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Chlamydia trachomatis infection induces a wide array of inflammatory cytokines and chemokines, which may
contribute to chlamydia-induced pathologies. However, the precise mechanisms by which Chlamydia induces
cytokines remain unclear. Here we demonstrate that the proinflammatory cytokine interleukin-lae (IL-1cx)
plays an essential role in chlamydial induction of the chemokine IL-8. Cells deficient in IL-1x expression or
IL-1a-competent cells treated with IL-1a-specific small interfering RNA failed to produce IL-8 in response to
chlamydial infection. However, neutralization of extracellular IL-1« or blockade of or deficiency in type I IL-1
receptor (IL-1RI) signaling did not affect chlamydial induction of IL-8 in cells capable of producing IL-1c.
These results suggest that IL-1a can mediate the chlamydial induction of IL-8 via an intracellular mechanism
independent of IL-1RI, especially during the early stage of the infection cycle. This conclusion is further
supported by the observations that expression of a transgene-encoded full-length IL-1a fusion protein in the
nuclei enhanced IL-8 production and that nuclear localization of chlamydia-induced precursor IL-1a corre-
lated with chlamydial induction of IL-8. Thus, we have identified a novel mechanism for chlamydial induction

of the chemokine IL-8.

Chlamydia trachomatis is an obligate intracellular bacterial
pathogen consisting of more than 15 different serovars, desig-
nated A to L, including Ba, L1, L2, and L3 plus various sub-
types. Different serovars cause different diseases in humans,
with serovars A to C infecting human eyes, potentially leading
to preventable blindness (59), and serovars D to K infecting
the human urogenital tract, which, if left untreated, can cause
severe complications (54). The L serovars, also known as lym-
phogranuloma venereum serovars, are more invasive than
other urogenital serovars and often cause disseminated dis-
eases. The L2 serovar has recently caused several outbreaks in
humans (3, 51). Despite their differences in tissue tropism and
invasiveness, all C. trachomatis serovars undergo a common
intracellular biphasic growth cycle (21). A typical infection
starts with the entry of elementary bodies (EBs), the infectious
form, into host cells via endocytosis (27). The internalized EBs
within the endosomal vacuole can rapidly differentiate into
reticulate bodies, the metabolically active but noninfectious
form of chlamydial organisms. After numerous rounds of rep-
lication, the reticulate bodies can differentiate back into EBs
prior to spreading to adjacent cells. All Chlamydia species can
accomplish their entire biosynthesis, replication, and differen-
tiation within the cytoplasmic vacuole (also termed inclusion).
Depending on the species and serovar/strain, it can take 1 to 3
days to complete an infection cycle. Although the exact mo-
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lecular mechanisms of chlamydial exit during natural infection
are still poorly understood, it is clear that Chlamydia species
can use two distinct pathways, including cell lysis and extrusion,
to leave infected host cells, at least in in vitro cell culture
systems (28).

During intravacuolar growth, chlamydial organisms have to
interact with host cells across the inclusion membrane for both
import of nutrients and metabolic intermediates from host
cells (22, 58) and secretion of chlamydial factors into host cells
(66). Furthermore, chlamydiae can actively manipulate host
signal pathways (15, 19, 58, 64). As a result of Chlamydia-host
interactions, host cell genes coding for inflammatory cytokines
and chemokines are often activated. During chlamydial infec-
tion in animals and humans as well as in cell culture systems, a
wide array of inflammatory cytokines and chemokines, includ-
ing interleukin-la (IL-1a), IL-1B, IL-6, IL-18, tumor necrosis
factor alpha, beta interferon (IFN-B), IL-8, and CXCL9 and
-10 (5, 11, 16, 18, 34, 36, 39, 46), are produced, which is thought
to contribute to Chlamydia-induced pathologies (56). How-
ever, the precise mechanisms by which Chlamydia species in-
duce each of these cytokines remain unknown. The current
study focuses on the mechanism of Chlamydia-induced pro-
duction of IL-8, a chemokine responsible for the recruitment
of leukocytes to the site of infection.

It is known that IL-8 expression can be regulated by IL-1 (1,
9, 29, 30, 50, 63). The IL-1 family consists of 10 different
members (41, 60), including the two dominant agonists IL-1a
and -B and the IL-1 receptor antagonist (IL-1RA). IL-1a and
-B and IL-1RA can compete for binding to the cell surface type
I and II IL-1 receptors (IL-1RI and IL-1RII). However, only
IL-1RI, not IL-1RII, is functional because IL-1RII lacks a
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cytoplasmic domain and is thus unable to transmit signals to
downstream steps (4). The functional IL-1RI, once triggered
by the agonist IL-1a or -B, can induce IL-8 expression via
signaling pathways leading to the activation of the IL-8 pro-
moters recognized by various transcriptional factors, such as
AP-1, NF-IL-6 (C/EBPR), and NF-«B (9, 29, 30, 38, 43, 48, 50,
63). The agonistic effects can be blocked by either competitive
binding of IL-1RA to the ligand binding site in IL-1RI or
neutralization of the agonists with neutralization antibodies or
soluble receptors. The agonists IL-1a and -B are synthesized as
precursor molecules and then processed into mature/active
proteins for secretion into the extracellular space (20, 23, 44).
Interestingly, only the IL-la precursor, not that of IL-1pB, is
biologically active. A bona fide nuclear localization sequence,
KVLKKRR, was identified in the N-terminal prodomain of
IL-1a, and full-length precursor IL-la molecules were fre-
quently detected in the nucleus (62). It has been shown that
nucleus-localized IL-la can indeed exert various biological
functions (31, 32, 35, 37, 45, 49, 57, 61). Thus, in addition to
activating cell surface IL-1RI-mediated signaling pathways,
IL-1a can also function via intracellular pathways, independent
of the cell surface receptor.

Although IL-1a is known to participate in the amplification
of inflammatory responses and directly contribute to IL-8 pro-
duction during microbial infection (5, 9, 13, 46), it is not clear
whether the intracellular precursor IL-1a signaling mechanism
is involved in pathogen infection-induced inflammation. In the
current study, we investigated the role of IL-1a intracellular
signaling in C. trachomatis induction of IL-8. We found that
cells unable to produce IL-1a failed to produce IL-8, while
blocking of IL-1R-mediated signaling in cells capable of pro-
ducing IL-1a did not affect chlamydial induction of IL-8 pro-
duction. Furthermore, IL-1a was detected in the nuclei of
Chlamydia-infected cells, and plasmid-encoded full-length
IL-1a expression in the nucleus enhanced IL-8 production.
Taken together, these observations suggest that chlamydial
induction of IL-8 requires IL-1a to signal via an intracellular
pathway independent of IL-1R.

MATERIALS AND METHODS

Chlamydial infection. C. trachomatis serovar L2 organisms were used through-
out the current study. Host cells, including HeLa (human cervical carcinoma
epithelial cells; ATCC), SiHa (human cervical carcinoma epithelial cells;
HTB35), Hep2 (human cervical epithelial cells with HeLa markers [although
initially thought to be derived from the human larynx]; CCL-23), HT-29 (human
colorectal adenocarcinoma epithelial cells; HTB-38), HGF (human gingival fi-
broblast cells; CRL2014), and 293T (human kidney epithelial cells; CRL-11268)
cells, were all obtained from ATCC (Manassas, VA) and maintained in
Dulbecco’s modified Eagle’s medium (Gibco BRL, Rockville, MD) with 10%
fetal calf serum (Gibco BRL) at 37°C in an incubator supplied with 5% CO,. The
cells were grown in 6-, 24-, or 48-well plates, with (for immunofluorescence
assay) or without (for enzyme-linked immunosorbent assay [ELISA] measure-
ments of cytokines) coverslips, or in tissue culture dishes/flasks (for reverse
transcription-PCR [RT-PCR] and ELISA). Wild-type (wt) C57BL/6j mice (stock
number 000664), mutant mice deficient in IL-1RI (B6.129S7-IL1r1"™!"™%/J; stock
number 003245), wt NOD/LtJ mice (stock number 001976), and mutant mice
deficient in IL-/a (NOD.NOR-IL-1a-Pena/Lt]; stock number 003051) were all
obtained from Jackson Laboratory (Bar Harbor, ME). Macrophages (Mds) were
collected from the mouse peritoneal cavity following a previously described
protocol (69). Briefly, the mouse peritoneal cavity was injected with 5 to 10 ml
cold phosphate-buffered saline, using a 27-gauge needle. After gentle massage,
the solution was withdrawn from the mouse peritoneal cavity by use of a 20-
gauge needle. After enumeration of the total number of viable cells, the perito-
neal cavity-derived cells were resuspended in RPMI 1640 with 10% fetal calf
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serum, and 2 X 10° cells were added to each well of 48-well plates. The plates
were incubated at 37°C for 2 h in a CO, incubator to allow macrophages to
adhere. After nonadherent cells were washed away, fresh medium was added to
each well for continued incubation. All cell samples, regardless of the cell type,
were cultured overnight prior to chlamydial inoculation. Chlamydial organisms
diluted in cell growth medium were inoculated directly onto the cell monolayers.
A multiplicity of infection of 5 was used to infect all cell samples, except that a
multiplicity of infection of 1 was used to infect cells grown on coverslips for the
immunofluorescence assay. The cell samples, with or without infection, were
cultured at 37°C in a CO, incubator. In some cases, the cultures were also
transfected with small interfering RNA (siRNA) (see below) or treated with a
recombinant human IL-1a antibody (19601V; final concentration, 5 ng/ml) (BD
Pharmingen, San Diego, CA), a goat anti-human IL-1a neutralization antibody
(AF-200-NA; 2 pg/ml), and/or the IL-IRA (280-RA; 500 ng/ml) (both from
R&D Systems, Inc., Minneapolis, MN). Finally, the cell samples were processed
at various time points after infection, as indicated in individual experiments, for
the various measurements listed below.

RT-PCR. Host cells with or without chlamydial infection were harvested at
various time points postinfection for extraction of RNA, using an RNA extrac-
tion and purification kit from Invitrogen (Carlsbad, CA). The RNA samples were
reversely transcribed into cDNA by using a random hexamer primer, and the
c¢DNA transcripts were amplified by PCR using the following gene-specific prim-
ers: 5'-GTCTCTGAATCAGAAATCCTTCTATC-3' (forward primer for hu-
man IL-1a), 5'-CATGTCAAATTTCACTGCTTCATCC-3' (reverse primer for
human IL-1a to generate a 420-bp product), 5'-AAACAGATGAAGTGCTCC
TTCCAGG-3' (forward primer for human IL-1B), 5'-TGGAGAACACCACTT
GTTGCTCCA-3’ (reverse primer for human IL-1B to generate a 390-bp prod-
uct), 5'-ATGACTTCCAAGCTGGCCGTGGCT-3' (forward primer for human
IL-8), 5'-TCTCAGCCCTCTTCAAAAACTTCTC-3’ (reverse primer for human
IL-8 to generate a 289-bp product), 5'-ATGAACTCCTTCTCCACAAGCGC-3’
(forward primer for human IL-6), 5'-GAAGAGCCCTCAGGCTGGACTG-3’
(reverse primer for human IL-6 to generate a 628-bp product), 5'CTACAATG
AGCTGCGTGTGG-3' (forward primer for B-actin), and 5’AAGGAAGGCTG
GAAGAGTGC-3' (reverse primer for B-actin to generate a 528-bp product). All
oligonucleotide primers were made by the DNA core facility at the University of
Texas Health Science Center at San Antonio (UTHSCSA). PCR was performed
using a standard three-step protocol in a thermal cycler from MJ Research, Inc.
(Waltham, MA). The PCR products were resolved in 2% agarose gels and
visualized after ethidium bromide staining.

ELISA. At the end of culture, the supernatants were collected for measure-
ments of secreted cytokines, while the remaining cell monolayers were collected,
after being washed twice with warm medium, and total cell lysates were made by
sonication in an equal amount of medium for measurements of cell-associated or
intracellular cytokines by use of commercially available ELISA kits. The kits for
human IL-1«, (DY200) and IL-6 (DY206) as well as mouse IL-1a (DY400) and
macrophage inflammatory protein 2 (MIP-2) (mouse homolog of IL-8; DY452)
were all obtained from R&D Systems, Inc. (Minneapolis, MN). For human IL-8
detection, a mouse monoclonal antibody (MADb) against human IL-8 was used as
the capture antibody, and another mouse anti-human IL-8 antibody conjugated
with biotin was used as the detection antibody (both from BD Bioscience, San
Jose, CA). Recombinant human IL-8 from BD Pharmingen was used as the
standard. The ELISA was carried out following the instructions provided by the
manufacturer or as described elsewhere (53, 67, 68). Briefly, 96-well ELISA
microplates (Nunc, Rochester, NY) were coated with a capture antibody, and
after blocking of the plates, the cytokine samples or standards were added to the
coated plates, followed by a biotin-conjugated detection antibody. Antibody
binding was measured with horseradish peroxidase-conjugated avidin plus a
soluble colorimetric substrate [2-2'-azino-di-(3-ethylbenzthiazoline) sulfonic
acid (ABTS)]. The absorbance was taken at 405 nm using a microplate reader
(Molecular Devices Corporation, Sunnyvale, CA). Sometimes, the culture sam-
ples were diluted prior to the ELISA measurements in order to keep the absor-
bance readings within the linear range. The cytokine concentrations were calcu-
lated based on absorbance values, cytokine standards, and sample dilution
factors. When the cell numbers were known, the cytokine levels were expressed
in ng or pg per 1 million cells, and otherwise they were expressed as per ml or
well.

Immunofluorescence staining. Cell samples grown on coverslips were fixed
with 4% paraformaldehyde dissolved in phosphate-buffered saline for 20 min at
room temperature, followed by permeabilization with 0.1% Triton X-100 for an
additional 4 min. After being washed and blocked, the cell samples were sub-
jected to various combinations of antibody and chemical staining. Hoechst dye
(blue; Sigma, St. Louis, MO) was used to visualize nuclear DNA. A rabbit
anti-chlamydial CT395 polyclonal antibody (raised with the CT395 fusion pro-
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tein; CT395 is a chlamydial GrpE-related chaperonin with >70% amino acid
sequence identity among all chlamydial species [8]), a mouse anti-human IL-Ta
MADb (14-7019-83; eBioscience, San Diego, CA), or a mouse anti-human Golgi
GM130 MAD (BD Biosciences) plus a donkey anti-rabbit or -mouse immuno-
globulin G (IgG) secondary antibody conjugated with Cy2 (green; Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA) was used to visualize
chlamydial inclusions, IL-1a, or the Golgi apparatus. Goat anti-IL-8 (AF-208-
NA; R&D) plus donkey anti-goat IgG conjugated with Cy3 (red; Jackson
ImmunoResearch) was used to visualize intracellular IL-8. For the transfected
cell samples, IL-1a was visualized via the fusion tag red fluorescent protein
(RFP). The immunolabeled samples were observed and images were taken with
an Olympus AX-70 fluorescence microscope equipped with multiple filter sets
(Olympus, Melville, NY) as described previously (15, 19, 65, 66). Briefly, the
multicolor-labeled samples were exposed under a given filter set at a time, and
single-color images were acquired using a Hamamatsu digital camera. The sin-
gle-color images were then superimposed with the software SimplePCI to display
multicolors. All microscopic images were processed using the Adobe Photoshop
program (Adobe Systems, San Jose, CA).

Plasmid/siRNA constructs and transient transfection of mammalian cells. To
construct human IL-1a siRNA, a 21-mer target sequence (5'-AACTTTATGA
GGATCATCAAA-3") from exon 4 of human IL-la mRNA (NCBI accession no.
NM_000575; http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&id
=27894329) was chosen based on a nucleotide sequence selection strategy for
targeting the transcript described elsewhere (14). A Silencer siRNA construction
kit (Ambion, Austin, TX) was used for making siRNA constructs. Briefly, two
29-mer DNA primers comprising the above 21-mer target sequence (either sense
or antisense) and an 8-nucleotide linker sequence complementary to the T7
promoter primer sequence (provided by the siRNA construction kit) were made
by the DNA core facility at UTHSCSA. The sequences of the 29-mer primers
were 5'-AACTTTATGAGGATCATCAAACCTGTCTC-3' (antisense) and 5'-
AATTTGATGATCCTCATAAAGCCTGTCTC-3' (sense). To construct the
scrambled siRNA, the above 21-mer target sequence nucleotides were jumbled
while the base composition was kept constant. The random sequences were
searched against the human genome sequence database (http://www.ncbi.nlm.nih
.gov/BLASTY/). The sequence 5'-AAGTATATCTAGCAGAACTTA-3’, showing
no significant homology to any human gene sequences from the database, was
selected as the scrambled siRNA. The two 29-mer DNA primers for making the
scrambled siRNA were also made by the UTHSCSA DNA core facility and had
the sequences 5'-AAGTATATCTAGCAGAACTTACCTGTCTC-3" (scram-
bled antisense) and 5'-AATAAGTTCTGCTAGATATACCCTGTCTC-3'
(scrambled sense). Each of the four 29-mer DNA primers was hybridized with
the T7 promoter primer, and the overhang regions were filled in using Klenow
DNA polymerase enzyme to make double-stranded DNA templates. The dou-
ble-stranded DNA templates were transcribed into RNA with a T7 RNA poly-
merase. The corresponding sense and antisense RNA strands were hybridized to
make double-stranded RNA (siRNA). The siRNA preps were treated with
RNase and DNase to remove DNA and single-stranded RNA and then further
purified by passage through a column provided in the siRNA construction kit.
The purified siRNA was quantitated, aliquoted, and stored at —20°C until use.
Human IL-1a ¢cDNA obtained from Origene (Rockville, MD) was cloned into
the pDsRed-C1 monomer vector (Clontech, Mountain View, CA), using Kpnl
and Xmal restriction sites, and expressed as a fusion protein with an N-terminal
RFP tag. The transfection reagent Lipofectamine 2000 (Invitrogen) was used for
transfecting both HeLa cells with siRNA constructs (1 g per well of a 24-well
plate) and 293T cells with pDsRed-IL-1a plasmid (1 pg per well of a 24-well
plate). For Chlamydia-infected cell samples, transfection was done 2 h after
infection. The culture samples were used for either immunofluorescence staining
or ELISA measurement of cytokines 24 to 48 h after transfection.

RESULTS

Induction of inflammatory cytokines by C. trachomatis in-
fection. To understand the mechanisms of Chlamydia-induced
IL-8 production, we first monitored the expression of IL-1a,
IL-6, and IL-8 in HeLa cells infected with C. trachomatis.
Chlamydial infection significantly activated all three cytokine
genes (Fig. 1A) and induced the corresponding cytokine pro-
tein production (Fig. 1B). The cytokine proteins were moni-
tored simultaneously in both the culture supernatants (for se-
creted cytokines) and the lysates made from the remaining
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cells (for cytokines associated with cells). Chlamydia-induced
IL-1a was associated mainly with cells for up to 48 h after
infection, and a sudden increase of IL-1a in the supernatants
was noticed at 60 h (Fig. 1B, panels a and b). However, most
IL-6 and IL-8 proteins were always secreted into the culture
supernatants throughout the infection course (Fig. 1B, panels
c to f). These observations suggest a correlation between Chla-
mydia-induced intracellular accumulation of IL-1a and extra-
cellular secretion of IL-6/8. The rapid increase of IL-1a in the
infected culture supernatants 60 h after infection might have
been due to lysis of some infected cells, since cell lysis was
observed at this time (data not shown). We followed the in-
fection for up to 60 h only when we started to notice cell lysis
in the infected cultures. However, under the infection condi-
tions used in the current experiment, no cell lysis occurred at
48 h postinfection, although most organisms were converted
into EBs by this time (data not shown). To further determine
whether IL-8 was produced by the Chlamydia-infected cells
or the adjacent uninfected cells in the infected cultures, we
further detected IL-8 at the individual cell level by using an
immunofluorescence assay at 48 h postinfection (Fig. 1C).
The intracellular I1L-8 was detected mainly in chlamydial
inclusion-containing cells. Anti-IL-8 staining distributed
around the inclusions and overlapped with a Golgi complex
marker.

IL-1a is required for IL-8 production during chlamydial
infection. We further probed the relationship between IL-1a
and IL-8 production during chlamydial infection. Five different
human cell lines with various abilities to express IL-la were
evaluated for the ability to secrete IL-8 in response to chla-
mydial infection. Significant amounts of IL-1o messages were
detected in HeLa, SiHa, and Hep2 cells but not in HT-29 and
HGEF cells, regardless of chlamydial infection (Fig. 2A). Im-
portantly, all three IL-1a-expressing cell lines significantly in-
creased their production of IL-1a, IL-6, and IL-8 proteins after
chlamydial infection, while the two IL-la-negative cell lines
failed to produce significant amounts of the cytokines, regard-
less of the infection (Fig. 2B). The IL-la-negative cell lines
HT-29 and HGF produced significant amounts of IL-8 in re-
sponse to stimulation with either exogenous IL-la or tumor
necrosis factor alpha (data not shown), indicating that both
cells possess the ability to produce IL-8 and suggesting that the
failure to produce IL-8 by HT-29 and HGF cells after chla-
mydial infection might be due to the lack of IL-1a in these
cells. While the above observations unraveled a correlation
between IL-1a and IL-8 production during chlamydial infec-
tion, we further used a siRNA knockdown approach to probe
the role of IL-1« in chlamydial induction of IL-8 (Fig. 2C). We
found that a siRNA construct specific to IL-1a significantly
reduced the production of both IL-1a and IL-8 in HeLa cells
after chlamydial infection, while treatment with either Li-
pofectamine alone or a scrambled siRNA construct failed to
do so. It is worth noting that the IL-1a-specific siRNA also
blocked the production of both IL-1a and IL-8 induced by
the scrambled double-stranded RNA sequence. It is well
known that double-stranded RNA preps can induce inflam-
matory cytokine production (24, 52, 55). Finally, we com-
pared the ability of Mds from wt versus IL-1a knockout
(KO) mice to produce IL-8 in response to chlamydial infec-
tion (Fig. 2D). The use of mouse Ms in this experiment was
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FIG. 1. Inflammatory cytokine production during chlamydial infec-
tion. HeLa cells, with or without C. trachomatis L2 serovar infection
for various periods, as indicated in the figure, were processed for the
following measurements. (A) RNAs were extracted from whole-cell
samples and reversely transcribed into cDNAs by use of random hex-
amer primers. The cDNAs were amplified by PCRs with primers for
human IL-1a (a), IL-6 (b), IL-8 (c), and B-tubulin (d), and the PCR
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due mainly to the convenience of harvesting the peritoneal
Mds from mice that were available to us at the time of the
experiment. Although both wt and IL-la KO Mds were
equally susceptible to chlamydial infection, with about 50%
infection rates for both groups (data not shown), we found
that the wt Mds produced a significant amount of MIP-2
(mouse homolog of IL-8), while the IL-1ae KO Ms failed to
produce IL-8, regardless of chlamydial infection. These ob-
servations have demonstrated that IL-1a is essential for IL-8
production induced by chlamydial infection.
IL-1a-mediated chlamydial induction of IL-8 is indepen-
dent of extracellular IL-1oc and functional IL-1RI. We next
investigated how IL-1a mediated the chlamydial induction of
IL-8 by first using an IL-1a-specific neutralization antibody to
block extracellular IL-1a (Fig. 3A). The anti-IL-1a neutraliza-
tion antibody significantly inhibited the production of both
IL-6 and -8 induced by exogenously added IL-1a but failed to
alter the chlamydial induction of IL-6 and -8 in any significant
way 48 h after infection. The chlamydial induction of IL-8 was
partially (but significantly) inhibited by the neutralization an-
tibody 72 h after infection, probably due to the fact that the
extracellular IL-1a released from the lysed cells at this time
after infection also contributed to the IL-8 production. This
observation is consistent with a previous report (46). The
above results have demonstrated that chlamydial induction of
IL-8 does not require extracellular IL-1a during the first 48 h
after infection. We next used IL-1RA to further assess the
role of cell surface IL-1R in chlamydial induction of IL-8.
Treatment with IL-1RA failed to block chlamydial induction
of IL-6 and -8 at 48 h and only partially inhibited IL-8
production at 72 h, although the IL-1RA treatment signifi-
cantly inhibited exogenous IL-1a-induced IL-8 production.
This observation is consistent with the result obtained with
the neutralization antibody treatment. To further evaluate

products were loaded into an agarose gel for visualization after
ethidium bromide staining. MW, molecular weight in base pairs (bp),
as indicated along the left side of the figure. The corresponding DNA
bands are indicated along the right side of the figure. (B) Either the
culture supernatants (for measuring secreted cytokines) (a, ¢, and e) or
whole-cell lysates (for measuring intracellular cytokines) (b, d, and f)
were analyzed for IL-1a (a and b), IL-6 (¢ and d), and IL-8 (e and f)
by using a sandwich ELISA. The cytokine levels were determined
based on absorbance readings, sample dilution factors, and corre-
sponding cytokine standards and were expressed in nanograms (ng)
per 1 million cells, in the format of means = standard deviations.
Please note the difference in scale between the y axes in the left and
right panels. Each data point comes from four to six independent
experiments done in duplicate. Asterisks indicate statistically signifi-
cant differences (P < 0.05) between the infected (hatched bars) and
uninfected (open bars) samples from the same time points, using a
two-tailed Student ¢ test. (C) HeLa cells grown on coverslips were fixed
and permeabilized 48 h after infection. A combination of a goat anti-
human IL-8 antibody (red), Hoechst DNA dye (blue; for chlamydial
and host nuclear DNA), and a rabbit anti-CT395 antibody (green; for
visualizing chlamydial organisms) (a to h) or anti-IL-8, the DNA dye,
and a mouse anti-Golgi GM130 antibody (green) (i to 1) was used to
visualize the corresponding antigens or organelle under a fluorescence
microscope. The images were taken one color at a time (a to ¢, e to g,
and i to k), and the single-color images were finally overlaid as tricolor
images (d, h, and 1). White arrows point to IL-8 staining, and solid
white triangles in panels i to | indicate chlamydial inclusions.
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FIG. 2. Role of IL-1a in chlamydial induction of IL-8. Five different cell lines, as indicated in the figure, with or without C. trachomatis 1.2
serovar infection for 48 h, were processed for either RT-PCR detection of IL-1a and B-tubulin transcripts (A) or ELISA detection of IL-1a, IL-6,
and IL-8 proteins (B). The ELISA results were expressed in ng per well, in the format of means = standard deviations, and each data point comes
from three independent experiments done in duplicate. Asterisks indicate statistically significant differences (P < 0.05) between the infected
(hatched bars) and uninfected (open bars) samples from the same cell lines, using a two-tailed Student ¢ test. (C) HeLa cells grown in 24-well plates,
with or without Lipofectamine-mediated siRNA transfection or chlamydial infection for 48 h, were measured for intracellular IL-1a (a) and
secreted IL-8 (b) by ELISA. The cytokine concentrations were expressed in ng per well, in the format of means * standard deviations.
The experiments were repeated three times each, with duplicates. Asterisks indicate statistically significant differences (P < 0.05) between the
IL-1a-specific siRNA-treated (column 7) and scrambled siRNA-treated (column 5) samples (uninfected cell samples; open bars) or between the
IL-1a-specific siRNA-treated samples (column 8) and each of the three control groups, including no transfection (column 2), Lipofectamine-only
treatment (column 4), and scrambled siRNA treatment (column 6) (infected samples; hatched bars). A two-tailed Student ¢ test was used for
statistical analysis. (D) Peritoneal macrophages harvested from either wt or IL-1a. KO mice were infected with C. trachomatis serovar L2 for 48 h
in 48-well plates. Both the intracellular IL-1a (a) and secreted MIP-2 (mouse IL-8 homolog) (b) were measured using a commercially available
ELISA kit. The results came from six mice per group and were expressed in ng per well, in the format of means = standard deviations. Asterisks
indicate statistically significant differences (P < 0.05) between the wt and IL-1ae KO macrophages (infected samples; hatched bars).

the contribution of IL-1RI signaling to the chlamydial in-
duction of IL-8, we monitored IL-8 production in Més from
IL-1RI KO mice (Fig. 3B). We found that the IL-1RI KO
Més produced both IL-1a and IL-8 regardless of chlamydial
infection, demonstrating that IL-1RI-initiated signaling is
not required for chlamydial induction of IL-8. The finding
that IL-1R1 KO Mds produce significant amounts of both
IL-1a and IL-8 even without chlamydial infection was a
surprise and may be due to the compensative production of
IL-1a in response to IL-1R1 deficiency. This finding was
reproduced in IL-1R1 KO Mds with a different genetic
background (data not shown). Constitutively produced
IL-1a may drive IL-8 production in an IL-1R1-independent
manner. The question of why IL-1R KO Mds constitutively
produce IL-la and IL-8 is interesting in itself, and the
mechanism is still unclear and under investigation in a sep-

arate study. Nevertheless, the above observations together
suggest that IL-1a may function intracellularly via a mech-
anism independent of IL-1RI.

Chlamydial induction of IL-8 correlates with intracellular
IL-1a expression in host cell nuclei. We next transfected 293T
cells with a plasmid carrying the human IL-la gene and moni-
tored the effect of IL-1a gene expression on IL-8 production. We
found that plasmid-encoded full-length IL-1a in the form of an
RFP-tagged fusion protein migrated into the cell nucleus (Fig.
4A) and induced IL-8 production (Fig. 4B). When endogenous
intracellular IL-1a and IL-8 were detected in HeLa cells during
chlamydial infection, most of the IL-1a was concentrated in the
nuclei, while IL-8 accumulated in the Golgi apparatuses of the
same cells infected with chlamydial organisms (Fig. 4C). These
observations suggest that Chlamydia-enhanced IL-1a can migrate
into the host cell nucleus and induce IL-8 production.
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FIG. 3. IL-la-mediated chlamydial induction of IL-8 is independent of extracellular IL-1a and IL-1R. (A) HeLa cells, with or without C.
trachomatis serovar L2 infection, were treated with 5 ng/ml of IL-1a, 2 pg/ml of an anti-IL-1a neutralizing antibody, or 500 ng/ml of IL-1RA. The
treatments commenced at the time of infection and were maintained throughout the infection course by changing the medium with medium
containing fresh cytokines every 24 h. Secreted IL-6 and IL-8 were measured 48 (a and c) or 72 (b and d) h after infection by ELISA. The
experiments were repeated three or four times each, with duplicates. The results were expressed in ng per well. Asterisks indicate statistically
significant differences (P < 0.05) between samples treated with IL-1a (column 2 or 11) and with neutralizing antibody (column 3 or 12) or IL-1RA
(column 4 or 13) (uninfected samples; open bars) or between the 72-h infected sample (column 14) and the neutralizing antibody (column 15)-
or IL-1RA (column 16)-treated samples (hatched bars). A two-tailed Student ¢ test was used for the statistical analysis. (B) Peritoneal macrophages
harvested from either wt or IL-1RI KO mice were infected with C. trachomatis serovar L2 for 48 h. Both the intracellular IL-1a and secreted MIP-2
(mouse homolog of IL-8) were measured using an ELISA. The results came from six mice per group and were expressed in ng per well, in the
format of means * standard deviations. Asterisks indicate statistically significant differences (P < 0.05) between the infected (hatched bars) and
uninfected (open bars) samples from the wt macrophages.

DISCUSSION 1RI was required for IL-8 production during chlamydial infec-

tion (Fig. 3). Fourth, we surprisingly found that IL-1R1 KO
Mdos produced significant amounts of both IL-la and IL-8
even without chlamydial infection, which may be due to the
compensative production of IL-1a in response to IL-1R1 de-
ficiency. Although the precise mechanism requires further
investigation, this observation suggests that constitutively
produced IL-1a may drive IL-8 production in an IL-1R1-inde-
pendent manner. Fifth, expression of the precursor full-length

C. trachomatis infection induces inflammatory pathologies in
the urogenital tracts (10). Many inflammatory cytokines, in-
cluding IL-1a and IL-8, have been detected frequently in chla-
mydia-infected tissues and cells. In the current study, we have
presented evidence that IL-1a contributes to chlamydial induc-
tion of IL-8 via a mechanism independent of the functional
IL-1RI. First, IL-1a remained inside cells and was not secreted
into the extracellular space for up to 48 h after chlamydial

infection when significant amounts of IL-8 were already in-
duced by chlamydial infection (Fig. 1B). Second, Chlamydia-
induced IL-8 came mainly from the infected cells, not the
adjacent uninfected cells (Fig. 1C), making it possible for in-
tracellular IL-1a to regulate the IL-8 gene in an intracrine
fashion. Third, although IL-la was essential for chlamydial
induction of IL-8 (Fig. 2), neither extracellular IL-1a nor IL-

IL-1a in the nucleus indeed enhanced IL-8 production (Fig.
4A and B). Finally, Chlamydia-induced IL-1a was localized in
the nuclei of the infected cells and was accompanied by IL-8
production (Fig. 4C).

Previous studies also reported that chlamydial induction of
IL-8 was not blocked by treatment with either IL-la-specific
neutralization antibodies or IL-1RA during the early stages of
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FIG. 4. Correlation of IL-1a nuclear expression with chlamydial induction of IL-8. 293T cells were transfected with a pDsRed plasmid encoding
precursor full-length human IL-1a with RFP as an N-terminal fusion tag (RFP/IL-1a) or with vector alone (vector) or were treated with
Lipofectamine alone (Lipo). The culture supernatants were harvested 48 h after infection for measurement of IL-8 by ELISA (B), and the
corresponding cells grown on coverslips were processed for visualization of RFP (red) and nuclei (blue) after DNA dye staining (A). Note that
the full-length IL-1a—RFP fusion protein was expressed in the nucleus and that a significant level of IL-8 was detected in the sample expressing
IL-1a—-RFP. (C) HeLa cells, with or without chlamydial infection for 48 h, were processed for immunofluorescence labeling of IL-8 (red), IL-1a
(green), and host cell and chlamydial DNA (blue). The filled white triangles indicate chlamydial inclusions. Note that IL-1a was concentrated in
the nuclei of the Chlamydia-infected cells, whereas IL-8 accumulated in the Golgi apparatuses of the same cells.

infection and that a partial inhibition of IL-8 production was
achieved by these treatments at the late stages of infection (5,
46). These observations led to the conclusions that chlamydial
induction of IL-8 during the early stages of infection was in-
dependent of IL-1a and that the partial inhibition of IL-8 at
the late stages of infection was due to the blockade of extra-
cellular IL-1a released from the lysed cells. Our current study
has provided strong evidence demonstrating that it is intracel-
lular IL-1a that plays an essential role in chlamydial induction
of IL-8 throughout the infection course, via a mechanism in-
dependent of cell surface IL-1R, although the extracellular
IL-1a released from lysed cells during the late stages of infec-
tion can always contribute to IL-8 production. Similar mecha-
nisms may also exist for other intracellular pathogen infection-
induced inflammation, since it was found that during Rickettsia

infection, blocking extracellular IL-1a-mediated signaling failed
to alter Rickettsia induction of IL-8 during the early stage of
infection but partially and significantly suppressed IL-8 produc-
tion during the late stages of infection (9). Although IL-1B is
secreted along the chlamydial infection course and IL-1B can
contribute to IL-8 production via the IL-1R1 signaling pathway
(34), the finding that blockade of IL-1R1 signaling or IL-1R1
deficiency did not significantly affect Chlamydia-induced IL-8 pro-
duction has demonstrated that IL-1B is not essential for chlamyd-
ial induction of IL-8.

A variety of inflammatory cytokines, including IL-1a (63),
IL-33 (7), and high-mobility-group box 1 (HMGB1) (33), have
been known to regulate transcription via both cell surface
receptor-dependent and -independent pathways. All of these
cytokines lack clear secretion signal peptides but possess nu-
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clear localization motif sequences and can accumulate inside
cells and migrate into the nucleus, thus allowing them to affect
transcription without engaging the cell surface receptors. How-
ever, the precise mechanisms by which these cytokines enter
the nucleus and participate in gene regulation are still un-
known. IL-33 was found to associate with heterochromatin and
target to mitotic chromosomes via an evolutionarily conserved
homeodomain-like helix-turn-helix motif within its N-terminal
portion. Functionally, nuclear IL-33 was found to possess tran-
scriptional repressor properties (7, 17), while extracellular
IL-33 is known to promote Th2 cytokine production by acti-
vating the ST2 receptor-mediated pathways (17). Nucleus-lo-
calized HMGBI can facilitate gene transcription by stabilizing
nucleosomes and allowing bending of DNA, while released
HMGBI1 has been shown to trigger cell surface receptors to
amplify inflammation (33). Nucleus-localized IL-a appears to
have multiple functions, including regulation of cell prolifera-
tion, migration, and differentiation (6, 35, 37, 57) as well as
inflammatory responses (61). For example, the nuclear IL-1a
prodomain was found to interact with the RNA processing
apparatus and to induce apoptosis in malignant cells (45),
while overexpression of the IL-la prodomain in the nucleus
could transform rat glomerular MC cells to a malignant phe-
notype (57). Like the proinflammatory role of extracellular
IL-1e, nuclear IL-1a can also activate inflammatory cytokine
genes. Overexpression of precursor IL-lo was sufficient for
inducing IL-6 and IL-8 production (61) (Fig. 4B). The fact that
full-length precursor IL-1a does not contain any DNA binding
domain suggests that IL-la must interact with other nuclear
proteins in order to affect transcription. The observation that
intracellular precursor IL-1a can interact with histone acetyl-
transferase complexes (6) seems to support such a hypothesis.
Furthermore, by using a coprecipitation approach, Kawaguchi
et al. (31) recently found that intracellular IL-1a can interact
with both the intracellular IL-1RII (lacking the cytoplasmic
domain) and HAX-1 (an intracellular adaptor molecule known
to interact with many other proteins). The interaction of pre-
cursor IL-la with intracellular IL-1RII may help to bring
HAX-1 into large protein complexes. However, the relevance
of these interaction complexes in the activation of IL-8 by
intracellular IL-1a is not clear. It is possible that during mi-
crobial infection, intracellular IL-lac may pick up additional
binding partners. In the current study, we found that IL-la
accumulated in the nuclei of Chlamydia-infected cells, while 1L-8
was detected in the Golgi apparatuses of the same cells (Fig. 4C).
Efforts are under way to identify the putative interaction partners
of intracellular IL-1« in Chlamydia-infected cells.

Since IL-8 production during C. trachomatis infection is
largely dependent on IL-la, unraveling the mechanisms of
chlamydial induction of IL-1a becomes important for further
understanding chlamydial pathogenesis. It is known that vari-
ous chlamydial components can be recognized by host patho-
gen-associated pattern recognition receptors, which may initi-
ate the inflammatory pathways for inducing IL-1a. Rodriguez
et al. (47) reported that infection with C. pneumoniae led to
preferential activation of Toll-like receptor 4 (TLR4) but not
TLR2 pathways. During C. trachomatis infection, both TLR2
and MyD88 were recruited to the C. trachomatis inclusion
membrane, and knocking down either TLR2 or MyD88, but
not TLR4, blocked Chlamydia-induced IL-8 (42), suggesting a
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dominant role of TLR2/MyD88 pathways in C. trachomatis
induction of IL-1a, since we now know that chlamydial induc-
tion of IL-8 is dependent on IL-1a. However, another study
reported that C. trachomatis induction of inflammatory cyto-
kines, including IL-1a, depended only on MyD88, not TLR2 or
TLR4 (39). Nevertheless, these studies together have indicated
that MyD88-mediated pathways may be essential for chlamyd-
ial induction of IL-1a, although the precise receptors respon-
sible for recognizing chlamydial components have still to be
defined. Buchholz and Stephens have recently shown that chla-
mydial infection can activate reporter constructs containing
promoter sequences for the transcriptional factors AP-1, NF-
kB, and C/EBP (5), which may help to draw the link between
MyD88 pathway activation and cytokine production during
chlamydial infection. However, due to the fact that many in-
flammatory cytokines and chemokines share similar promoter
sequences and are regulated by common inflammatory tran-
scriptional factors as well as being able to activate these tran-
scriptional factors, it is difficult to determine which cytokine
gene is activated first and which is the result of secondary acti-
vation. A combination of multiple experimental approaches, in-
cluding monitoring endogenous signaling molecule activation and
evaluating the effects of genetic and chemical blockade, may help
to pinpoint the molecular pathways required for chlamydial in-
duction of a particular cytokine. The fact that chlamydial infec-
tion can activate various kinase pathways related to inflammation
(16, 58) suggests that it is possible to further delineate the signal-
ing pathways leading to individual inflammatory cytokine gene
activation during chlamydial infection. We are in the process of
mapping the pathways required for chlamydial induction of IL-
la.

The duality of IL-1a action has offered IL-1a maximal flex-
ibility for carrying out its multifaceted functions (via both re-
ceptor-dependent and -independent pathways). IL-1a is con-
stitutively expressed at a low level and is rapidly up-regulated
upon infection in epithelial cells, and epithelial IL-1a can reg-
ulate many aspects of host defense (2, 25). Although we have
demonstrated in the current study that IL-la is critical for
chlamydial induction of IL-8 in cell culture systems, the role of
IL-1a during chlamydial infection in humans or animals is still
unclear. A recent study using a human Fallopian tube epithe-
lial tissue culture system demonstrated that C. trachomatis
infection caused severe damage to the cultured tissues and that
treatment with IL-1RA significantly reduced the tissue damage
(26). Although this study failed to evaluate the contribution of
intracellular IL-la-mediated IL-8 production to the tissue
damage due to a lack of leukocytes in the experimental system,
it did demonstrate that extracellular IL-1a played an important
role in Chlamydia-induced epithelial pathologies. The extra-
cellular IL-1a was likely released from the Chlamydia-lysed
cells, since the tissue damage was assessed 3 to 5 days after
infection, when Chlamydia-induced cell burst was clearly visi-
ble under an electron microscope. It is known that C. tracho-
matis organisms can persist in infected cells for long periods
during natural chlamydial infection in humans, which allows
IL-1a to enhance inflammation via the intracrine mechanism,
as demonstrated in the current study. It is also known that C.
trachomatis can be transmitted from one cell to another via cell
lysis, which allows IL-la to activate cell surface IL-1R1 to
cause tissue injury. Obviously, both persistently infected cells
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(intracellular IL-1c) and cell lysis (releasing extracellular IL-
la) can contribute to Chlamydia-induced inflammatory pathol-
ogies in humans. It is always preferable to use whole-animal
model systems to evaluate the effects of IL-1a’s dual actions on
chlamydial infection and pathogenesis. Using various TLR and
MyD88 KO mouse models, it has been shown that MyDS88 is
critical for both clearing chlamydial infection and exacerbating
pathologies, although direct evidence demonstrating a role of
MyDS8S8 in C. trachomatis pathogenesis is still lacking (11, 12,
40, 47). Since MyD88 is a common adaptor molecule required
for both the TLR (for inducing cytokines such as IL-1a) and
IL-1R (for exerting IL-1a effects) pathways, the above results
cannot distinguish whether the lack of immunity and inflam-
mation in MyD88 KO mice is due to a host failure to recognize
chlamydial infection for induction of IL-1a or an inability to
transmit IL-1la signaling. The results from the current study
showing that during chlamydial infection IL-la can induce
inflammatory responses independent of IL-1RI seem to sug-
gest that MyDS8S, as an adaptor for TLRs to induce inflamma-
tory cytokines such as IL-1a, plays an essential role in chla-
mydial infection. However, to further determine the role of
IL-1« in chlamydial infection, mice deficient in either IL-1a or
IL-1RI should be evaluated for the abilities to clear infection
and to develop pathologies following a chlamydial challenge
infection, and such studies are under way.
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