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ABSTRACT Chlamydia trachomatis is the most common bacterial cause of sexually
transmitted infections. C. trachomatis sexually transmitted infections are commonly
asymptomatic, implying a pathogenic strategy for the evasion of innate inflammatory
immune responses, a paradox as the C. trachomatis outer membrane contains lipopoly-
saccharide (LPS), a known potent agonist of inflammatory innate immunity. Here, we
studied the ability of chlamydial LPS to activate the proinflammatory canonical and non-
canonical infllammasome pathways in mouse bone marrow-derived macrophages
(BMDM). We show, in comparison to Escherichia coli LPS, that C. trachomatis LPS-treated
BMDM produce significantly less IL-6, TNF, and type | interferon mRNA, indicating that
downstream signaling through the canonical TLR4 myddosome and triffosome pathways
was blocked. We confirmed this in C. trachomatis LPS-treated BMDM by showing the
lack of NF-«B and IRF3 phosphorylation, respectively. Interestingly, C. trachomatis LPS
bound CD14 and promoted its endocytosis; however; it did not promote efficient TLR4/
MD-2 dimerization or endocytosis, known requirements for myddosome and triffosome
signaling pathways. We further found that transfection of BMDM with C. trachomatis LPS
did not cause pyroptotic cell ballooning, cytotoxicity, or IL-13 secretion, all characteristic
features of noncanonical inflammasome activation. Western blotting confirmed that cy-
tosolic C. trachomatis LPS failed to signal through caspase-11, as shown by the lack of
gasdermin D, caspase-1, or IL-1B3 proteolytic cleavage. We propose that chlamydiae
evolved a unique LPS structure as a pathogenic strategy to avoid canonical and nonca-
nonical innate immune signaling and conclude that this strategy might explain the high
incidence of asymptomatic infections.

IMPORTANCE Chlamydia trachomatis is the most common bacterial cause of sexually
transmitted infections (STI). C. trachomatis STI are commonly asymptomatic, implying a
pathogenic strategy for the evasion of innate inflammatory immune responses, a para-
dox as the C. trachomatis outer membrane contains lipopolysaccharide (LPS), a known
potent agonist of inflammatory innate immunity. Here, we found that C. trachomatis LPS
is not capable of engaging the canonical TLR4/MD-2 or noncanonical caspase-11 inflam-
matory pathways. The inability of C. trachomatis LPS to trigger innate immunity inflam-
matory pathways is related to its unique fatty acid structure. Evolutionary modification
of the LPS structure likely evolved as a pathogenic strategy to silence innate host de-
fense mechanisms. The findings might explain the high incidence of asymptomatic chla-
mydial genital infection.

KEYWORDS caspase-11, chlamydia, inflammation, lipopolysaccharide, TLR4
hlamydia trachomatis is a Gram-negative obligate intracellular bacterial pathogen

of humans that infects ocular and genital epithelium, causing blinding trachoma
and sexually transmitted disease which afflict hundreds of millions of people globally.
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C. trachomatis sexually transmitted infections (STI) are commonly asymptomatic and in
women can lead to severe sequelae such as pelvic inflammatory disease (PID), tubal
factor infertility, and ectopic pregnancy (1, 2). The reason for the high incidence of
asymptomatic infection remains elusive and is paradoxical as the C. trachomatis outer
membrane contains lipopolysaccharide (LPS), a known potent agonist of inflammatory
innate immunity. Therefore, we have investigated whether chlamydial LPS is capable of
functioning as a proinflammatory pathogen-associated molecular pattern (PAMP).

C. trachomatis is distinguished by a biphasic developmental growth cycle that
modulates between a small metabolically inactive infectious elementary body (EB) and
a larger metabolically active noninfectious reticulate body (RB) (3). The chlamydial outer
membrane of EBs and RBs contains LPS. Chlamydial LPS is characterized by a group-
specific antigenic epitope composed of a trisaccharide of 3-deoxy-p-manno-oct-2-
ulosonic acid (Kdo) residues with a unique alpha-Kdo-(2—8)-alpha-Kdo-(2—4)-alpha-
Kdo linkage and a penta-acyl lipid A (4-6) and is essential for secondary differentiation
of RB to infectious EB (7). C. trachomatis LPS is significantly (10- to 100-fold) less
stimulatory than enteric LPS in activating proinflammatory signaling by cultured hu-
man epithelial cells (8-10). This weak proinflammatory signaling response requires
CD14-TLR4 interaction (8, 9). However, the molecular basis for the poor proinflamma-
tory signaling response despite the CD14-TLR4 binding interaction is unknown.

LPS is the prototypical PAMP recognized by host innate immunity pattern recogni-
tion receptors (PRR) that activates the canonical TLR4 proinflammatory and cytosolic
noncanonical caspase-11 inflammasome (11-13). LPS is captured by lipopolysaccharide
binding protein and transferred to CD14 and then interacts with the TLR4/MD-2
complex. The structural and functional basis of LPS recognition by the TLR4/MD-2
complex is known (14). The binding affinity of LPS for TLR4/MD-2 is greatly influenced
by the fatty acid and phosphate groups attached to the glucosamine sugars of lipid A
(14, 15). Modifications to lipid A phosphate and/or acyl chain content or length can
change LPS from a potent agonist to a nonstimulatory or strong antagonist (16, 17). LPS
interaction with TLR4/MD-2 triggers dimerization which initiates downstream signaling
cascades, which ultimately result in an inflammatory response critical for pathogen
clearance (18). TLR4/MD-2 signaling occurs through myddosome (MyD88)- and triffo-
some (TRIF)-dependent pathways resulting in secretion of proinflammatory cytokines
and type | interferons, respectively (19, 20). MyD88 signaling is enhanced by CD14 at
low LPS concentrations; however, at high concentrations activation of the MyD88
pathway can occur in the absence of CD14 (21). CD14-LPS complex endocytosis is not
TLR4 dependent; however, TRIF pathway activation occurs only after endocytosis of
TLR4/MD-2 dimers, a process reliant on CD14 (21). In comparison to the TLR4/MD-2
signaling pathway, much less is known about the molecular aspects of the LPS
noncanonical caspase-11 inflammasome. Intracellular LPS binds directly to caspase-11
CARD motifs through the lipid A moiety, leading to oligomerization of caspase-11 to
induce inflammasome activation (22). However, similarly to LPS-TLR4/MD-2 interactions
(16), the number of acyl chains on lipid A is important for binding caspase-11 CARD
motifs (22).

Here we investigated the inflammatory properties of C. trachomatis LPS to deter-
mine whether it is capable of functioning as a proinflammatory PAMP. Our results
indicate that C. trachomatis LPS is nontoxic for mice and a poor inducer of both the
canonical TLR4 and noncanonical cytosolic caspase-11 inflammatory pathways in
mouse bone marrow-derived macrophages (BMDM). We propose that chlamydiae have
evolved a unique lipid A structure with minimal proinflammatory properties as a
pathogenic strategy necessary for the establishment of asymptomatic infection.

RESULTS

C. trachomatis LPS is a poor inducer of endotoxic shock. Enteric LPS causes
endotoxic shock when administered systemically to animals. The endotoxic properties
of C. trachomatis LPS have not been reported. We therefore tested C. trachomatis LPS
endotoxicity using the p-galactosamine-sensitized mouse model (23). Endotoxic shock
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FIG 1 C. trachomatis (Ct) LPS does not activate the proinflammatory canonical pathway. (A) Mice (n = 5) sensitized with p-GalN were injected
i.p. with E. coli or C. trachomatis LPS, and survival was monitored at the indicated times. Five mice per group were injected with LPS. Kaplan-Meier
curves were generated by Prism 7. (B and C) Sera were collected at 2 and 4 h postinjection and analyzed by ELISA for TNF (B) and IL-6 (C). (D)
Western blot analysis of BMDM treated with E. coli or C. trachomatis LPS (100 ng/ml) at the indicated times. Lysates prepared from BMDM were
resolved on SDS-PAGE gels, transferred to PVDF, and immunoblotted with antibodies against NF-«B p65, phospho-NF-kB p65 (ser536), IRF3, p-IRF3
(ser396), and GAPDH. (E and F) BMDM were treated with various LPS concentrations, and the supernatants were collected and analyzed by ELISA
for TNF and IL-6, respectively. (G) BMDM were similarly treated with LPS, and IFN-B mRNA was measured by qRT-PCR. Data shown as mean *= SD
from three technical replicates (E, F, and G) and representative of three independent experiments (D, E, F, and G).

was determined following administration of Escherichia coli LPS and C. trachomatis LPS
by monitoring mouse morbidity and mortality after LPS injection (Fig. 1A). E. coli LPS
was lethal for mice following intraperitoneal (i.p.) injection of 0.01 mg/kg of body
weight. In contrast, all mice survived following i.p. injection of C. trachomatis LPS at 0.01
and 0.1 mg/kg, and 95% of the mice survived after i.p. injection of 1mg/kg. C.
trachomatis LPS exhibited a highly attenuated capacity to induce endotoxin-mediated
shock in comparison to E. coli LPS. As expected, elevated levels of TNF and IL-6 were
detected in the blood of mice injected with E. coli LPS (Fig. 1B and C). In keeping with
the lack of endotoxicity, following injection of even high concentrations of C. tracho-
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matis LPS proinflammatory cytokines were not detected in blood or were present at
very low levels (Fig. 1B and Q).

C. trachomatis LPS does not activate MyD88- or TRIF-dependent pathways. We
next investigated whether C. trachomatis LPS was capable of inducing proinflammatory
cytokine and type | interferon responses in primary BMDM. CD14-bound LPS is trans-
ferred to TLR4/MD-2, promoting dimerization/activation and subsequent intracellular
signaling. The TLR4/MD-2 complex signals through two major pathways: (i) the myeloid
differentiation primary response protein 88 (MyD88)-dependent pathway with subse-
quent NK-«B transcriptional signaling of proinflammatory cytokine synthesis and the (ii)
TRIF-dependent pathway with subsequent IRF3-dependent IFN-S transcriptional sig-
naling (21). To determine if C. trachomatis LPS could stimulate either pathway, immu-
noblots were probed for NF-«B and IRF3 serine phosphorylation, respectively. BMDM
were treated with different concentrations of E. coli or C. trachomatis LPS, and serine
phosphorylation of NF-«kB and IRF3 was monitored by Western blotting (Fig. 1D). In
contrast to E. coli LPS, C. trachomatis LPS-treated BMDM did not show serine phos-
phorylation of NF-«B or IRF3. In agreement with this, we found that E. coli, but not C.
trachomatis, LPS-treated BMDM secreted MyD88 pathway-dependent cytokines TNF
and IL-6 (Fig. 1E and F) and produced TRIF-dependent IFN-B8 mRNA transcripts (Fig. 1G)
in a dose-dependent manner. These findings demonstrate that C. trachomatis LPS
cannot activate the MyD88- or TRIF-dependent pathways, which are consistent with in
vivo chlamydial genital tract infection findings where TLR4 was not essential for the
development of oviduct inflammatory pathology (24).

C. trachomatis LPS binds CD14 and induces CD14 endocytosis. To better under-
stand the lack of C. trachomatis LPS immunostimulatory activity, we performed com-
petitive binding experiments using BMDM treated with a constant amount of E. coli LPS
and increasing concentrations of C. trachomatis LPS and measuring levels of TNF and
IL-6 in the supernatants. C. trachomatis LPS effectively antagonized the binding of E. coli
LPS in a concentration-dependent manner (Fig. 2A and B). To determine if C. tracho-
matis LPS binds CD14, we performed a coimmunoprecipitation assay using recombi-
nant CD14, LPS, and LPS MAbs. Both E. coli LPS and C. trachomatis LPS were bound by
recombinant CD14 (Fig. 2C). We next asked whether CD14 binding of C. trachomatis LPS
was sufficient to promote CD14 endocytosis (21). This was first investigated by immu-
nofluorescence staining of surface CD14 on BMDM treated with LPS (21). C. trachomatis
LPS and E. coli LPS both induced endocytosis of CD14 as measured by a reduction in
CD14 surface staining (Fig. 2D). We confirmed these results using a temporal kinetic
flow cytometry analysis measuring CD14 membrane surface expression and receptor
recycling (Fig. 2E and F). C. trachomatis LPS and E. coli LPS both induced endocytosis of
CD14 with similar temporal kinetics.

C. trachomatis LPS does not induce TLR4/MD-2 dimerization or endocytosis.
CD14 transfers LPS to TLR4/MD-2, promoting complex dimerization/activation and
initiates subsequent downstream signaling cascades through the MyD88-dependent
and TRIF-dependent pathways. The MyD88-dependent pathway signals directly
through surface dimerized TLR4/MD-2. In contrast, TRIF signaling requires CD14-
dependent endocytosis of the TLR4/MD-2 complex (18). To determine if C. trachomatis
LPS was capable of promoting TLR/MD-2 dimerization and CD14-dependent TLR4/
MD-2 endocytosis, we used temporal kinetic flow cytometry analysis measuring TLR4/
MD-2 membrane surface expression and endocytosis (25). TLR4/MD-2 dimerization was
investigated by using MAb MTS510, which recognizes TLR/MD-2 monomers only at the
plasma membrane; a loss of surface staining of MTS510 represents TLR4/MD-2
dimerization induced by LPS (25, 26). As shown in Fig. 2G and H, E. coli LPS treatment
results in efficient temporally dependent dimerization of surface TLR4/MD-2 complex.
In contrast, C. trachomatis LPS induced significantly less dimerization of surface TLR/
MD-2 complexes (Fig. 2G and H). TLR4/MD-2 endocytosis was studied by using the MAb
SA15-21, which recognizes total surface TLR4. The reduction of total surface TLR4
indirectly represents TLR4 endocytosis (25). Surface staining of total TLR4 of BMDM

March/April 2019 Volume 10 Issue 2 e00595-19

mBio’

mbio.asm.org 4


https://mbio.asm.org

C. trachomatis LPS Evades Inflammatory Pathways

mBio’

B D
* **
*
4000 10000, —* >
= = — DAPI
g 3000 g 7500 o E o
g 2 g 5000 8 5
T 2000 © s i
z =
F 1000 2500 %% 10 20 s 40 5o
Gate Distance (um)
0 0
Ct 0 0.1 1 10 1001000 Ct 0 0.1 1 10 1001000 556
E.coli 10 10 10 10 10 10 E.coli 10 10 1010 10 10 ¢ g 2500 o
o 2 5000 — cp14
LPS (ng/ml) LPS (ng/ml) | £ 1500
3 € 1000
(&) & 500
C Wi 0 10 20 30 40 50
IP: anti-LPS Isotype Gate Distance (um)
Ecoites | (N
— DAPI
[ — cD14
o
cies | g
O
Inputs: CD14 . % 1o 20 30 40 50
- Gate Distance (um)
E . : :
0 min 60 min 90 min 1000
O CtLPS
g T E.coli LPS
" s .l
£ % T |
> I} ©
o] £ -
O @ 50 J T
k]
N
T" " 25
. T g T % ™ T 0 15 30 45 60 75 90
10 10 10 10 1 10 10 Time Post Treatment (min)
—» CD14
G . . . :
0 min 30 min 60 min 90 min 80
£ — O CtLPsS
=3 * E.coli LPS
5 60
A £
2 i M ! S
5 / S /T
o ! 3 I
o | g y
20 /__
[s}
ES
T o¢f-
. . 5 o & b, - . 0 15 30 45 60 7§ 90
10° ‘ ‘In‘ I u; ‘10‘3 ‘104 10° I 1‘0‘ ‘ 1‘02 ‘10‘ I104 10° ‘ 1‘0 ‘ 1:)2 ‘m‘ ‘10 0 o 10 10’ 10 e Eostifrestment m)
— TLR4-MD2 complex
I 0 min 30 min 60 min 90 min J
*
=190 O CtLPS
< ) E.coli LPS
%) \ l/’\ s J'\j\ “
£ ! 2 75
3 ! e
O . \ £
| 3 50
[s}
®
T 25+
O P O S 0 e S rem—rrrrr] 0 2 AN 0 15 30 45 60 75 90
10 10' 10 10 10 10 10 10 10 10 10 10 10 10 10" 0 10 10 100 i Time Post Treatment (min)
—>TLR4
—Untreated ——Isotype ——CtLPS E.coli LPS

FIG 2 C. trachomatis LPS binds CD14 but does not promote dimerization of surface TLR4/MD-2 complex. (A and B) C. trachomatis LPS competes in a
dose-dependent manner with E. coli LPS. BMDM were treated with a combination of 10 ng/ml E. coli LPS and various increasing concentrations of C. trachomatis
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treated with E. coli and C. trachomatis LPS, respectively, at 30, 60, and 90 minutes
posttreatment is shown in Fig. 2I and J. E. coli LPS treatment results in a marked
time-dependent reduction of total surface TLR4. In contrast, C. trachomatis LPS induced
significantly less TLR4 endocytosis (Fig. 2| and J). Collectively, our results support the
conclusion that while binding efficiently to CD14, C. trachomatis LPS cannot effectively
induce TLR4/MD-2 complex dimerization or endocytosis, which provides a molecular
mechanism for the inability of C. trachomatis LPS to activate both the MyD88- and
TRIF-dependent pathways.

C. trachomatis LPS does not activate the noncanonical inflammasome pathway.
It is known that the PAMP receptor for cytosolic LPS is caspase-11 (human orthologs are
caspase-4 and -5) and that engagement of caspase-11 is a key factor in activating the
noncanonical inflammasome pathway (12, 13). Chlamydia growth is confined to the
inclusion. In order for chlamydial LPS to target caspase-11 activation, it must gain
access to the host cytoplasm. In this regard, it has been shown that interferon-induced
GTPases promote inclusion ubiquitination resulting in premature inclusion lysis, pro-
viding a mechanism for LPS access to the cytosol (27, 28). To determine if cytosolic C.
trachomatis LPS could activate caspase-11, we transfected BMDM with chlamydial LPS.
A phenotypic characteristic of cells transfected with E. coli LPS is the formation of a
“ballooning” morphology associated with pyroptosis and cytotoxic cell death as mea-
sured by LDH release (29). Transfection of BMDM with E. coli LPS, but not C. trachomatis
LPS, resulted in a pyroptotic ballooning morphology (Fig. 3A) and characteristic cyto-
toxicity assayed by LDH release and IL-183 production (Fig. 3B and C). We tested both
smooth (E. coli 0111:B4) and rough (EH100-Ra) E. coli LPS in these experiments as the
C. trachomatis LPS structure is more similar to that of EH100-Ra. Both types of E. coli LPS,
but not chlamydial LPS, caused cell ballooning and pyroptotic cell death.

LPS-activated caspase-11 promotes the cleavage of gasdermin D (GSDMD) into its
cytoplasmic membrane pore, forming an N-terminal p30 fragment causing osmotic cell
death associated with pyroptosis (13). Additionally, caspase-11 binding of enteric LPS
activates pro-caspase-1 through NLRP3 and ASC to produce active caspase-1. Active
caspase-1 (p20) then cleaves pro-IL-18 and pro-IL-18 to mature active inflammatory
IL-18 and IL-18 polypeptides that are secreted through GSDMD cytoplasmic pores (30).
We performed Western blot analysis on E. coli and C. trachomatis LPS-transfected
BMDM to determine whether the noncanonical inflammasome pathway was activated
by C. trachomatis LPS. Results from the blot analyses showed that E. coli LPS induced
cleavage of GSDMD to its active p30 fragment, pro-caspase-1 to its active p20 fragment,
and pro-IL-18 to its active p17 fragment (Fig. 3D). Notably, cytosolic C. trachomatis LPS
did not result in the cleavage of GSDMD, caspase-1, or IL-18.

To corroborate and expand on these findings, BMDM derived from B6 knockout (KO)
mice with genetic deficiencies in caspase-1 or -11 or both were used to study E. coli and
C. trachomatis LPS interactions with the caspase-11 pathway. Wild-type, caspase-11—/—,
caspase-1"4", and caspase-1=/7/11/— BMDM were transfected with E. coli or C. tra-
chomatis LPS and analyzed by Western blotting using antibodies specific to pro- and
cleaved forms of GSDMD, caspase-1, IL-1, and IL-18. As expected, cytosolic E. coli LPS

FIG 2 Legend (Continued)

LPS, and culture supernatants were analyzed by ELISA for TNF (A) and IL-6 (B) cytokine secretion. (C) Coimmunoprecipitation of recombinant CD14-LPS
complexes with LPS MADbs. C. trachomatis or E. coli LPS was incubated with recombinant mouse CD14 and then immunoprecipitated with Dynabeads magnetic
beads conjugated to anti-E. coli LPS or anti-C. trachomatis LPS or isotype control (mouse IgG2a) antibodies. Precipitates were subjected to SDS-PAGE, transferred
to PVDF, and immunoblotted with anti-CD14 antibody. (D) C. trachomatis LPS and E. coli LPS both induced endocytosis of CD14 as measured by a reduction
in CD14 surface staining. (E) Temporal flow cytometry analysis of surface CD14 expression on BMDM treated with C. trachomatis LPS or E. coli LPS. (F) Percentage
of surface CD14 staining on C. trachomatis LPS- or E. coli LPS-treated BMDM. (G) Temporal flow cytometry analysis of surface TLR/MD-2 complex. BMDM were
treated with E. coli LPS and C. trachomatis LPS (100 ng/ml) and stained with MAb MTS510, which binds only to monomeric TLR4/MD-2 complex. (H) Percentage
of TLR4/MD-2 dimer formation as determined by flow cytometry. C. trachomatis LPS induced dimerization of surface TLR4/MD-2 complexes but was significantly
(P < 0.05) less efficient than E. coli LPS. (I) Temporal flow cytometry analysis of surface TLR4. BMDM were treated with E. coli LPS and C. trachomatis LPS
(100 ng/ml) and stained with MAb SA15-21, which reacts with total cell surface TLR4. (J) Percentage of TLR4 endocytosis as determined by flow cytometry. C.
trachomatis LPS induced TLR4 endocytosis but was significantly (P < 0.05) less efficient than E. coli LPS. Data shown as mean = SD from three technical
replicates (A, B, F, H, and J) and representative of three independent experiments (A to J). (A, B, H, and J) Two-tailed unpaired Student’s t test (*, P < 0.05; **,
P < 0.01).
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FIG 3 C. trachomatis LPS does not activate the noncanonical caspase-11 inflammasome pathway. (A) BMDM transfected with C. trachomatis LPS does
not exhibit a pyroptotic cell ballooning morphology or cause BMDM cytotoxicity. Phase photomicrographs (40X) of BMDM mock treated or treated with
E. coli (O111:B4) smooth LPS, E. coli (EH100) rough LPS, or C. trachomatis LPS. (B and C) Similarly treated BMDM assayed for cytotoxicity as measured
by LDH release (B) or IL-1B secretion (C). (D) BMDM treated with E. coli or C. trachomatis LPS at different LPS concentrations were assayed by
immunoblotting for cleavage of GSDMD, caspase-1, and IL-18 in BMDM supernatants. Pro-caspase-11, pro-caspase-1, and pro-IL-18 were assayed by
immunoblotting in BMDM cell lysates. (E) Confirmation of E. coli LPS-specific activation of caspase-11 using BMDM from C57BL/6 caspase-1—/~ and
caspase-11-/~ mice and caspase-1-/~ caspase-11~/~ double KO mice. Cytosolic E. coli LPS specifically activates caspase-11 in C57BL/6 and caspase-1-/—
BMDM. Note that cytosolic E. coli but not C. trachomatis LPS activated the caspase-11 as shown by proteolytic cleavage of GSDMD, caspase-1, and IL-18.
Data shown as mean = SD from three technical replicates (B and C) and representative of three independent experiments (B, C, D, and E). (B and C)
Two-tailed unpaired Student'’s t test (**, P <0.01; ***, P < 0.001).

resulted in the cleavage of GSDMD, caspase-1, IL-1, and IL-18 in WT and caspase-1nu!
BMDM but did not result in cleavage of these targets in caspase-11—/~ or caspase-1=/=/
11=/~ mice. Conversely, cytosolic C. trachomatis LPS failed to signal through caspase-11
as shown by the lack of GSDMD, caspase-1, and IL-18 cleavage in WT, caspase-11—/—,
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caspase-1"4 and caspase-1/7/11~/~ BMDM (Fig. 3E). We conclude that C. trachomatis
LPS is not a cytosolic PAMP for activating the caspase-11-dependent noncanonical
inflammasome pathway. In total, our results support the conclusion that C. trachomatis
LPS does not function as a PAMP in activating either the canonical or noncanonical
inflammatory pathways.

DISCUSSION

A characteristic feature of C. trachomatis urogenital infection is the high incidence
of asymptomatic infections. This is unusual for Gram-negative organisms that have LPS,
the prototypical proinflammatory PAMP. Previous studies have shown that chlamydial
LPS is less toxic than enteric LPS, although the molecular basis for this has remained
undefined (8, 9).

The fact that infection remains silent suggests that chlamydial LPS is a poor agonist
of the canonical and noncanonical inflammatory pathways. Collectively, our findings
show that in vivo chlamydial LPS is nontoxic and in vitro displays limited activation of
PRRs that function in the proinflammatory canonical TLR4 and noncanonical caspase-11
inflammasome pathways. Therefore, chlamydial LPS is an immunologically silent mol-
ecule that fails to trigger inflammatory innate immunity, which may in part explain the
high incidence of C. trachomatis asymptomatic infections. Since asymptomatic infection
in women can ascend and cause chronic inflammatory disease such as PID, the findings
reported here would not support a role for C. trachomatis LPS in driving upper genital
tract immunopathology through either the canonical TLR4 or the noncanonical
caspase-1/11 pathways. We conclude that these broad innate immunity silencing
characteristics are the result of chlamydia’s unique LPS structure (Fig. 4).

A vast array of lipid A modification systems exists in Gram-negative pathogens. The
resulting lipid A structures often show reduced immunostimulatory effects, suggesting
that lipid A modification is an important immune evasion strategy. Lipid A modification
requires addition of new enzymes, which comes at a cost of increased genome size (16,
17). Chlamydia’s lifestyle as an obligate intracellular pathogen has introduced strong
selective pressure to maintain a minimally sized genome (31, 32). Therefore, chlamydiae
have evolved a strategy to alter their lipid A structure that reduces its toxicity without
the need for additional genetic coding capacity. To this point, we show that chlamydial
LPS binds to and induces CD14 endocytosis, is a weak inducer of TLR4/MD-2 dimeriza-
tion, and inefficiently promotes TLR4 endocytosis. Chlamydial LPS binds CD14, and the
resulting complex is endocytosed, a property consistent with it having two phosphates
(1 and 4’) attached to lipid A glucosamine sugars, which are an essential structural
feature for CD14 endocytosis (25). Rhodobacter sphaeroides LPS displays similar struc-
tural and functional characteristics as chlamydial LPS. R. sphaeroides LPS is penta-
acylated, is diphosphorylated, binds CD14, and promotes efficient endocytosis but is a
poor inducer of TLR4 dimerization and subsequent endocytosis (25). The structural
features of chlamydial LPS resulted in a CD14 deficiency at the plasma membrane
(Fig. 2D to F). The ability of chlamydial LPS to provoke a CD14 deficiency at the cell
surface is consistent with its ability to function as an effective TLR4 antagonist of E. coli
LPS (Fig. 2A and B). From a pathogenesis standpoint, a reduction in CD14 surface
expression could dampen the proinflammatory response to Gram-negative pathogens,
such as Neisseria gonorrhoeae, a common chlamydial coinfecting pathogen of the
urogenital tract. How such host-pathogen-microbiome interactions might affect chla-
mydial growth or natural host resistance to coinfecting pathogens of the urogenital
tract remains to be determined.

Structurally, chlamydial lipid A is penta-acylated, not hexa-acylated (Fig. 4). Numer-
ous functional and structural studies have led to the conclusion that LPS variants with
fewer than six acyl chains are poor inducers of the TLR4 pathway (16, 17). Lack of
chlamydial LPS-induced TLR/MD-2 dimerization, which is essential for myddosome
signaling (18, 25), is sufficient to explain the limited production of the proinflammatory
cytokines IL-6 and TNF (Fig. 1D and E). Likewise, the lack of chlamydial LPS-induced
TLR4 endocytosis, which is required for triffosome signaling (18, 25), offers a molecular
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explanation for limited IFN-B mRNA production (Fig. 1F). Together, these findings are
consistent with the observation that chlamydial LPS displayed essentially no endotoxic
activity in vivo. Chlamydiae have evolved two features which ensure that penta-
acylated lipid A cannot be converted to the more inflammatory hexa-acylated form.
First, chlamydiae lack IpxM, encoding an acyltransferase that catalyzes the secondary
acylation of the R-3-hydroxyacyl chain at position 3’ of Kdos-lipid IV, (Fig. 4A) (31).
Second, the lipid A of chlamydial LPS is unusual in that it contains myristoylated instead
of (R)-3-hydroxymyristoyl chains at positions R3 and R3’ (Fig. 4A) (8, 33). This structural
feature is a direct consequence of chlamydial UDP-N-acetylglucosamine acyltransferase
(C. trachomatis LpxA) having a strong preference for a nonhydroxylated acyl-acyl carrier
protein (ACP) to a hydroxyacyl-ACP (34). Chlamydiae therefore cannot generate a
3’-acyloxyacyl unit in the sixth acyl chain of lipid A.

Chlamydial LPS amide-linked acyl and 3’-oxyacyl groups (R2, R2’, and R2", Fig. 4A)
are C,g_50 in length, compared to C,,_,, in E. coli (Fig. 4B). Alterations in acyl chain
length and degree of saturation have a profound impact on immune activation
characteristics (16, 17). Chlamydiae encode the capacity to synthesize branched-chain
fatty acids de novo (31, 35) and have the capability to salvage straight-chain fatty acids
from their host (36). In marked contrast to the acyl chains of chlamydial glycerophos-
pholipids, which are primarily branched chains (37), the LPS lipid A acyl chains are
predominately straight chains (8). This dichotomy raises the intriguing possibility that
chlamydiae salvage host fatty acids for lipid A synthesis as a pathogenic strategy,
resulting in an LPS structure that is a poor TLR4 or caspase-11 agonist. To determine
whether conversion of penta-acylated lipid A to hexa-acylated lipid A would increase
chlamydial LPS toxicity would require genetic deletion of C. trachomatis IpxA, replacing
it with E. coli IpxA and adding E. coli I[pxM. While systems for genetically manipulating
chlamydiae are now available (38), the more complex genetic manipulations required
for these studies require further development.

A crystal structure model of enteric LPS-TLR4/MD-2 interactions indicates that five
of the six lipid chains of LPS are buried deep inside the large hydrophobic pocket of
MD-2 (15, 39). This interaction promotes TLR4/MD-2 dimerization required for down-
stream signal transduction pathways that produce serine phosphorylation of NF-«B and
IRF3, leading to the transcription of proinflammatory cytokines and type | interferons
(18). The combination of penta-acylation and long C,4_,, acyl chains likely affects the
way that chlamydial LPS binds the hydrophobic MD-2 pocket, thus preventing the
conformational changes required for efficient TLR4 dimerization and activation of
myddosome and triffosome signaling (15, 18).

Our morphological, microscopic, and Western blotting results clearly show that
chlamydial LPS does not activate the noncanonical inflammasome pathway (Fig. 3). In
contrast to hexa-acylated E. coli LPS, which strongly activates the noncanonical inflam-
masome pathway, R. sphaeroides LPS, which is penta-acylated and tetra-acylated, lipid
IVA binds caspase-11 but fails to promote its oligomerization and activation (13, 22). We
conclude that the inability of chlamydial LPS to activate the noncanonical inflam-
masome is also likely a result of its hypoacylated lipid A structure (8).

MATERIALS AND METHODS

Lipopolysaccharide. E. coli O111:B4 LPS was purchased from Sigma-Aldrich (catalog no. L4391; St.
Louis, MO), E. coli EH100 (Ra) LPS (catalog no. HC4046) was from Hycult Biotech Inc. (Plymouth, PA); C.
trachomatis serovar E LPS has been analyzed structurally by mass spectrometry (8) and was purchased
from Glycobiotech GmbH (Kikels, Germany). Lyophilized LPS was resuspended in Ca?*- and
Mg?*-free Hanks balanced salt solution (HBSS) or triethylamine at 1 mg/ml and stored at —20°C. LPS

FIG 4 Legend (Continued)

structural feature for CD14 binding (25). Structural characteristics of C. trachomatis LPS that differ from E. coli LPS are highlighted in red. (1) A 2-8, 2-4-linked
tri-Kdo and the lack of LPS heptosyl transferase 1 (waaC) in the chlamydial genome prevent further glycosylation; thus, chlamydial LPS has a deep rough
Re phenotype that avoids PRR recognition. (2) Myristoylated instead of (R)-3-hydroxymyristoyl chains at positions R3" of Kdo3-lipid IVA, thereby preventing
further acylation. (3) Chlamydial LPS amide-linked acyl and 3’ oxyacyl groups (R2, R2’, and R2") are unusually long, C,5_,, compared to C,,_,,. (C) A model
of C. trachomatis LPS subversion of canonical and noncanonical inflammatory pathways.
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serotypes were verified utilizing the Pro-Q Emerald 300 lipopolysaccharide gel stain kit (Molecular
Probes Inc., Eugene, OR).

Mice. Six- to 8-week-old C57BL/6J, caspase 11/~ and caspase-1-/~ caspase-11~/~ mice were
purchased from Jackson Laboratories. Caspase-1"! mice were provided by Thirumala-Devi Kanneganti,
St. Jude Children’s Research Hospital (40). All procedures were performed in accordance with the
guidelines of the National Institutes of Health Institutional Animal Care and Use Committee.

p-Galactosamine-sensitized LPS challenge. Female C57BL/6J mice were injected intraperitoneally
(i.p.) with E. coli O111:B4 LPS (0.01 mg/kg) or different doses of C. trachomatis LPS (0.01, 0.1, or 1.0 mg/kg)
in combination with p-galactosamine (800 mg/kg). Mice were observed for moribundity and lethality
over a 72-h period.

BMDM cultures. Briefly, bone marrow cells were cultured in MEM-F-12 supplemented with 0.1 1U/ml
M-CSF, 10% heat-inactivated fetal bovine serum (HyClone), 100 IU/penicillin, 100 ug/ml streptomycin,
and 10 mM L-glutamine. Cultures were maintained in 5% CO, at 37°C in non-tissue-culture-coated petri
dishes (Corning Inc.). On day 3, supernatants were gently removed and replaced with the same volume
of culture medium. The nonadherent cells were removed on day 7, and adherent BMDM were dislodged
with Cellstripper nonenzymatic cell dissociation solution (Thermo Fisher Scientific), pooled, and seeded
into 96- or 24-well plates (Corning). BMDM seeded into 24-well plates were incubated with different
concentrations of E. coli LPS or C. trachomatis LPS. Culture supernatants were assayed by ELISA for TNF
and IL-6 secretion, and adherent BMDM were solubilized in Laemmli sample buffer and used for
immunoblotting. For transfection experiments, BMDM seeded into 96-well plates overnight were primed
for 6 h with 1 ug/ml Pam3CSK4 in serum-free Opti-MEM (Life Technologies). Primed cells were trans-
fected with 1, 2, or 4 ug/ml E. coli or C. trachomatis LPS by using 0.25% (vol/vol) FUGENE HD transfection
reagent (Promega) or mock transfected with FuGene HD for 12 h as previously described (12). Super-
natants were collected and assayed by immunoblotting; LDH cytotoxicity or IL-13 secretion was assayed
by ELISA.

Flow cytometry. We used the flow cytometry procedure described by Kagan et al. to monitor TLR4
endocytosis and TLR4-MD2 dimerization (41). BMDM were treated with 200 ng/ml C. trachomatis LPS or
E. coli O111:B4 LPS suspended in DMEM supplemented with 10% FBS and incubated prior to flow
cytometry analysis. Cells were stained with appropriate fluorochrome-labeled specific antibodies or
isotype control antibodies. Mouse antibodies used were anti-CD11b (clone M1/70; BioLegend), anti-CD14
(clone Sa14-2; BioLegend), anti-TLR4 (clone SA15-21; BioLegend), and anti-TLR4/MD-2 complex (clone
MTS-510; Thermo Fisher Scientific). Cells were processed with the Becton, Dickinson (BD) Fortessa flow
cytometer using FACSDiva software (BD). Flow cytometry experiments were analyzed using FlowJo (Tree
Star Inc.).

ELISA. Mouse IL-6 and TNF ELISA sets were purchased from BD Biosciences (Franklin Lakes, NJ). Cell
culture supernatants and mouse sera were assayed according to the manufacturer’s protocols. ELISA was
performed in two independent experiments, each done in triplicate.

Quantitative RT-PCR. Total RNA from E. coli or C. trachomatis LPS-treated BMDM was isolated using
TRIzol reagent (Invitrogen) and the RNeasy RNA extraction kit according to the manufacturer’s instruc-
tions. The level of IFN-B mRNA was determined by using the SuperScript Ill Platinum SYBR Green
one-step qRT-PCR kit (Invitrogen) according to the manufacturer’s instructions. Primers for murine IFN-3
and GAPDH were purchased from Qiagen. Samples were analyzed on a 7500 Fast Real-Time PCR system
(Applied Biosystems). All experiments were performed in triplicate.

Immunoblotting. BMIDM were seeded in 24-well plates and treated with E. coli or C. trachomatis LPS.
Cells were lysed with RIPA buffer. Proteins in culture supernatants were precipitated with 7.2% trichlo-
roacetic acid plus 0.15% sodium cholate and were resuspended with NUPAGE LDS sample buffer (12).
Samples were subjected to SDS-PAGE and transferred to either PVDF or nitrocellulose for immunoblot-
ting, respectively. Blots were blocked overnight at 4°C in PBS with 0.1% Tween 20 and 5% nonfat dry milk.
Primary antibodies used include WN1 222-5 (Hycult Biotech), NF-«B (clone L8F6; Cell Signal), pNF-«B
(clone 93H1; Cell Signal), IRF3 (clone D83B9; Cell Signal), pIRF3Ser396 (clone 4D4G; Cell Signal), GAPDH
(clone 14C10; Cell Signal), pro-GSDMD (clone A-7; Santa Cruz), GSDMD (p30) (Abcam), caspase-1
(p20) (clone Casper-1; AdipoGen), pro-IL-18 (Biovison), IL-18 (Biovison), pro-caspase-11 (clone 17D9;
Sigma), and beta-actin (Sigma). Horseradish peroxidase-conjugated secondary antibodies were used for
detection (Invitrogen).

Cell cytotoxicity assay. Supernatants from BMDM transfected with E. coli and C. trachomatis LPS
were collected, and LDH was measured by using the CytoTox 96 nonradioactive cytotoxicity assay
(Promega) according to the manufacturer’s instructions. All values represent the percentage of LDH
released into supernatants compared to a maximum lysis control.

Coimmunoprecipitation. One microgram of recombinant mouse CD14 (Sino Biological) was incu-
bated with 1 ug of C. trachomatis or E. coli EH100 (Ra) LPS in 10 mM Tris-HCl (pH 7.5)-0.15 M NaCl and
incubated at 37°C for 1 h. Dynabeads magnetic beads (Invitrogen) coupled to C. trachomatis and E. coli
LPS-specific antibodies (MAbs EVIHT and WN1 222-5, respectively) or appropriate isotype control (IgG2b)
were added according to manufacturer’s specifications and incubated for 30 min at room temperature.
Samples were then washed with PBS (pH 7.4) three times before elution into Laemmli buffer for
SDS-PAGE. Immunoblots were probed with mouse anti-CD14 and HRP-conjugated goat anti-mouse
secondary antibody.

Immunofluorescence. BMDM (2 X 10°) were plated on glass coverslips in 24-well plates and treated
with 1 ug/ml of C. trachomatis LPS or 1 ug/ml E. coli LPS and or were untreated as a control. At 5 min
posttreatment, cells were fixed in 2% paraformaldehyde (PFA) for 10 min at room temperature and
blocked for 1 h in a 1X PBS solution containing 0.3% Triton X-100 and 100 mg/ml goat serum at room
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temperature. Cells were immunostained with 1X PBS-1% BSA-0.3% Triton solution containing anti-CD14
antibody. Primary antibody rat anti-mouse CD14 (4C1) was used at a 1:200 dilution. Secondary antibodies
were used at 1:400 (Alexa Fluor 555 goat anti-rat). Coverslips were stained with DAPI at 1:1,000 in PBS
for 5 min and mounted using Prolong Gold. High-resolution images were captured using a Zeiss 880 laser
scanning microscope with an Airyscan detector. Intensity histograms measuring signal intensity of
blue-channel DAPI and red-channel anti-CD14 were produced by tracing a histogram line through
representative cell populations and processed in Zen Black (Carl Zeiss Imaging). Z-stack projections were
imaged at an interval of 0.2 um. All images were processed in Zen Blue and Zen Black (Carl Zeiss

Imaging).
Statistical analysis. The statistical significance of differences between data groups was determined
by the unpaired Student t test using GraphPad Prism 7.
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