish the role of IRF3
during chlamydial infection, female WT control and IRF3 KO
mice were infected in their genital tracts with C. muridarum.
IRF3 KO mice exhibited higher chlamydial colonization in
genital swabs from day 4 to day 7 than WT mice (Fig. 1A). To
further confirm that there is increased chlamydial colonization
early in infection, we examined numbers of IFU in cervical tissues
as described previously (32). IRF3 KO mice had nearly a log
increase in the number of chlamydial IFU (P = 0.0192) in lysates
prepared from lower genital tract tissues isolated at day 4 postin-
fection (Fig. 1B). However, increased early colonization in IRF3
KO mice was not maintained and they cleared infection at the
same rate as the WT mice (two-way ANOVA, P = 0.067) (Fig.
1A). These results suggest a necessary role for IRF3 in chlamydial
control early but not throughout the duration of infection. In
contrast to IRF3 KO mice, IRF7 KO mice exhibited no difference
in intensity or duration of infection from WT mice during the
entire course of infection (data not shown).

IRF3 KO mice exhibit increased pathology in the uterine
horns following chlamydial infection. At day 45 postinfection,
the genital tracts from infected WT and IRF3 KO mice were
excised. The incidences of oviduct hydrosalpinx were not sig-
nificantly different (P = 0.193) between the two study groups.
However, IRF3 KO mice exhibited more-severe gross pathol-
ogy in the uterine horns than WT mice, despite some variabil-
ity within each of the two populations. This observation was
visually manifested by cyst-like formations and increased to
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FIG. 2. IRF3 KO mice exhibit normal oviduct pathology but increased uterine horn pathology in comparison to WT controls. (A) Genital tracts
from a representative WT mouse and five IRF3 KO mice at day 45 postinfection from one of three independent studies. Median pathology scores
following histopathological examination of sections prepared from uterine horns (B) and oviducts (C) are graphed for each category. The
distributions of individual uterine horn scores are shown for dilatation (D) and chronic cell inflammation (lymphocytes/monocytes) (E). An asterisk
denotes a significant difference (P < 0.05) between WT and IRF3 KO groups, determined by the two-tailed Mann-Whitney test.

severe swelling in the horns of IRF3 KO mice (Fig. 2A). His-
topathological examination revealed a significantly higher me-
dian pathology score for dilatation (P = 0.030) and chronic
inflammation as determined by the presence of mononuclear
cells (lymphocytes and monocytes) (P = 0.032) in the IRF3
KO uterine horns (Fig. 2B) than in WT horns. There was no
significant difference in the scores for acute inflammation in
uterine horns, as measured by the presence of PMNs, in a
comparison of KO and WT mice (Fig. 2B). Additionally, there
were no significant differences between pathology scores for
the endocervix (data not shown) or oviducts (Fig. 2C) of WT
and IRF3 KO. Closer examination of the distribution of indi-
vidual uterine horn dilatation scores demonstrated that the key
difference between groups was a much greater probability for
individual IRF3 KO horns to possess the most severe pathol-
ogy score of 4 (10/24 horns) than for WT horns (0/18 horns)

(Fig. 2D). This type of distribution was also apparent for the
pathology scores for chronic inflammation (lymphocytes and
monocytes) in the uterine horn (Fig. 2E). The increased uter-
ine pathology was specific to IRF3 KO mice, since IRF7 KO
mice exhibited uterine horn and oviduct pathologies similar to
those of WT mice (data not shown).

To further understand the differential pathology between
WT and IRF3 KO uterine horns, sections were obtained from
infected mice at day 14 postinfection for histopathology. At
this time point, the IRF3 KO uterine horns are already starting
to display swelling and lobed structures. Histopathological ex-
amination at this time point indicated that all mice developed
granulomatous inflammation. Further, examination indicated
an increased incidence of nonneoplastic, reactive hyperplasia
due to proliferation and differentiation of uterine stromal cells
in the IRF3 KO mice (6 of 8 uterine horns), compared to that in
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FIG. 3. IRF3 KO uterine horns display enhanced stromal nonneoplastic hyperplasia. WT control (» = 5) and IRF3 KO (n = 5) mice were
infected with 1 X 10° IFU/ml of C. muridarum. Genital tracts were excised and processed for histopathology at day 14 (A to D) and day 45
postinfection (p.i.) (E to H). Representative images for WT and IRF3 KO mice are shown.

WT mice (1 of 10 uterine horns) (P < 0.01, using Fisher’s exact
test) (Fig. 3A to D). These structures also remain evident at day
45 postinfection in some IRF3 KO horns (Fig. 3E to H). It is of
importance to note that progesterone-treated uninfected IRF3
KO mice display no uterine horn pathology (data not shown),
suggesting that the observed phenotype is infection driven.
Genital tracts of IRF3 KO mice display reduced cellular
apoptosis early in infection. IRF3 has been suggested to play a
major role in apoptosis (53). Independently, mice lacking the

proapoptotic Bax protein display increased uterine horn pa-
thology during C. muridarum genital infection (34). To test if
there was a relationship between apoptosis and uterine horn
pathology in IRF3 KO mice, TUNEL staining was performed
on tissue sections obtained at day 4 postinfection. This time
point was chosen because early events can set the stage for
progressing pathology. TUNEL staining revealed significantly
reduced numbers of apoptotic cells in the uterine stromata of
IRF3 KO mice in comparison to WT mice (Fig. 4A). The
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FIG. 4. Reduced numbers of TUNEL-positive cells in the uterine horns but increased chlamydial infection in IRF3 KO mice in comparison to
WT mice at day 4 postinfection. WT control (7 = 5) and IRF3 KO (n = 5) mice were infected with 1 X 10° IFU/ml of C. muridarum. At day 4
postinfection, genital tracts were excised and processed for TUNEL as described in Materials and Methods. (A) Images acquired using a 10X
objective and a magnified section from a representative horn from each group are shown. Blue indicates DAPI-positive cells, and green indicates
nuclear DNA fragmentation by TUNEL staining. Numbers on the panel indicate the percentages of TUNEL-positive cells in the uterine horns as
determined from 10 images for each mouse (5 mice per group * standard error of the mean) (P = 0.019, unpaired ¢ test.) (B) Staining for
chlamydial antigen in adjacent sections shows inclusions in epithelial cells. Blue indicates DAPI-positive cells, and red indicates chlamydial staining
with antichlamydial mouse serum followed by Texas Red-conjugated anti-mouse antibody. A representative section is shown from each group at
two magnifications (X100 [left] and X400 [right]).
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FIG. 5. Cytokine levels in genital secretions of IRF3 KO mice. WT control (n = 5) and IRF3 KO (n = 6) mice were infected with 1 X 10°
IFU/ml of C. muridarum. IFN-B (A), Cxcl10 (B), IL-18 (C), TNF-a (D), IFN-y (E), and MCP-1 (F) protein were quantified in genital tract
secretions collected from infected mice at various times postinfection. Data for all panels represent the mean cytokine concentrations * the
standard errors of the means calculated from values obtained by assaying individual mouse secretions separately. An asterisk denotes a statistically
significant difference (P < 0.05) on the particular day postinfection between values for WT and IRF3 KO mice.

uterine epithelial cells did not show increased TUNEL staining
in either WT or IRF3 KO mice following infection (Fig. 4A).
The majority of TUNEL-positive cells were observed en-
trapped in the exudate in the lumen as expected (data not
shown). These data demonstrate a clear reduction in the num-
ber of apoptotic cells in the uterine stromata of IRF3 KO
compared to WT mice early in infection.

To determine if there was a relationship between TUNEL
staining and chlamydial infection, sections adjacent to the ones
used for TUNEL were stained using antichlamydial mouse
serum. As expected, chlamydial staining was restricted to epi-
thelial cells in all tissues (Fig. 4B). However, unlike the WT
sections, which showed intermittent staining for chlamydiae,
IRF3 KO sections displayed continuous staining along the
epithelia (Fig. 4B). These data are in agreement with the tissue
IFU data indicating elevated colonization in the IRF3 KO
mice at the same time point (Fig. 1B). Additionally, the integ-
rity of the epithelial cells was well maintained in IRF3 KO
mice but not in the WT controls. Together, these data suggest
that increased early infection, along with decreased apoptosis
in IRF3 KO mice, likely contributes to the increased hyper-
plasia of uterine stromal cells observed at day 14 postinfection
(Fig. 3). Tissue sections obtained at day 14 postinfection
showed a similar trend of reduced TUNEL staining in IRF3

KO uterine horns, but infection levels were comparable be-
tween WT and IRF3 KO uterine horns (data not shown).
IRF3 KO mice express less IFN-B and IRGs early during
infection. The two major phenotypes in IRF3 KO mice follow-
ing chlamydial infection are the early increased bacterial load
and the unusual uterine pathology. As a first step to explore
this phenomenon further, we addressed the possible mecha-
nism behind the increased bacterial load at day 4 postinfection.
Since IRF3 is theorized to be essential for the initial IFN-3
induction, but possibly not for later IFN-f expression due to
compensation from IRF7, the most plausible early candidates
are IFN-B and IFN response genes. Cytokine expression in
genital tract secretions from infected animals was analyzed in
order to test the hypothesis that expression of these genes was
altered in the absence of IRF3. IFN-B was present in detect-
able quantities only at early time points (Fig. 5A). Expression
of both IFN-B (P = 0.018) and Cxcl10 (P = 0.026) was signif-
icantly decreased in the absence of IRF3 (Fig. 5A and B).
Importantly, the role of IRF3 in cytokine expression was not
universal. Levels of IL-1B8 (Fig. 5C) and TNF-a (Fig. 5D) in
genital tract secretions were unaltered during the course of
infection in the absence of IRF3, except at day 4 postinfection,
when both were significantly decreased in the IRF3 KO mice.
IFN-B expression can influence IFN-y levels (43); therefore,
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IFN-vy levels were examined in genital secretions. IFN-y levels
were significantly reduced at day 2 postinfection in IRF3 KO
mouse genital secretions but regained normal levels rapidly
(Fig. SE). In contrast, MCP-1 levels were found to be increased
in IRF3 KO mouse genital secretions after day 6 postinfection
(Fig. 5F). As IFN-B can impair chlamydial growth in tissue
culture cells (42), decreased IFN-B combined with reduced
early IFN-y expression may have resulted in increased chla-
mydial burden early in infection.

IRF3 KO mice experience delayed recruitment of immune
cells to the upper genital tract. Differential expression of host
chemokines and differential chlamydial burdens may alter the
initial recruitment of immune cells to the site of infection.
Additionally, to decipher the possible mechanism of uterine
horn pathology, immune cell infiltration to the lower genital
tract was analyzed by flow cytometry. Recruitment of CD45"
immune cells to the cervix at day 4 postinfection was normal in
IRF3 KO mice (data not shown). In contrast, at this same time
point, in the uterine horn, there was a significantly decreased
percentage of infiltrating CD45% cells (P = 0.0286), corre-
sponding to fewer Ly6G™ neutrophils (P = 0.0411) and fewer
F4/80" macrophages (P = 0.0294) (Fig. 6A to C) in the IRF3
KO mice than in WT mice. It is important to note that this
impairment was only temporary, as normal recruitment to the
same tissue site was observed at day 7 (Fig. 6) and day 14 (data
not shown) postinfection. These data demonstrate that despite
higher infection levels in IRF3 KO mice at day 4 postinfection,
there was actually reduced infiltration of both macrophages
and neutrophils. Alternatively, the increased infection at day 4
postinfection may have been a result of delayed recruitment of
inflammatory cells.

The absence of IRF3 leads to increased basal and antigen-
specific proliferation in T cells derived from infected animals.
Despite increased bacterial colonization early on, IRF3 KO
mice go on to clear infection at a normal rate. To understand
the normal clearance of infection in IRF3 KO mice, we tested
the Ag-specific T cell proliferation in the iliac lymph nodes of
IRF3 KO mice. It should be noted that IFNAR KO mice
infected with C. muridarum exhibit enhanced chlamydia-spe-
cific T cell proliferation compared to controls in response to
chlamydial antigen (31). To determine if IRF3 contributes to
this response, T cell proliferation was analyzed at days 14 and
21 postinfection (Fig. 7A and B). As with the IFNAR KO mice,
T cells from infected IRF3 KO mice exhibited a trend toward
increased proliferation in response to chlamydial antigen, es-
pecially at day 21 postinfection (Fig. 7B), when the difference
became statistically significant between the two groups (P =
0.047). Additionally, the IRF3 KO T cells displayed an in-
creased proliferation with no antigenic stimulation (medium
control) at day 14 postinfection (P = 0.0308) (Fig. 7A)
compared to WT control T cells. To determine the nature of
the T cell response in IRF3 KO mice, the supernatants from
T cell cultures stimulated ex vivo with chlamydial antigen
were analyzed for IFN-y and IL-17 secretion. Both IFN-y
(Fig. 7C and D) and IL-17 (Fig. 7E and F) levels were
significantly increased in culture supernatants from IRF3
KO T cells compared to those from WT cells. This increase
was observed in both ConA- and chlamydial-antigen-stimu-
lated T cell supernatants, suggesting an overall increase in
Thl and Th17 responses in IRF3 KO mouse genital tracts.
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FIG. 6. Recruitment of immune cells to the uterine horns is de-
layed in IRF3 KO mice. WT control and IRF3 KO mice (three mice
per group) were infected with 1 X 10° IFU/ml of C. muridarum.
Genital tract tissues from individual mice were isolated and processed
for flow cytometry as described in Materials and Methods at days 4 and
7 postinfection. The percentage of CD45™ cells (A), CD45" Ly6G*
neutrophils (B), and CD45" F4/80" macrophages (C) were calculated
for upper genital tract tissues by flow cytometric analysis. For all
panels, dots represent data points calculated for tissue derived from
individual mice. The line represents the mean. Statistically significant
differences as measured by a two-tailed ¢ test are indicated.

Together, these data suggest a temporal role for the IRF3-
dependent IFN-B response. As a consequence, in IRF3 KO
mice, the innate defect that leads to early increased bacte-
rial colonization is compensated for by improved T cell
function, leading to normal clearance.

The in vivo effect of IRF3 deficiency is independent of IFN-f3.
Overall, IRF3 KO mice resemble IFNAR KO mice with re-
spect to their cytokine profile (low Cxcl10) and increased T cell
proliferation but differ from the IFNAR KO mice with respect
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FIG. 7. IRF3 KO T cells display increased intrinsic and chlamydial-antigen-specific T cell responses during infection. WT control and IRF3 KO
mice were infected with 1 X 10° IFU/ml of C. muridarum. liac lymph node cells were isolated from WT and IRF3 KO mice at days 7, 14, and
21 postinfection (four mice per group). Cells were stimulated in vitro with either medium, the T cell mitogen ConA, or C. muridarum antigen (CM
Ag). Proliferation was quantitated using alamarBlue, and data for all panels represent the mean fluorescence * the standard deviation calculated
from values obtained by assaying T cell proliferation from cells derived from individual mice. Data from day 14 (A) and day 21 (B) postinfection
are shown. T cell proliferation supernatants were diluted 1:10 for IFN-y analysis (C and D) and assayed directly for IL-17 (E and F). *, P < 0.05;

wx, P < 0.01, as measured by a ¢ test.

to infection course and pathology. To distinguish the effect of
IRF3 from that of IFN-B signaling, WT mice were infected in
the presence of either an IFN-B-neutralizing antiserum or pre-
immune serum. Mice receiving the neutralizing antibody re-
solved infection faster than the control group (P = 0.03) (Fig.
8A) and exhibited a decreased incidence of hydrosalpinx (8/10
oviducts versus 2/10 oviducts; P = 0.023) (Fig. 8B). Overall,
this reduction in pathology indicates that IFN-3 is the major
contributor to the phenotype of IFNAR KO mice. Further,
IFN-B-depleted mice show no exacerbated uterine horn pa-
thology, suggesting that IRF3, and not IFN-B, may play a
special role in regulating uterine mucosal inflammatory re-
sponses during infection.

DISCUSSION

IFNAR KO mice experience a shortened course of infection
and decreased pathology in the oviducts, suggesting that type I
IFNs have a detrimental role in the mouse female genital tract
during C. muridarum infection (31). IFN-B expression in mac-
rophages infected in vitro with C. muridarum requires the tran-
scription factor IRF3 (36), implying that IRF3 might also be a
key player during infection in the genital tract. This inquiry led
us to examine how IRF3 regulates the expression of IFN-3 in
vivo and how mice lacking IRF3 respond to infection with C.
muridarum. Surprisingly, IRF3 KO mice did not resemble
IFNAR KO mice in infection course and in genital tract pa-



VoL. 79, 2011

IRF3 PROTECTS UTERINE HORN DURING CHLAMYDIAL INFECTION 3931

A, B
] —@— Rabbit IgG 100 4
5] O IFNpAb 2 ] eno
] £ 80+
] 8 ]
E 4 ] 1
E ] = 60
T £ ]
o 31 g ]
T 8 404 p=0.023
S 2] E ]
. = ] 2110
] 8 204
1] e 7
] o ]
04 0- .
N EETEETEETEE AR Rabbit IgG IFNB Ab

Days post infection

FIG. 8. IFN-B neutralization leads to earlier clearance of C. muridarum. C57BL/6 mice (10 mice per group) were depleted of IFN-B by injection
of IFN-B polyclonal antiserum (Fitzgerald) or preimmune serum before infection or on day 4 postinfection (p.i.), respectively. Infection courses
were monitored by IFU quantitation (A). Data represent the mean log,, number of IFU/ml * the standard error of the mean. Significance was
determined by two-way ANOVA (P = 0.03). *, P < 0.05; #*, P < 0.01, by one-way ANOVA. (B) Mice were sacrificed at day 45 postinfection, and
the incidence of hydrosalpinx development was recorded. An asterisk represents a statistical difference as measured by the Fisher exact test (P =

0.023). Ab, antibody.

thology, suggesting an IFN-B-independent role for IRF3 in
host protection during infection.

Expression of IFN-B was largely reliant on IRF3 during day
1 to day 4 of infection of the female genital tract (Fig. 5A). This
lack of early IFN-B induction in IRF3 KO mice also results in
decreased levels of the IRG Cxcl10 (Fig. 5B). The amount of
Cxcl10 approaches wild-type levels in the absence of IRF3 as
the infection progresses, possibly due to the contribution of
IFN-v, another known inducer of Cxcl10 (27). The diminished
cytokine expression was specific to IFN-B and Cxcl10, as ex-
pression of genes such as those for IL-1f and TNF-a were
largely unaltered in the IRF3 KO mice, except at day 4 postin-
fection (Fig. 5C and D), at which point inflammatory cell
recruitment was also reduced (37). However, compensatory
mechanisms seem to restore inflammatory cell recruitment to
normal levels by day 7 postinfection, suggesting that the ma-
jority of the innate IRF3 effects are observed only early in
infection.

In agreement with IFNAR KO mice, IRF3 KO mice exhib-
ited increased chlamydial-antigen-specific T cell proliferation
at later time points (Fig. 7B), which could be the reason for the
normal clearance of chlamydial infection despite increased
early bacterial burden. Additionally, increased secretion of
IL-17 and IFN-y were observed in IRF3 KO in comparison to
WT mouse T cell supernatants, suggesting enhanced Thl and
Th17 responses. Recently, it was shown that IL-17 KO mice
have a compromised Th1 response during C. muridarum infec-
tion (47), suggesting that elevated IL-17 may contribute to the
enhanced Th1 response in IRF3 KO mice.

In contrast to IFNAR KO mice, IRF3 KO mice did not
display a shortened course of infection. The presence of in-
creased uterine pathology in the IRF3 KO mice also contra-
dicted the observed phenotype of the IFNAR KO mice (31). It
should be noted that this exacerbated pathology in IRF3 KO
mice was observed in the uterine horns, while pathology in the
oviducts was found to be similar to that of WT mice. Overall,
the divergence in phenotype between the IRF3 KO and
IFNAR KO mice suggests two possible interpretations. The

first possibility is that IRF7 can compensate for the loss of
IRF3, as was seen when IRF7 was overexpressed by the addi-
tion of exogenous IFN-B (36). However, the finding that IRF7
KO mice showed no difference from WT mice with respect to
chlamydial clearance or the development of pathology does
not support this interpretation. A second alternative is that
IRF3 exerts IFN-B-independent roles during infection. IRF3
can upregulate immunologically relevant genes, such as those
for IFN-A, RANTES, ISG56, ISG54, TRAIL, Arginase II, and
IL-27p28 (16, 17, 22, 26, 28, 50), independently of the actions
of type I IFNs, while IRF7 can upregulate MxA, TRAIL, and
Cxcl10 in an IFN-independent manner in plasmacytoid den-
dritic cells (DC) (11). An important IFN-independent effect of
IRF3 in response to pathogens was similarly observed in a
study using IRF3 KO mice infected with West Nile virus (8).
The study showed impaired control of infection in the IRF3
KO mice despite normal levels of systemic type I IFN (8).
Because IRF3 regulates many host genes in addition to IFN-
(2), the infection phenotype of the IRF3 KO mice includes the
effect of losing all these other gene products in addition to
IFN-B. A recent study identified 35 genes with known func-
tions that were upregulated during infection with Newcastle
disease virus in an IRF3-dependent but IFN-B-independent
manner (2). Several more genes were similarly regulated but
had no known function. Therefore, loss of a theoretically ben-
eficial gene may counterbalance the effect of losing the detri-
mental type I IFNs.

Independently of its role in gene regulation, IRF3 has re-
cently been directly linked to promoting cell death by binding
to and activating the proapoptotic Bax protein, using its newly
identified BH3 domain, resulting in Bax translocation to mi-
tochondria and initiation of the intrinsic apoptotic pathway (7).
It is intriguing to speculate that the early alteration in apop-
tosis might set the stage for the development of the increased
pathology that was seen in the uterine horns of IRF3 KO mice.
In that context, the genital tracts of infected IRF3 KO mice
displayed significantly fewer TUNEL-positive cells than those
of WT mice at day 4 postinfection. The TUNEL-positive cells



3932 PRANTNER ET AL.

were observed in the uterine stroma. There was no increased
TUNEL staining in the epithelial cells, although it is quite
possible that TUNEL-positive infected cells are no longer at-
tached to the uterine stroma. Furthermore, at this time point,
IRF3 KO mouse uterine horns, with strikingly healthy epithe-
lial cells, were heavily infected with chlamydiae compared to
WT uterine horns. The observation of hyperplasia in the uter-
ine stromal cells in IRF3 KO mice by day 14 postinfection also
suggests an inverse relationship between apoptosis and hyper-
plasia. The stromal cells play an important role in the replace-
ment of infected epithelial cells that are shed following infec-
tion. It is likely that in the absence of normal apoptosis and
with a lack of specific signaling from infected epithelial cells in
IRF3 KO mice, an enhanced reaction of the stromal cells is
observed during infection. Interestingly, mice lacking the pro-
apoptotic protein Bax also exhibit worse pathology in their
uterine horns (34), supporting the possibility that altered cell
death along with increased infection could be the basis of
exacerbated pathology at this site. It is important to note that
it was recently discovered that the construction of IRF3 KO
mice also resulted in the deletion of the gene of a BCL-2 family
member with unknown function, BCL-2L12, which was carried
in the other strand (33). Certain apoptotic phenotypes in cells
derived from these mice were subsequently attributed to the
loss of the latter gene and not that of IRF3 (33). It is also
important to clarify that this finding does not pertain to the
majority of studies showing that IRF3 plays a role in cell death,
which did not use these KO mice. Therefore, either or both of
the deleted genes may conceivably cause any cell death phe-
notype present in this mouse. In addition to having a proapo-
ptotic role, IRF3 may play a direct role in the induction of
specific chemokines necessary for selectively modulating re-
cruitment of macrophages and PMNs, as observed during
Pseudomonas aeruginosa lung infection (6). As a result, de-
creased or delayed recruitment of inflammatory cells may re-
sult in increased infection at early time points, setting the stage
for uterine pathology. The subsequent development of an el-
evated Thl response in IRF3 KO mice compensates for this
initial impairment and results in normal infection clearance.
Antibody-mediated neutralization of IFN-B in WT mice was
performed to further distinguish the effects of IFN-B and
IRF3. Importantly, mice administered neutralizing antibody
exhibited more-rapid clearance and decreased incidence of
hydrosalpinx, mirroring the IFNAR KO phenotype (31). The
faster clearance kinetics seems to run counter to the demon-
strated antichlamydial role of IFN-B during growth in tissue
culture (42). However, it hints that IFN-B may play distinct
temporal roles during infection. Early production may aid in
limiting chlamydial burden. This early production would help
to explain the increased numbers of IFU seen at day 4 postin-
fection in the genital tract tissues of IRF3 KO mice. However,
IFN-B produced later during infection that acts on T cells
limits their activity. Ultimately, the infection course is deter-
mined by both the detrimental and beneficial roles of IFN-f.
Overall, these IFN-B neutralization experiments suggest that
IFN-B contributes more than the IFN-a genes to the IFNAR
KO phenotype. Further, they support the interpretation that
the delayed immune response and exacerbated pathology seen
in the uterine horns of IRF3 KO mice are caused by an IFN-
B-independent role that IRF3 plays in apoptosis. It remains to
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be determined whether the delayed immune response and
exacerbated pathology occur by distinct mechanisms or
whether they are intertwined.
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