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ABSTRACT Chlamydia bacteria are obligate intracellular pathogens which can cause
a variety of disease in humans and other vertebrate animals. To successfully com-
plete its life cycle, Chlamydia must evade both intracellular innate immune re-
sponses and adaptive cytotoxic T cell responses. Here, we report on the role of the
chlamydial lipooligosaccharide (LOS) in evading the immune response. Chlamydia in-
fection is known to block the induction of apoptosis. However, when LOS synthesis
was inhibited during Chlamydia trachomatis infection, HeLa cells regained suscepti-
bility to apoptosis induction following staurosporine treatment. Additionally, the de-
livery of purified LOS to the cytosol of cells increased the levels of the antiapoptotic
protein survivin. An increase in survivin levels was also detected following C. tracho-
matis infection, which was reversed by blocking LOS synthesis. Interestingly, while
intracellular delivery of lipopolysaccharide (LPS) derived from Escherichia coli was
toxic to cells, LOS from C. trachomatis did not induce any appreciable cell death,
suggesting that it does not activate pyroptosis. Chlamydial LOS was also a poor
stimulator of maturation of bone marrow-derived dendritic cells compared to E. coli
LPS. Previous work from our group indicated that LOS synthesis during infection was
necessary to alter host cell antigen presentation. However, direct delivery of LOS to
cells in the absence of infection did not alter antigenic peptide presentation. Taken
together, these data suggest that chlamydial LOS, which is remarkably conserved
across the genus Chlamydia, may act both directly and indirectly to allow the patho-
gen to evade the innate and adaptive immune responses of the host.
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Bacteria in the genus Chlamydia are obligate intracellular pathogens which can
infect a variety of animals, leading to a diverse collection of serious diseases (1). In

humans, Chlamydia trachomatis is the most commonly reported sexually transmitted
bacterial pathogen, while infections of the eye are the leading cause of preventable
blindness in the world (2, 3). Chlamydia pneumoniae commonly causes pneumonia in
infected humans and can infect animals as well (4). Other Chlamydia spp. can cause
zoonotic infections. Chlamydia abortus infects domestic ruminants, primarily sheep, and
is a leading cause of “abortion storm,” which can be economically devastating to the
agriculture industry and can cause abortion in humans (5). Chlamydia psittaci can infect
a wide range of hosts and can lead to life-threatening pneumonia in humans (6, 7).
While most chlamydial infections can be treated with antibiotics, resistance has been
detected in Chlamydia suis (8). Lateral transfer of genes, at least in vitro, suggest that
members of the genus Chlamydia have the ability to develop resistance to antibiotics
(9). Therefore, understanding the biology of chlamydial infections is necessary for
developing new therapies to combat infections.

Like other Gram-negative bacteria, Chlamydia generates a lipopolysaccharide (LPS)
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which decorates the outer bacteria cell membrane. However, the structure of the
molecule is simple and consists of a trisaccharide of 3-deoxy-D-manno-oct-2-ulosonic
residues and a penta-acyl lipid (10, 11). Because of its uncomplicated, short sugar chain,
the molecule is often referred to as lipooligosaccharide (LOS). Remarkably, LOS is
antigenically conserved among all chlamydial strains examined to date (12, 13). This
stands in stark contrast to the high level of variation in LPS molecules from other
bacteria. The reason for this high level of conservation in chlamydial LOS is unknown.

Obligately intracellular pathogens of vertebrate animals must avoid two elements of
the host immune response: the innate intracellular immune response and the adaptive
cytotoxic T cell response. In response to infection, host cells will often undergo some
form of programmed cell death, be it apoptosis, pyroptosis, or necroptosis, to eliminate
the infectious agent (14, 15). Innate immune sensors often respond to the presence of
pathogen-associated molecular patterns (PAMPs) to begin triggering these cell death
pathways (16, 17). Pathogen-generated proteins can also be degraded within host cells
to short antigenic peptides, which can subsequently be presented to CD8� cytotoxic T
cells via the major histocompatibility complex (MHC) class I direct antigen presentation
pathway (18–20). Upon recognition of the presented peptide, antigen-specific T cells
kill the antigen-presenting cell. Unsurprisingly, intracellular pathogens have evolved
numerous ways to evade these host immune responses (15, 21–23).

Chlamydia infection can prevent apoptosis of infected cells or at least delay cell
death until infectious progeny are ready to be released from infected cells (24–27). The
exact mechanism is unknown, though certain Inc proteins are necessary (27). In
addition to preventing host cell death, Chlamydia infections also evade cytotoxic T cell
responses (28, 29), possibly by manipulating the direct antigen presentation pathway
(30–32). Recent work by our group found enhanced presentation of a model host
antigen following infection with C. trachomatis, suggesting that skewing peptide
presentation to favor host-derived peptides over pathogen-derived peptides may help
Chlamydia evade the host immune response (33, 34). Interestingly, enhanced host
peptide presentation was dependent on LOS synthesis during infection (34), as treat-
ment with LPC-011, an inhibitor of bacterial LpxC (35), reversed the antigen presenta-
tion phenotype. This observation held true for a variety of Chlamydia spp. tested and
suggested that altering MHC class I antigen presentation may be a conserved feature
in different species of Chlamydia.

Here, we tested if LOS also has a role in preventing programmed cell death during
infection. When LOS synthesis was prevented during infection, cells became suscepti-
ble to staurosporine-induced programmed cell death. We also transfected purified LOS
into cells and found that not only is LOS far less toxic than Escherichia coli LPS, but also,
LOS did not activate programmed cell death pathways. In fact, LOS was able to
upregulate certain antiapoptotic proteins, such as survivin. We also measured dendritic-
cell (DC) maturation in response to LOS exposure. LOS was far less potent at inducing
maturation than E. coli LPS, as measured by the upregulation of DC cell surface markers
necessary for T cell priming. However, LOS by itself did not enhance the presentation
of a model host protein, as we have previously observed during infection. Taken
together, these data suggest that LOS may protect Chlamydia from both innate,
intracellular immune responses and adaptive cytotoxic T cell responses.

RESULTS

To determine if the synthesis of LOS during Chlamydia infection is necessary to
prevent host cell apoptosis, we treated C. trachomatis-infected HeLa cells with LPC-011,
an inhibitor of LOS synthesis. LPC-011 acts by inhibiting LpxC, an enzyme in the LOS
synthesis pathway. Work by our group (33, 34) and others (35) has demonstrated that
treatment with LPC-011 can inhibit LOS synthesis in a variety of cell types during
infection with different Chlamydia species. Previous work has shown that Chlamydia
infection protects infected cells from programmed cell death when the cells are treated
with staurosporine, a nonspecific inducer of apoptosis (24). Treatment of HeLa cells
with staurosporine resulted in an increase in DNA breaks, as measured by TUNEL
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(terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling) assay
and changes to the DNA morphology (Fig. 1A) highlighted by increased Hoechst
fluorescence at particular foci. Infection of HeLa cells with C. trachomatis L2 prevented
changes to the DNA morphology following staurosporine treatment (Fig. 1B), indicating
that during chlamydial infections, host cell apoptosis is prevented, as previously
observed (24). However, when infected HeLa cells were treated with LPC-011 immedi-
ately after infection and apoptosis was subsequently induced with staurosporine, an
increase in DNA damage foci in the nucleus was detected (Fig. 1B and C). The absence
of LOS during infection induces chlamydial aberrancy, a developmental state that arises
when chlamydiae are subjected to a variety of stressful culture conditions and fail to
complete their replication cycle (34, 35). We therefore treated C. trachomatis L2-infected
cells with ampicillin, which can induce an aberrancy-like state but does not have an
effect on LOS production. When treated with ampicillin, infected cells remained resis-
tant to staurosporine-induced apoptosis (Fig. 1B and C), indicating that the induction
of aberrancy alone does not render host cells susceptible to induction of apoptosis.
LPC-011 treatment alone had no effect on staurosporine-induced apoptosis in the
absence of infection (Fig. 1D). These data suggest that LOS synthesis is necessary to
prevent host cell programmed cell death during Chlamydia infection.

We and others have detected LOS outside the chlamydial inclusion and present in
the infected cell and neighboring host cells (36–39), which is due in part to the release
of outer membrane vesicles during the infection process. As previously observed, LOS
is detected as a diffuse staining outside the inclusion in infected HeLa cells (Fig. 2A),
demonstrating that LOS is not restricted to the inclusion during infection and is

FIG 1 Chlamydial LOS synthesis is necessary to prevent host cell programmed cell death. (A) HeLa cells were
treated with staurosporine to induce nonspecific programmed cell death and DNA nicking, analyzed via the TUNEL
assay (top) and via Hoechst staining (bottom) to detect changes to DNA nuclear morphology (bar, 10 �m). (B) C.
trachomatis-infected HeLa cells were treated with either LPC-011 or ampicillin for the duration of the infection. At
approximately 24 h postinfection, staurosporine was added, and 3 h later cells were analyzed for changes in DNA
nuclear morphology. (C and D) A blinded observer quantified cells with changes to DNA nuclear morphology across
five randomly selected fields for each treatment. Treatment with LPC-011 of infected cells resulted in a statistically
significant increase in cells with changes to nuclear morphology consistent with the induction of programmed cell
death compared to untreated or ampicillin-treated cells (**, P � 0.005; ***, P � 0.001; n.s, not significant).
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positioned to interact with cellular components outside the inclusion and perhaps in
neighboring cells. In order to directly study the effects of LOS on the apoptotic process,
it is necessary to deliver LOS to the cytoplasm of cells, where it interacts with host
factors, as would normally occur during an infection. We utilized the Amaxa Nucleo-
fector to transfect cells with purified LOS. To confirm LOS localization to the intracellular
compartments, we visualized LOS using scanning laser confocal microscopy to obtain
cross-sectional views of cells. Cells were triply stained with anti-LOS antibody, DAPI
(4=,6-diamidino-2-phenylindole), and fluorescent wheat germ agglutinin (WGA), which
stains the plasma membrane. LOS was clearly visible within the cells following trans-
fection, whereas it was bound primarily to the cell surface when cells were exposed to
LOS but not transfected (Fig. 2B).

Intracellular LPS from Gram-negative bacteria such as E. coli is known to interact
with inflammasomes to induce cell death via the pyroptosis pathway (40–42). To
determine if intracellular LOS induced a phenotype similar to that induced by E. coli

FIG 2 Intracellularly delivered chlamydial LOS is not toxic and does not induce programmed cell death. (A) HeLa cells were infected with
C. trachomatis L2 and treated with LPC-011 for 24 h or left untreated. Cells were then fixed and analyzed for LOS by staining with
antibodies against LOS (green) or the inclusion membrane protein IncA (red) and appropriate secondary antibodies (bar, 10 �m). (B) JY
cells were transfected with PBS or purified chlamydial LOS from C. trachomatis L2, allowed to adhere to poly-L-lysine-coated coverslips,
and cultured for 2 h prior to confocal microscopy analysis. Fixed and permeabilized cells were analyzed for LOS (green), DNA (blue), or
the plasma membrane (red), and sequential z-stacks were collected (bar, 10 �m). Transfected cells were compared to mock-transfected
cells. Individual planes were analyzed to visualize the interior of the cell. (C) JY cells were transfected with equivalent doses of either
chlamydial LOS or LPS derived from E. coli (from two different commercial sources). Three hours later, cells were analyzed for PI uptake
to measure cell death. (D) JY cells were transfected with various doses of E. coli LPS, and cell death was measured by PI uptake. (E and
F) JY cells were transfected with either chlamydial LOS or one of two doses of E. coli LPS, cultured for 3 h, and analyzed by Western blotting
for the loss of procaspase 3 (E) or PARP (F). IB, immunoblot.

Wang et al. Infection and Immunity

August 2020 Volume 88 Issue 8 e00198-20 iai.asm.org 4

https://iai.asm.org


LPS, we compared cell death 2 h after transfection with either LPS or LOS. Exposure of
JY cells to either LPS or LOS did not induce any measurable death, as measured by
propidium iodide (PI) uptake (Fig. 2C). However, transfection with LPS resulted in rapid
loss of viability, whereas LOS transfection did not induce any measurable increase in
cell death compared to phosphate-buffered saline (PBS)-transfected controls (Fig. 2C).
We then performed dose-response titration of LPS to determine the lowest level which
could induce cell death equivalent to LOS (Fig. 2D). An approximately 1,000-fold
reduction in LPS was necessary to lower levels of cellular death compared to that
induced by LOS. We next examined if LOS could activate the apoptosis pathway by
examining cell lysates for the loss of procaspase 3 and poly(ADP-ribose) polymerase 1
(PARP-1). LPS, but not LOS, transfection of JY cells resulted in loss of the native forms
of both proteins, indicating the activation of programmed cell death pathways (Fig. 2E
and F). Therefore, unlike LPS, LOS does not induce programmed cell death when
delivered intracellularly.

To determine if LOS played an active role in preventing cellular death, we analyzed
expression of apoptosis-related proteins using a 35-protein antibody array. Cells were
transfected with LOS or PBS as a control and cultured for 3 h before a cell lysate was
made. The lysate was then applied to the array, and each protein was analyzed and
quantified. This experiment was repeated four times, and the average Z-score was
calculated (Fig. 3A). The proteins survivin, XIAP, and cSMAC/Diablo had increased mean
Z-score averages which were significantly different from zero (P � 0.05). We confirmed
a significant increase in survivin levels by Western blot analysis following transfection
of LOS into cells (Fig. 3B). LPS transfection did not increase levels of survivin. Next, we
quantified the levels of survivin in cells following infection with C. trachomatis. Infection
resulted in an increase in survivin levels similar to that in uninfected cells (P � 0.05), and
treatment of infected cells with LPC-011 prevented an increase in survivin levels
(Fig. 3C). These data indicate that the presence of LOS within cells can increase the
levels of an antiapoptotic protein.

Dendritic cells (DC) are important sentinel cells within the host that link innate and
adaptive immune responses by acquiring and presenting antigen to T lymphocytes. DC
respond to particular molecular signals which are not normally present during tissue
homeostasis but whose presence signifies a danger to the host. LPS is one such danger
signal: DC which sense LPS undergo the process of maturation in order to better
activate T cells. Previous reports have demonstrated that Chlamydia infection can
induce DC maturation, though less robustly than other bacterial products (43, 44). To
determine if chlamydial LOS alone can induce DC maturation, we cultured DC from
murine bone marrow precursors and measured a variety of cell surface markers by flow
cytometry following exposure to various doses of LOS and LPS (Fig. 4). MHC class I
levels were enhanced following exposure to LPS and remained unchanged at even the
lowest doses of LPS tested (4 ng/ml). In contrast, 1,000-fold more LOS was needed for
MHC class I to reach the plateaued levels observed following LPS treatment. Most other
DC maturation markers showed a dose response to LPS treatment, with PD-L1 being
the lone exception. PD-L1 expression reached a maximum at the lowest level of LPS
tested, similar to MHC class I. In contrast, LOS treatment resulted in a modest increase
above background for all markers tested, though the levels of LOS needed to equate
to LPS treatment were 100-fold (MHC class II) to 1,000-fold (OX-40L and CD80) greater.
PD-L1 and CD40 levels, while rising above the background levels of immature DC, were
not as high as the expression level measured with lowest doses of LPS. Therefore, LOS
is capable of inducing cell surface markers of DC maturation; however, it is �1,000-fold
less potent than LPS.

We previously demonstrated enhanced MHC class I presentation of host cell pep-
tides derived from defective proteins during chlamydial infections (33, 34). The syn-
thesis of LOS by the infecting bacteria was necessary for this phenotype, as treatment
with LPC-011 reversed the antigen presentation phenotype (Fig. 5A). To test if the
presence of LOS was sufficient for enhanced antigen presentation, we transfected
JY/SCRAP-SVG cells with LOS and treated them with the compound Shield-1, which
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stabilizes the model antigen SCRAP-SVG, allowing only defective proteins to be de-
graded and presented at the cell surface. The presence of transfected LOS did not
enhance host peptide presentation (Fig. 5B). Therefore, the presence of LOS alone, at
least at the levels tested here, is insufficient to enhance presentation of host peptides
derived from defective proteins.

FIG 3 Chlamydial LOS increases survivin levels. (A) JY cells were transfected with PBS or chlamydial LOS
and cultured for 3 h prior to analysis by apoptosis protein array. The fold change in protein levels of
LOS-transfected cells compared to PBS controls for each protein was calculated. The average Z-score
from four independent experiments was determined for each protein, and changes in the scores for
survivin, cSMAC/Diablo, and XIAP were noted to be statistically significantly different from zero (*,
P � 0.05). (B) The increase in survivin levels following LOS transfection was confirmed by Western blot
analysis (*, P � 0.05; n � 5). (C) Survivin levels were quantified by Western blotting following C. tracho-
matis infection with or without LPC-011 treatment. Infected untreated cells had an increased level of
survivin compared to all other cells (*, P � 0.05; n � 5).
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DISCUSSION

LOS is remarkably well conserved among Chlamydia species. This conservation is
unexpected, especially when one considers other Gram-negative bacteria, which often
have remarkably diverse glycan structures decorating the LPS molecules found on the
bacterial outer membrane. Indeed, variation in what is referred to as the O chain can
be used to serotype different strains of a single bacterial genus or species. For instance,
there are currently 186 different recognized O antigens in E. coli (45). Diverse LPS
structures also exist for Salmonella strains, which contain 54 known O antigens, and
Vibrio species (193 different O-chain serogroups), and 20 known O-antigen structures
are recognized in Pseudomonas aeruginosa (reviewed in reference 46). LPS diversity
extends beyond infectious bacteria. A very abundant lineage of planktonic marine
bacteria shows remarkable genetic plasticity at loci which are responsible for generat-
ing LPS (47, 48). Considering these examples, the antigenic similarity of Chlamydia LOS
across members of the genus is striking.

While the mystery of LOS conservation remains unsolved, it has long been known
that chlamydial LOS is far less toxic than the LPS molecules of other Gram-negative
bacteria (49). Chlamydial LOS is known to be 10- to 100-fold less potent than LPS
from other Gram-negative bacteria in stimulating tumor necrosis factor alpha (TNF-�)
production in cell lines and immune cells such as DC (43, 50, 51). Recent work has
demonstrated that LOS is at least 100-fold less potent than E. coli LPS at inducing

FIG 4 Chlamydial LOS is a poor stimulator of DC maturation. BMDC were derived from HLA-A2 transgenic mice on
a C57BL/6 background by culturing bone marrow cells in GM-CSF for 10 days. Various doses of either E. coli LPS
(black circles) or C. trachomatis L2 LOS (white circles) were added to cells, and cells were cultured overnight to
induce DC maturation. Cells were stained for particular DC maturation markers, and the mean fluorescence
intensity (MFI) for the population (for CD40, HLA-A2, OX40L, PD-L1, and I-Ab) or the percentage of cells positive for
CD80 is indicated. Dotted lines represent background staining of immature BMDC. The results are representative
of three independent experiments.
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endotoxic shock in mice (52), and in agreement with the results presented here,
transfection of LOS into macrophages did not induce cell death, whereas LPS from E.
coli was toxic (52). Reduced intracellular toxicity would of course be advantageous for
an intracellular bacterium, and therefore, conservation of LOS may have evolved to
ensure ongoing host cell survival.

Preventing, or at least delaying, host cell apoptosis is an important adaptive trait for
chlamydiae. Resistance to apoptosis induction following Chlamydia infection was first
reported over 2 decades ago (24). Apoptosis of cells is often delayed (25), presumably
to allow Chlamydia to complete its developmental cycle, and if apoptosis is successfully
induced early enough, the replication cycle is disrupted (53). Here, we report that LOS
synthesis is necessary to convey apoptosis protection following infection. Furthermore,
the presence of LOS in the cytoplasm can increase levels of anti-apoptotic proteins,
suggesting a direct role for LOS in preventing apoptosis. This is reminiscent of a report
by van Zandbergen et al. which showed that exposure of polymorphonuclear leuko-
cytes (PMNs) to chlamydial LOS prevented apoptosis induction (54). Interestingly, LPS
molecules from both E. coli and Salmonella enterica also prevented PMN apoptosis,
though we found that introduction of LPS into the cytosol of JY cells quickly resulted
in cell death. While more work will be needed to establish exactly how LOS can protect
against apoptosis induction, it is intriguing to speculate that the conserved nature of
LOS across the genus Chlamydia may serve to prevent premature host cell death.

Recent reports have suggested that chlamydial infections can trigger a second
programmed cell death pathway, pyroptosis, if cells have functional inflammasomes
(55, 56), particularly the noncanonical inflammasome (57). LPS can interact directly with
noncanonical inflammasomes to trigger pyroptosis (40–42); however, transfection of
chlamydial LOS into macrophages failed to induce pyroptosis (52). Yang et al. hypoth-
esized that the penta-acyl structure of chlamydial LOS may fail to interact with
inflammasomes (52). Though chlamydial LOS does not induce pyroptosis, chlamydial
metabolites such as cyclic di-AMP have been shown to interact with STING and trigger
pyroptosis (58).

Chlamydia must also evade adaptive immune responses, primarily cytotoxic-T-
cell responses. CD8� T cells are primed by DC which have captured, processed, and
cross-presented exogenous antigens. In addition to cross-presenting antigens, DC
undergo maturation when exposed to pathogen-associated molecular patterns such as
LPS. Previous work has shown that LOS alone is a poor inducer of TNF-� expression by
DC, but LOS-induced maturation was not measured (43). Here, we demonstrate that

FIG 5 Intracellular LOS does not increase self-peptide antigen presentation. (A) JY/SCRAP-SVG cells were
infected with C. trachomatis L2, treated with LPC-011, and cultured for 12 h prior to the addition of
Shield-1. Cells were cultured for an additional 12 h and analyzed for HLA-A2-SVG peptide presentation
by staining cells with the MAb RL15A and measuring the MFI using flow cytometry. (B) JY/SCRAP-SVG
cells were transfected with different doses of LOS (or PBS controls) and cultured for 12 h in the presence
of Shield-1 prior to staining with RL15A MAb to measure HLA-A2-SVG peptide levels (*, P � 0.05).
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LOS-treated bone marrow-derived DC (BMDC) induced a partial maturation phenotype
compared to LPS treatment. At least 1,000-fold less LPS than LOS was needed to induce
equivalent levels of MHC class I expression. Furthermore, levels of T-cell-costimulatory
molecules, such as CD80, OX-40L, and CD40, as well as the T-cell-inhibitory molecule
PD-L1, on LOS-treated BMDC were reduced 100- to 1,000-fold compared to those seen
with LPS. These data corroborate other work showing that exposure of DC to chla-
mydiae fails to induce robust DC maturation (44) and suggest that chlamydial LOS fails
to trigger DC maturation during infection, reducing the ability of DC to prime cytotoxic
T cell responses.

In addition to inhibiting the priming of CD8� T cell responses, we have demon-
strated a role for LOS in infected cells to alter direct MHC class I antigen presentation.
Chlamydia infection of cells resulted in enhanced MHC class I presentation of a
host-derived peptide originating from a model substrate, more specifically, when the
peptide was derived from inherently defective forms of the model protein, referred to
as a DRiP. We hypothesize that when self-peptide presentation is enhanced, there is a
corresponding decrease in chlamydial peptides being presented, thus masking the cell
from cytotoxic T cell responses. When LOS synthesis was inhibited by treating with
LPC-011, self-antigen presentation returned to normal. However, the data presented
here suggest that this antigen presentation phenotype is not the direct result of LOS
interactions with host cell components, as transfection of LOS into cells failed to
recapitulate the alteration in DRiP presentation. We hypothesize that the presence of
LOS during infection allows other chlamydia-derived factors to interact with the host
cell in order to skew peptide presentation.

In summary, chlamydial LOS appears to have many direct and indirect functions to
allow Chlamydia to successfully evade both innate intracellular immune responses and
cytotoxic T cell responses. LOS may therefore be conserved across the genus to allow
Chlamydia spp. to successfully evade host immune responses.

MATERIALS AND METHODS
Cells, bacteria, and infections. JY and JY/SCRAP-SVG cells were grown in RPMI 1640 supplemented

with 7.5% fetal calf serum (FCS) with HEPES and Glutamax (all from Thermo Fisher) as previously
described (33). HeLa cells were grown in Dulbecco modified Eagle medium (DMEM) with 7.5% FCS and
Glutamax. All cells were cultured at 37°C in 5% CO2. C. trachomatis strain L2-434 (serovar L2) transformed
with mCherry plasmid was a gift from Robert J. Suchland, University of Washington. Infection of JY cells
was done as previously described (33). Briefly, a total of 5 � 105 cells were centrifuged at a relative
centrifugal force (RCF) of 100 for 5 min and plated in 0.5 ml medium in a 24-well plate. C. trachomatis was
added at a multiplicity of infection (MOI) of 10, and the plate was spun at an RCF of 980 for 1 h. Medium
was then added to directly to the wells, and the plates were returned to the incubator. HeLa cells (5 � 104

cells) were seeded on a coverslip in a 24-well plate. After 24 h, C. trachomatis was added to an MOI of
10 to 20, and the plate was spun at an RCF of 980 for 1 h. The plates were returned to the incubator and
cultured for up to 48 h.

Antibodies and reagents. The anti-chlamydial LOS antibody EVI-HI and anti-chlamydial IncA clone
3H7 have been described (59). Alexa Fluor 647-coupled RL15A has been described (33, 60). The following
antibodies were from BioLegend and used to monitor DC maturation: phycoerythrin (PE)-conjugated
anti-CD80 (clone 16-10A1), allophycocyanin (APC)-conjugated anti-OX-40L (clone RM134L), APC–anti-
HLA-A2 (clone BB7.2), fluorescein isothiocyanate (FITC)-conjugated anti-mouse I-Ab (clone AF6-120.1),
APC–anti-PD-L1 (clone 10F.9G2), FITC–anti-CD40 (clone HM40-3), and Alexa Fluor 488 –anti-mouse CD11c
(clone N418). The secondary antibodies goat anti-mIgG2a–tetramethyl rhodamine isocyanate (TRITC) and
goat anti-mIgG1–FITC were from Southern Biotech. The LpxC inhibitor LPC-011 was a kind gift from Pei
Zhou and Raphael Valdivia from Duke University. The Proteome Profiler human apoptosis array kit was
from R&D. Rabbit polyclonal antibodies specific for caspase 3, PARP, and survivin were all from Cell
Signaling and were diluted 1:1,000 for Western blot analysis. The �-actin rabbit polyclonal antibody was
from Bethyl Laboratories and was used at a dilution of 1:2,000. The p97-specific monoclonal antibody
(MAb) was from Fitzgerald (clone 58.13.3) and was used at a dilution of 1:5,000. LOS (Chlamydia
trachomatis serovar L2 LPS) was from Glycobiotech (Germany). LPS was from either Sigma (E. coli
serotype O111:B4) or Molecular Probes (LPS from E. coli serotype O55:B5 coupled to Alexa Fluor 488).
Both LPS and LOS were resuspended in PBS to a concentration of 1 mg/ml. PI, used at 1 mg/ml, was from
Invitrogen.

Transfection. JY cells were transfected with indicated doses of LOS or LPS using the Amaxa
Nucleofector 96-well shuttle system (Lonza). For each transfection, � 5 � 105 cells were harvested by
centrifugation at an RCF of 100 and resuspended in 20 �l of Amaxa solution SF and mixed with 2 �l of
either LPS or LOS solution to yield the required amounts. Cells were then transfected using program
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FF-120, incubated at 37°C for 5 min, harvested, placed in prewarmed complete medium, and cultured for
3 to 4 h prior to analysis.

Fluorescence and confocal microscopy. Images were collected on a Leica DML fluorescence
microscope fitted with a Retiga 2000R camera and processed with QCapture Pro 6.0 software (Q
Imaging). HeLa cells were grown to �50% confluence on glass coverslips and subsequently infected with
C. trachomatis at an MOI of 10. After 24 h, cells were treated with staurosporine at 1 �M for 4 h and fixed
with 4% paraformaldehyde (PFA). TUNEL staining was performed using the TACS 2 TdT Fluorescein Kit
(Trevigen) following the manufacturer’s instructions. For examination of DNA morphology, nuclei were
stained with Hoechst 34580 (2 �g/ml; Invitrogen) and examined under a 20� objective. The percent
apoptotic cells was determined by examining five random fields (approximately 200 cells in total) in each
treatment. Cells were scored by a blinded observer. The percent apoptotic cells was calculated. For
examination of LOS and IncA distribution, cells were infected and either treated with LPC-011 for 24 h or
left untreated. Cells were then stained with anti-chlamydial LOS MAb EVI-HI (IgG2A) and anti-IncA MAb
3H7 (IgG1), followed by the appropriate goat anti-mouse IgG isotype secondary antibodies. For confocal
microscopy analysis of LOS-transfected cells, JY cells transfected with LOS were cultured on poly-D-
lysine-coated coverslips for 2 h at 37°C. Cell membranes were then stained with 5 �g/ml WGA (Alexa
Fluor 555 conjugate; Invitrogen) in PBS at 37°C for 10 min. After being washed, cells were fixed with 4%
PFA and permeabilized with 0.2% Triton X-100 (EMD). Cells were then stained with anti-chlamydial LOS
antibody. Vectashield (Vector Laboratories) containing 4=,6-diamidino-2-phenylindole (DAPI) (Sigma-
Aldrich) was used to stain DNA. Images were collected with a Zeiss LSM 780 NLO confocal microscope.

Flow cytometry. Cells were harvested and resuspended in Hanks balanced salt solution (HBSS)
supplemented with 0.1% bovine serum albumin (BSA). Cells (105 to 2 � 105) were distributed to 96-well
plates to which was added FcBlocking agent (BioLegend). After a 15-min incubation at 4°C, the plate was
spun at 2,000 rpm, and cells were incubated with the indicated antibody at 4°C for 30 min. Cells were
then washed in HBSS-BSA and resuspended in �100 �l of HBSS-BSA for immediate analysis on a BD
Accuri C6 flow cytometer, and analysis was completed using BD CSampler analysis software. A minimum
of 10,000 live cells were analyzed for each experiment. For propidium iodide (PI) uptake analysis, cells
were incubated with PI at 5 �g/ml for 5 min at room temperature prior to analysis.

Apoptosis array and Western blotting. The Proteome Profiler human apoptosis array kit was used
following the manufacturer’s suggested guidelines. Briefly, cells transfected with PBS or LOS were
cultured for 3 h, washed in PBS, and lysed at 107 cells/ml in the provided lysis buffer. Following
centrifugation, 250 �l of cell lysate was added to the preblocked array membrane and gently rocked
overnight at 4°C. Membranes were washed, biotinylated detection antibody cocktail was added to each
membrane, and membranes were gently rocked for 1 h, followed by washing of the membrane and the
addition of streptavidin-horseradish peroxidase (HRP). The membranes were scanned with an Azure c600
imager. For Western blot analysis, cells were resuspended in lysis buffer (PBS with 0.5% Triton X-100 and
Roche Complete protease inhibitor) at 107 cells/ml and lysed on ice for 30 min. The lysate was
centrifuged for 5 min, and the resulting supernatant was mixed with lithium dodecyl sulfate (LDS) sample
buffer (Invitrogen) and 100 �M dithiothreitol (DTT) and boiled for 20 min. Samples were resolved by gel
electrophoresis on 4% to 12% bis-Tris polyacrylamide Bolt gels (Invitrogen) and transferred to nitrocel-
lulose membranes using the Invitrogen iBlot 2 transfer apparatus. Membranes were blocked in a 4%
milk–TBS-T (1 mM Tris [pH 7.5], 100 mM NaCl, 1% Tween 20) solution for 1 h and then exposed to primary
antibody diluted in 0.5% milk–TBS-T overnight with gentle rocking. After a single washing in TBS-T, the
appropriate secondary antibodies diluted in 0.5% milk–TBS-T were added to the membrane and
incubated for 1 h at room temperature with gentle rocking. Membranes were washed in excess TBS-T
followed by deionized water and visualized using an Odyssey SA infrared imaging system (Li-Cor).
Quantitation of both Western blots and apoptosis arrays was done using Image Studio software (Li-Cor).

BMDC culture. HLA-A2 transgenic mice on a C57BL/6 background (strain 003475; Jackson Labora-
tories) were sacrificed, and femurs were dissected and rinsed in 70% ethanol (EtOH). Bone marrow from
femurs was flushed into complete medium (RPMI 1640 plus 7.5% fetal calf serum, HEPES, and Glutamax,
supplemented with penicillin, streptomycin, and gentamicin) using a 23-gauge needle. Marrow was
gently pipetted to create a single-cell suspension and then depleted of erythrocytes using ammonium-
chloride-potassium (ACK) lysing buffer (VWR). Cells were resuspended to 107/ml in BMDC culture
medium (RPMI 1640 supplemented with 7.5% fetal calf serum, HEPES, Glutamax, penicillin, streptomycin,
gentamicin, and 20 ng/ml granulocyte-macrophage colony-stimulating factor [GM-CSF] from eBiosci-
ence). Two milliliters of prewarmed BMDC culture medium was added to each well of a 24-well plate,
50 �l of cells were then slowly dispensed into the middle of the well, and cells were incubated at 37°C
in 5% CO2 for 4 days, at which time 500 �l of medium was carefully removed and discarded and 500 �l
of warm BMDC medium was added to the plates. This was repeated again on day 7 and day 9 after
cultures were established. On day 10, LPS or LOS diluted in PBS was added to each well. Cells were
cultured overnight and harvested by pipetting the following day for analysis of maturation markers.

Statistics. All two-way Student’s t test analysis was completed using GraphPad Prism. For analysis of
the apoptosis array, densitometry values for each protein were used as raw data. Levels of each protein
in LOS-treated cells were divided by the values for control cells. The resulting ratios for each protein were
averaged, and the average value was subtracted from each individual protein’s value. The difference
between an individual protein and the average change for every protein was divided by the standard
deviation for all ratios and reported as a Z-score. The Z-scores from 4 independent experiments were
subsequently averaged, and statistical significance differing from a score of zero was calculated using
GraphPad Prism.
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