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ABSTRACT Chlamydia are obligate intracellular Gram-negative bacteria distinguished
by a unique developmental biology confined within a parasitophorous vacuole termed
an inclusion. The chlamydial plasmid is a central virulence factor in the pathogenesis of
infection. Plasmid gene protein 4 (Pgp4) regulates the expression of plasmid gene pro-
tein 3 (Pgp3) and chromosomal glycogen synthase (GIgA), virulence factors secreted
from the inclusion to the host cytosol by an unknown mechanism. Here, we identified
a plasmid-dependent secretion system for the cytosolic delivery of Pgp3 and GIgA. The
secretion system consisted of a segregated population of globular structures originat-
ing from midcycle reticulate bodies. Globular structures contained the Pgp4-regulated
proteins CT143, CT144, and CT050 in addition to Pgp3 and GIgA. Genetic replacement
of Pgp4 with Pgp3 or GIgA negated the formation of globular structures, resulting in
retention of Pgp3 and GIgA in chlamydial organisms. The generation of globular struc-
tures and secretion of virulence factors occurred independently of type 2 and type 3
secretion systems. Globular structures were enriched with lipopolysaccharide but lacked
detectable major outer membrane protein and heat shock protein 60, implicating them
as outer membrane vesicles. Thus, we have discovered a novel chlamydial plasmid-de-
pendent secretion system that transports virulence factor cargo from the chlamydial
inclusion to the host cytosol.

IMPORTANCE The Chlamydia trachomatis plasmid regulates the expression and secre-
tion of immune evasion virulence factors to the host cytosol by an unknown mecha-
nism. In this study, we identified a novel plasmid gene protein 4 (Pgp4)-dependent
secretion system. The system consists of globular structures distinct from typical
chlamydial developmental forms that export Pgp3 and GIgA to the host cytosol.
Globular structures emerged at mid-chlamydial growth cycle from distinct popula-
tions of reticulate bodies. The formation of globular structures occurred independ-
ently of known chlamydial secretion systems. These results identify a Pgp4-depend-
ent secretory system required for exporting plasmid regulated virulence factors to
the host cytosol.
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hlamydia trachomatis is an obligate intracellular bacterial pathogen which causes
blinding trachoma and sexually transmitted infections (STI) that afflict millions of
people worldwide (1, 2). C. trachomatis is unique among intracellular bacteria because
it undergoes a specialized biphasic developmental growth cycle involving two distinct
morphological forms: the infectious nonreplicative elementary body (EB) and the non-
infectious replicative reticulate body (RB) (3). The EBs attach to host cells and are then
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FIG 1 Plasmid-regulated proteins exhibit a globular staining pattern localized to the inclusion lumen of
infected cells. McCoy cells infected with C. trachomatis wild-type L2 strain or an L2 pgp4-null strain were fixed
with PFA at 40 hpi and stained with antibodies against Pgp3, GIgA, CT143, CT144, or CT050, together with the
chlamydial major outer membrane protein (MOMP). All 5 proteins displayed a globular staining pattern found
in the lumen of the chlamydial inclusion (arrows). Pgp3 and GIgA were detected in the host cell cytosol
(arrowheads). Bar, 10 um.

internalized into a parasitophorous vacuole, termed an inclusion, that fails to fuse with
the host lysosome. Within this protected niche, EBs differentiate into RBs, which repli-
cate by binary fission or a polarized budding process (4) and differentiate back to EBs.
Following lysis of host cells, or extrusion of inclusions, EBs are released and initiate a
new round of infection. During its intracellular development C. trachomatis interacts
with the host cell to obtain nutrients and biosynthetic precursors and evade innate
host defenses (5). Many of these interactions are aided by chlamydial virulence factors
which are secreted using a conventional type 2 secretion system (T2SS) and a type 3
secretion system (T3SS) (6-8).

C. trachomatis has a 7.5-kb virulence-associated plasmid (9, 10) including 8 open
reading frames (ORF) encoding plasmid gene proteins 1 (Pgp1) to Pgp8. Pgp4 is a mas-
ter positive regulator of the expression of Pgp3 and a set of conserved chromosomal
genes, including those encoding glycogen synthase (GlgA), CT143, CT144, and CT050.
Plasmid-deficient strains (11, 12) and Pgp3- and Pgp4-null mutant strains (13, 14) ex-
hibit attenuated infection characteristics in murine and nonhuman primate infection
models, demonstrating the critical role the plasmid plays in chlamydial pathogenesis.
Pgp3 and GIgA are secreted into the host cytosol (15, 16). Pgp3 plays a role in the
establishment of persistent infection by evading antimicrobial peptide host defenses
(14, 17). Although the precise role of GIgA in chlamydial pathogenesis remains poorly
defined, nonisogenic Chlamydia muridarum strains with GIgA mutations produce fewer
infectious progeny in cell culture and display reduced shedding in the urogenital and
gastrointestinal tracts in mouse models (18-20). Importantly, while it is firmly estab-
lished that Pgp3 and GIgA are located in the host cytosol (15, 16), the mechanism of
secretion has not been identified. Here, we describe a novel plasmid-regulated secre-
tion system for the delivery of Ppg3 and GIgA to the host cytosol.

RESULTS

Pgp4-regulated proteins exhibit a globular staining pattern localized to the
inclusion lumen. To investigate the expression pattern of Pgp4-regulated proteins
Pgp3, GIgA, CT143, CT144, and CT050, we infected McCoy cells with C. trachomatis L2
or a L2 Pgp4-null mutant strain. Infected cells were fixed and stained with antibodies
against Pgp3, GlgA, CT143, CT144, CT050, and the chlamydial major outer membrane
protein (MOMP) (Fig. 1). Within C. trachomatis wild-type L2, Pgp3, GIgA, CT143, CT144,
and CT050 displayed a globular staining pattern in the lumen of the inclusion. There
was a differential staining pattern, with Pgp3 and GIgA but not CT143, CT144, and
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FIG 2 Temporal kinetics of Pgp3, GlgA, and CT144 expression in infected McCoy cells. McCoy cells infected
with the C. trachomatis wild-type L2 strain were harvested at different times postinfection, as indicated, and
processed for IFA assay. Pgp3 was detected as early as 12 hpi. The globular staining pattern (arrowheads) of
Pgp3, GIgA, and CT144 was evident at 24 hpi. At 30 hpi, Pgp3 and GIgA staining was markedly stronger and
more abundant than CT144 staining, which did not significantly change from the 24-h time point. The increase
expression of Pgp3 and GIgA at 30 and 40 hpi coincided with protein secretion into the host cell cytosol
(arrows). Bar, 10 um.

CT050 being detected in the host cell cytosol. There was minimal labeling of globular
structures in the Pgp4-null strain, a result consistent with previous findings that expres-
sion of these proteins is Pgp4 dependent (21). The globular staining patten was also
observed in L2-infected cells fixed with methanol (see Fig. S1 in the supplemental ma-
terial), a result indicating that staining pattern is not due to a fixation effect (22).
Importantly, a similar globular immunofluorescent-antibody (IFA) staining pattern was
observed in cells infected with different C. trachomatis genital and ocular serovars
(Fig. S2), indicating that the pattern is not unique to serovar L2.

Temporal kinetics of globular staining. We next investigated the temporal kinetics
of globular structure appearance by immunofluorescence staining (Fig. 2). In keeping
with transcriptomics data, Pgp3 and CT144 were detected in inclusions as early as 12
and 18 h postinfection (hpi), whereas GIgA staining occurred later (23). All antibodies
similarly stained globular structures in inclusions at 24 hpi. In contrast, there was a
marked difference in Pgp3 and GIgA staining at 30 and 40 hpi compared to that of
CT144. Pgp3 and GlgA antibodies reacted with a greater number of globular structures,
and the staining was more intense. This was in contrast to CT144 staining, which did
not change noticeably from 24 to 40 hpi. Notably, the distinct changes in Pgp3 and
GlgA globular staining coincided with the detection of Pgp3 and GIgA in the host cyto-
sol. Whether the different numbers of globular structures among these proteins
account for the functional difference remains unknown.

Pgp3, GlgA, CT143, and CT144 colocalize in the same globular structure. Although
the plasmid-regulated proteins Pgp3, GIgA, CT143, and CT144 exhibited similar globu-
lar staining characteristics, we wanted to determine whether they colocalized to the
same globular structures. Since the globular staining pattern was first observed at 24
hpi, we used confocal microscopy of infected cells at this time point to address this
question. Infected-cell cultures were stained with pairs of isotype-compatible monoclo-
nal antibodies, together with a rabbit anti-IncA antibody. Anti-Pgp3, -GIgA, -CT143,
and -CT144 antibodies displayed clear overlapping globular structure staining (Fig. 3).
We also observed a close association of globular structures with the luminal side of the
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FIG 3 Pgp3, GlgA, CT143, and CT144 colocalize to the same globular structure. WT L2-infected McCoy cells were fixed with PFA at 24 hpi, stained with
different combination of anti-Pgp3, GIgA, CT143, CT144, and IncA, and analyzed by confocal microscopy. Anti-IncA was used to identify the boundary of
the chlamydial inclusion membrane. Bar, 5um. Note that each of the plasmid-regulated proteins is contained within the same globular structure. Bar,
5um.

inclusion membrane, suggesting that they would be in position to interact with the
membrane to facilitate delivery of Pgp3 and GIgA to the host cell cytosol. The
Pearson's correlation coefficient values of each stained protein pair were greater than
0.5 (Fig. S3), confirming colocalization of the proteins to the same globular structures.
Collectively, these results demonstrate that these plasmid-regulated proteins colocal-
ized in the same globular structure.

Globular structure staining and secretion of Pgp3 and GIgA into the host cell
cytosol are independent of T2SS and T3SS. Chlamydia possesses both T2SS and T3SS.
The T2SS is required for secretion of CPAF, CT795, and CT311 into the host cell cytosol
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(6, 24, 25). To investigate whether Pgp3 and GIgA secretion was T2SS dependent, we
used the T2SS-deficient L2 strain RSTE4 (26) and monitored the localization of Pgp3,
GlgA, and CPAF. At 40 hpi, Pgp3 and GIgA were detected in the chlamydial inclusion
and host cell cytosol in wild-type- and RSTE4-infected cells (Fig. 4A). In contrast, CPAF,
a known T2SS substrate (6), was detected in cytosol of wild-type-L2-infected cells but
not in the cytosol of RSTE4-infected cells. Taken together, these results demonstrated
that the secretion of Pgp3 and GIgA into the host cell cytosol was not dependent on
T2SS. To investigate whether the T3SS was required for the secretion of Pgp3 and
GlgA, we treated L2-infected cells with the T3SS inhibitor C1 and analyzed cytosolic
Pgp3 and GIgA staining by IFA assay. As controls, we stained for CPAF and CT621,
known T2SS and T3SS substrates, respectively (6, 27). Ppg3 and GIgA globular staining
and cytosolic staining were observed in C1-treated cells (Fig. 4B). In contrast, C1 treat-
ment inhibited secretion of CT621, a known T3SS effector, but had no effect on CPAF
secretion. In addition, we found that CPAF and Pgp3 displayed distinct staining pat-
terns which did not colocalize with each other, suggesting that these two proteins uti-
lized different secretion processes (Fig. 4C). Similarly, CT621 did not colocalize with
GlgA (Fig. 4D). Taken together, the results support the conclusion that secretion of
Pgp3 and GIgA occurs by a mechanism independent of T2SS or T3SS.

The formation of globular structures and secretion of Pgp3 and GIgA are
dependent on Pgp4. Since Pgp4 regulates the expression of Pgp3 and GIgA (21, 28), it
is not possible to determine if Pgp4 is also required for the secretion of these two pro-
teins. To address this question, we constructed two pBRCT plasmids in which the pgp4
ORF was replaced with the pgp3 ORF (pBRCT Apgp4:pgp3) or the glgA ORF (pBRCT
Apgp4:glgA) (Fig. 5A). With these constructs, the expression of Pgp3 and GIgA was
Pgp4 independent. Cells were infected with plasmid-transformed organisms and then
analyzed for expression and localization of Pgp3 and GIgA. Immunostaining showed
that Pgp3 was expressed in L2 Apgp4::pgp3-infected cells, indicating that the pgp4 pro-
moter drove the expression of Pgp3 in the absence of Pgp4. Importantly, in L2 Apgp4::
pgp3-infected cells, Pgp3 colocalized with MOMP and there was no detectable Pgp3 in
the host cell cytosol (Fig. 5B). Similarly, in L2 Apgp4:glgA-infected cells, GIgA colocal-
ized with MOMP and was not secreted into the host cell cytosol (Fig. 5C). Thus, the for-
mation of globular structures and the secretion of Pgp3 and GIgA into the host cell
cytosol are Pgp4 dependent.

The globular structures contain LPS but not MOMP or HSP60. To investigate
whether the globular structures were a unique population of chlamydial developmen-
tal forms or specialized structures distinct from chlamydial organisms, we costained
infected cells with anti-Pgp3 or anti-GlgA, together with antilipopolysaccharide (anti-
LPS), MOMP, or HSP60 antibodies based on the compatibility of antibody isotypes and
analyzed images by confocal microscopy. GIgA staining overlapped the LPS staining
(Fig. 6A). In contrast, Pgp3 and GIgA staining did not overlap MOMP staining (Fig. 6B),
and Pgp3 staining did not overlap HSP60 staining (Fig. 6C). Similar results were
observed by costaining of CT143 or CT144 with MOMP and of CT143 with Pgp3
(Fig. S3). Immunoelectron microscopy of L2-infected McCoy cells was performed at 24
hpi using anti-GlgA, anti-CT144, and anti-MOMP for ultrastructural identification of
globular structures. Globular structures, approximately 0.5 um in size, stained with
anti-GIgA and -CT144 antibodies but not anti-MOMP antibodies were found in L2 inclu-
sions (Fig. 7). These results demonstrated that the globular structures are distinct from
chlamydial organisms, as they lack MOMP and HSP60. Based on these staining charac-
teristics we conclude that the globular structures are most likely outer membrane
vesicles originating from RBs.

DISCUSSION

Pgp3 and GIgA are two chlamydial plasmid-regulated virulence factors which are
secreted into the host cell cytosol by an unknown mechanism. Here, we demonstrated
that Pgp3 and GIgA, together with other plasmid-regulated proteins, including CT143
and CT144, are colocalized in the globular structures, which are often associated with

May/June 2021 Volume 12 Issue3 e01179-21

mBio’

mbio.asm.org 5



Leietal.

A Pgp3 GlgA CPAF

(2]
N
E
<
1]
|—
(2]
o

DMSO

DNA

C1 (50uM)

D

FIG 4 The formation of globular structures and GIgA and Pgp3 secretion to the host cytosol are independent
of T2SS and T3SS. (A) WT-L2- or T2SS-deficient-L2 (RSTE4)-infected McCoy cells were fixed with PFA at 40 hpi
and immunolabeled with anti-Pgp3, anti-GlgA, or anti-CPAF, together with anti-MOMP. The globular (arrows)
and host cell cytosol (arrowheads) staining of Pgp3 and GIgA was detected in both L2- and RSTE4-infected
cells. In contrast, the secretion of CPAF into the host cell cytosol was detected only in cells infected with WT
L2, not in cells infected with RSTE4. Bar, 10 um. (B) McCoy cells were infected with WT L2, and at 18 hpi, the
T3SS inhibitor C1 was added to the culture medium. Cells were fixed at 40 hpi and immunolabeled with anti-
Pgp3, anti-GlgA, anti-CPAF, or anti-CT621, together with anti-MOMP. Bar, 10 um. (C) McCoy cells infected with
WT L2 were fixed at 24 hpi and immunolabeled with anti-Pgp3 MAb and anti-CPAF MAb together with anti-
MOMP. Staining of Pgp3 did not overlap staining of CPAF. Bar, 5um. (D) McCoy cells infected with WT L2 were
fixed at 24 hpi and immunolabeled with anti-CT621 serum and anti-MOMP, with relevant secondary antibodies.
Then cells were immunolabeled with Alexa Fluor 568-conjugated anti-GIgA MADb. Staining of CT621 did not
overlap staining of GIgA. Bar, 5 um.
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FIG 5 The formation of globular structures and GIgA and Pgp3 secretion to the host cytosol are dependent on Pgp4. (A) The Pgp4 ORF was replaced by
the Pgp3 or GIgA ORF. (B) The Pgp4 promoter drove the expression of Pgp3. In the absence of Pgp4, Pgp3 was highly expressed but there was no
cytosolic secretion observed. (C) The expression of GIgA was driven by the Pgp4 promoter. In the absence of Pgp4, GIgA was highly expressed but
expression was also restricted to chlamydial organisms. Bar, 10 um.

the chlamydial inclusion membrane. The formation of the globular structures and the
secretion of Pgp3 and GIgA to the host cell cytosol are not dependent on either T2SS
or T3SS but rather are dependent on Pgp4. These globular structures do not contain
chlamydial MOMP or HSP60 but have LPS. Collectively, our findings describe a novel
plasmid-regulated system for delivery of plasmid-regulated virulence factors Pgp3 and
GlgA to the host cell cytosol.

Previous studies described the globular structure staining pattern of CT143, CT144,
and CT050 (29, 30); the present study confirms those observations and, importantly,
describes for first time that CT143, CT144, Pgp3, and GIgA colocalize to the same glob-
ular structure. Results from experiments using a T2SS mutant strain and the T3SS inhib-
itor C1 indicate that neither of these secretion systems is required for globular struc-
ture formation or secretion of Pgp3 and GIgA to the host cell cytosol. Jorgensen and
Valdivia previously showed that the localization of CT050 to globular structures was
not affected by C1 (29). CPAF is secreted by the T2SS; in this process, CPAF is translo-
cated into the periplasm space. It has been proposed that CPAF is secreted via outer
membrane vesicles (OMV) (31). Consistent with previous studies (15), we showed that
Pgp3 does not colocalize with CPAF, indicating that Pgp3 is not in the same secretion
vesicle as CPAF. Similarly, GIgA does not colocalize with the T3SS substrate CT621,
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FIG 6 The globular structures contain chlamydial LPS but do not costain with chlamydial MOMP and HSP60.
(A) WT L2-infected McCoy cells were fixed at 24 hpi, stained with anti-GIgA together with anti-LPS, and
analyzed by confocal microscopy. GIgA colocalized with the LPS. Bar, 5um. (B) WT L2-infected McCoy cells
were fixed at 24 hpi and costained with anti-Pgp3 and anti-MOMP or with anti-GIgA and anti-MOMP. Pgp3 and
GlgA did not colocalize with MOMP. (C) WT L2-infected McCoy cells were fixed at 24 hpi and costained with
anti-Pgp3 and anti-HSP60. Pgp3 did not colocalize with HSP60. Bar, 5um. In each row, the area highlighted by
the white box in the leftmost panel is magnified in the second, third, and fourth panels.

which shows that the translocation of GIgA is different from that of CT621 and is not
dependent on T3SS. Of note, GlgA, CT143, and CT144 were previously identified as
T3SS substrates (18, 30), a finding not supported by our results. One possible explana-
tion for this discrepancy could be that surrogate T3SS were used in those studies.
Recently, Yanatori et al. showed that bioinformatic predictions of Chlamydia T3S effec-
tors followed by experimental validation of secretion in Yersinia or Shigella surrogate
systems can give high frequencies of false positives (32). Their observations reinforce
the idea that caution is warranted when evaluating if chlamydial proteins are secreted
by T3SS and also suggest that T3SS-independent pathways may play a critical role in
the delivery of chlamydial virulence factors (33). Using Pgp4 replacement mutants, we
showed that globular structure staining and secretion of Pgp3 and GIgA were
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FIG 7 Transmission immunoelectron microscopy shows globular structures in the inclusion lumen. WT L2-infected McCoy cells were fixed at 24 hpi,
immunolabeled with anti-GIgA, anti-CT144, or anti-MOMP, and prepared for TEM. Anti-GIgA and -CT144 antibodies specifically recognize globular structures
in the inclusion lumen (arrows). Anti-MOMP antibodies labeled chlamydial EB and RB developmental forms (arrows). The globular structures did not react
with anti-MOMP antibodies. Bars, 5 um. The bottom row shows magnifications of the areas highlighted by the white boxes in the top row.

dependent on Pgp4. This shows that the formation of globular structures in the inclu-
sion lumen is Pgp4 dependent or might require one or more Pgp4-regulated chromo-
somal gene products. The globular structure components CT143 and CT144 are small
conserved hypothetical proteins with unknown function (34). The precise role of CT143
and CT144 in globular structure formation and secretion of Pgp3 and GIgA needs to be
investigated.

To reach the host cell cytosol, Pgp3 and GIgA need to cross the inclusion mem-
brane. By costaining Pgp3 and GIgA with the inclusion membrane protein IncA, we
found that the globular structures were closely associated with the inclusion mem-
brane, suggesting that interactions between these structures and inclusion membrane
may facilitate the secretion of Pgp3 and GIgA to the host cell cytosol. Phospholipase D
(PLD) (CT084) is a Pgp4-regulated chromosomal gene (21). PLD catalyzes the hydrolysis
of phospholipids and affects membrane fusion and permeability (35). It is unknown if
PLD is a component of globular structures, but if it is, its interaction with the inclusion
membrane might facilitate delivery of Pgp3 and GIgA to the host cell cytosol. It will be
important to experimentally test this hypothesis in future studies.

The unique composition of the globular structures and their distinct physical sepa-
ration from typical replicating chlamydial organisms provide some insight into what
the origin and biogenesis of the structures might be. We hypothesize that these struc-
tures are derived from RBs, or alternatively OMV generated from RBs. If globular struc-
tures originate from RBs, one would expect them to contain MOMP and HSP60, which
they did not. Therefore, we favor the latter possibility, because the globular structures
stained for chlamydial LPS but not MOMP and HSP60. A common characteristic of
Gram-negative OMV is that they are often enriched with LPS with minimal amounts of
outer membrane pore proteins, which is consistent with our results (36). The globular
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structures contain Pgp3 and GIgA as cargo, sharing the characteristic of Gram-negative
OMV, which are selectively loaded with virulence factor cargo (36). Therefore, we pro-
pose that the globular structures originate from RB OMV. Clearly, for globular struc-
tures to be identified as OMV, they need to be isolated and characterized biochemi-
cally. However, the limited abundance of these structures, together with chlamydiae’s
obligate intracellular growth requirement, makes this goal especially challenging.

MATERIALS AND METHODS

Cell culture and chlamydial strains. McCoy and L929 cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) (Corning, Inc., Corning, NY, USA) supplemented with 10% fetal bovine serum at
37°C with 5% CO,. C. trachomatis L2 (L2/LGV-434/Bu), L2R, D (UW-3/Cx), plasmid-deficient D, A2497, plas-
mid-deficient A2497, and H (UW-4/Cx) strains were described previously (11, 12, 14). The plasmid-defi-
cient H strain was isolated from plasmid-positive H strain using novobiocin as described previously (37).

Plasmid constructs. To replace pgp4 ORF with either glgA or pgp3 ORF, two DNA fragments lacking
pgp4 ORF were amplified using CloneAmp HiFi PCR Premix (TaKaRa, Mountain View, CA, USA) and
PBRCT (21) as a template. A third PCR product containing the glgA or pgp3 ORF was generated using C.
trachomatis L2 DNA as the template. PCR products were purified using a QlAquick gel extraction kit
(Qiagen, Germantown, MD, USA) and then subjected to fusion by using an In-Fusion HD cloning kit
(TaKaRa, USA) according to the manufacturer’s instructions. The fusion products were transformed into
Stellar competent cells (TaKaRa, USA), and transformants were selected for ampicillin resistance on LB
agar plates. Bacterial colonies were screened for the presence of pgp3 or glgA in the correct orientation
by PCR. Plasmids extracted from bacterial colonies with the desired PCR screening results were sub-
jected to DNA sequencing. Plasmid with correct DNA sequence was transformed to Adam Adcm compe-
tent E. coli cells (New England Biolabs, Ipswich, MA, USA) for amplification. The final plasmids constructs
were used to transform chlamydiae. Primers are shown in Table S1.

Transformation of C. trachomatis L2R. Transformation of C. trachomatis L2R was performed as
described previously (21). Briefly, density gradient-purified EB and plasmid DNAs were added to CaCl,
buffer (10 mM Tris [pH 7.4] and 50 mM CaCl,) to a final volume of 275 ul. After gentle pipetting, the mix-
ture was incubated at room temperature for 30 min. The mixture was suspended in 12 ml ice-cold su-
crose phosphate glutamate (SPG) buffer and added to 6-well plates seeded with confluent L929 cells.
Plates were centrifuged at 545 x g at room temperature for 1 h, and the inoculum was replaced with
3ml complete medium (DMEM containing 10% fetal bovine serum) and incubated for 5 h at 37°C. The
medium was replaced with medium containing 1 uwg/ml cycloheximide and 101U/ml penicillin G. The
strains were plaque cloned twice and expanded.

Monoclonal antibody production. The glgA ORF was amplified by PCR, and the amplicon was inserted
into pET-26b (Sigma, St. Louis, MO, USA) using Ndel and Xhol sites to express the fusion protein with a C-termi-
nal His tag. Primers used for PCR were as follows: forward, 5'-GGGAATTCCATATGAAAATTATTCACACAGCTATC-
3’; reverse, 5'-CCGCTCGAGTTGTTTATAAATTTCTAAATATTTATTG-3'. Expression of GlgA/His fusion protein
was induced with isopropyl-B-p-thiogalactoside (IPTG) for 6 h at room temperature. Fusion proteins
were extracted by lysing bacteria in BugBuster extraction reagent containing 1 mM phenylmethylsulfo-
nyl fluoride, 75 U/ml aprotinin, 20 M leupeptin, and 1.6 M pepstatin (Sigma, USA). After centrifuge,
the supernatant was passed through a His GraviTrap column (Global Life Sciences Solutions, Pittsburgh,
PA, USA) for protein purification. The purified protein was used to immunize mice for making monoclo-
nal antibodies as described previously (38).

Effect of T3SS C1 inhibitor and T2SS mutation on secretion of Pgp3 and GIgA. At 18 hpi, 50 uM
C1 was added to C. trachomatis-infected cells. C1- or DMSO-treated infected cells were harvested at 40
hpi. The T2SS mutant strain RSTE4 was kindly provided by Raphael Valdivia (Duke University, NC, USA).
McCoy cells were infected with RSTE4 strain and were fixed at 40 hpi for IFA staining.

Antibody labeling. The anti-GIgA monoclonal antibody (MAb) was directly labeled with Alexa Fluor
568 using an Alexa Fluor 568 antibody labeling kit (Thermo Fisher, USA) following the manufacturer’s
protocols.

Immunofluorescence. McCoy cells grown on coverslips (2 x 10° cells) were infected with C. tracho-
matis strains at a multiplicity of infection (MOI) of 0.2. Infected cells were fixed with 4% paraformalde-
hyde (PFA) (Santa Cruz, Dallas, TX, USA) for 30 min at room temperature and then permeabilized with
0.1% Triton X-100 for 15 min at room temperature or fixed with 100% cold methanol for 10 min. After
blocking with 2% bovine serum albumin (BSA) in PBS for 30 min, coverslips were incubated with primary
antibodies at 37°C for 1 h. Primary antibodies were rabbit anti-MOMP serum, mouse anti-MOMP MAb
(L21-45, 19G3), mouse anti-CT143 MAb (IgG2a), mouse anti-CT144 MAb (IgG1), mouse anti-Pgp3 serum,
mouse anti-Pgp3 MAb (2H4, IgG2a), mouse anti-GIgA MAb (F443G, 1gG1), mouse anti-CPAF MAb (100a,
1gG1), mouse anti-HSP60 MAb (IgG1), mouse anti-LPS MAb (EVI-H1, IgG2a), rabbit anti-CT050 serum,
mouse anti-CT621 serum, and rabbit anti-IncA serum. Coverslips were washed with PBS and incubated
with DAPI (4',6-diamidino-2-phenylindole) and corresponding secondary antibodies labeled with Alexa
Fluor 488, 568, or 647 (Thermo Fisher, Waltham, MA, USA). In certain stainings, anti-GlgA MADb directly la-
beled with Alex Fluor 568 was used. After mounting with ProLong Gold antifade mountant (Thermo
Fisher, USA), coverslips were imaged with a Nikon Eclipse 80i microscope or Leica SP8 confocal micro-
scope. All images were processed using ImageJ. Pearson's correlation coefficient values were calculated
using the Coloc2 program in ImageJ.
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Immunoelectron microscopy. C. trachomatis serovar L2-infected McCoy cells were fixed in 2% para-
formaldehyde-0.25% glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) in 0.1 M phos-
phate buffer for 2 h at room temperature. Cells were permeabilized with 0.01% saponin for 5min at
room temperature. Fixed cells were incubated with anti-GlgA, anti-CT144, and anti-MOMP antibodies,
followed by peroxidase-conjugated secondary antibodies, and prepared for transmission electron mi-
croscopy (TEM) as described previously (39).

Statistical analyses. Data are presented as means and standard deviations (SD). GraphPad Prism 8.0
software was used for data analysis.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
FIG S1, TIF file, 2.4 MB.
FIG S2, TIF file, 2.9 MB.
FIG S3, TIF file, 0.8 MB.
FIG S4, TIF file, 2.7 MB.
TABLE S1, XLSX file, 0.009 MB.
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