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Abstract: Although IFN-y depletes tryptophan (Trp) as a defense against intracellular Chlamydia
trachomatis (Ct) infected to hypoxic vagina, the presence of indole, a precursor of Trp,
enables Ct to infect IFN-y-exposed culture cells. Meanwhile, Trp-derived indole
derivatives interact the aryl hydrocarbon receptor (AhR), which is a ligand-dependent
transcription factor involved in the cellular homeostasis with tubulin dynamics. Here,
the amounts of IFN-y and indole in cervical swabs with known Ct infection status were
measured, and Ct growth in the presence of indole was determined from the
perspective of the AhR axis under hypoxia. A positive correlation between the amounts
of IFN-y and indole was found, and both of these amounts were lower in Ct-positive
swabs than in Ct-negative ones. Indole as well as other AhR ligands inhibited Ct
growth, especially under normoxia. Ct prompted the expression of detyrosinated
tubulin (dTTub), but indole inhibited it. Indole did not stimulate the translocation of AhR
to nucleus, and it blocked AhR activation in AhR-reporter cells. Ct growth was reduced
more effectively under normoxia in AhR-knockdown cells, an effect that was enhanced
by indole, which in turn diminished dTTub. Thus, Ct growth relies on the scavenger role
of cytosolic AhR responsible for promoting dTTub expression.
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ABSTRACT

Although IFN-y depletes tryptophan (Trp) as a defense against intracellular Chlamydia
trachomatis (Ct) infected to hypoxic vagina, the presence of indole, a precursor of Trp,
enables Ct to infect IFN-y-exposed culture cells. Meanwhile, Trp-derived indole
derivatives interact the aryl hydrocarbon receptor (AhR), which is a ligand-dependent
transcription factor involved in the cellular homeostasis with tubulin dynamics. Here,
the amounts of IFN-y and indole in cervical swabs with known Ct infection status were
measured, and Ct growth in the presence of indole was determined from the perspective
of the AhR axis under hypoxia. A positive correlation between the amounts of IFN-y
and indole was found, and both of these amounts were lower in Ct-positive swabs than
in Ct-negative ones. Indole as well as other AhR ligands inhibited Ct growth, especially
under normoxia. Ct prompted the expression of detyrosinated tubulin (dTTub), but
indole inhibited it. Indole did not stimulate the translocation of AhR to nucleus, and it
blocked AhR activation in AhR-reporter cells. Ct growth was reduced more effectively
under normoxia in AhR-knockdown cells, an effect that was enhanced by indole, which
in turn diminished dTTub. Thus, Ct growth relies on the scavenger role of cytosolic

AhR responsible for promoting dTTub expression.
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Abbreviations

Trp: tryptophan, Ct: Chlamydia trachomatis, AhR: aryl hydrocarbon receptor, Tub:
tubulin, dTTub: detyrosinated tubulin, EB: elementary body, RB: reticulate body, CtL2:
CtL2 434/Bu (a representative lymphogranuloma venereum-causing strain), CtD:
CtD/UW-3/CX (a representative urogenital strain), L-K: L-kynurenine, HSP60:
heat-shock protein 60, FBS: fetal bovine serum, GFP: green fluorescent protein, ATP:
adenosine triphosphate, ROS: reactive oxygen species, IFU assay: inclusion-forming

unit assay
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1. Introduction

Chlamydia trachomatis (Ct) is an obligate intracellular human pathogenic bacterium
with a developmental cycle consisting of elementary body (EB: invasive form) and
reticulate body (RB: replicative form) [1]. Through the developmental cycle, Ct
survives and replicates within a membrane-bound vacuole, termed the inclusion body
[1], which serves as a critical scaffold for successful intracellular modifications such as
targeting the energy supply on glycolysis controlled by the PI3K-AKT signaling
pathway [2], the cellular trafficking pathways from the Golgi [3], or tubulin (Tub)
dynamics [3]. However, the detailed role of this scaffold remains incompletely
understood. Meanwhile, Ct is the leading cause of sexually transmitted bacterial
infections, with an estimated 131 million new cases of Ct infection annually worldwide
[4]. Infection with Ct is also potentially involved in the etiology of cervical cancer [5,

6].

IFN-y functions as a critical factor in the defense against Ct genital infections by
depleting the cellular tryptophan (Trp) pool of the host. However, in in vitro
experiments, the presence of indole, a Trp precursor, has been shown to rescue genital
chlamydiae despite the depletion of Trp in IFN-y-exposed cells [7]. Therefore, the
presence of indole is considered to be associated with the promotion of Ct survival in

the vaginal tract [8].
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The concentration of indole in the feces of healthy individuals reaches approximately 3
mM [9], and indole can move with gut bacteria into the vaginal tract through the
anogenital route [10], suggesting that indole may have a ubiquitous but unidentified role
in cellular homeostasis, in addition to its roles as a precursor of tryptophan and in the
rescue of Ct against IFN-y exposure in vitro. In fact, high levels of indole derivatives
have been reported to ameliorate some inflammatory diseases such as Crohn’s disease
and type 2 diabetes [11-13]. Interestingly, indole derivatives can act as antibacterial
factors against Legionella pneumophila [14] and Mycobacterium tuberculosis via an
unknown mechanism [15, 16]. In addition, indole derivatives can modulate the growth
of Ct, potentially through de-repression of the Trp operon by the activation of TrpR [17].
However, the clinical relevance of the amounts of vaginal indole and IFN-y in Ct
infections remains unclear. Furthermore, although the effect of indole on rescuing Ct
growth despite the presence of IFN-y has been emphasized, the negative effect of indole

on Ct growth has not been comprehensively investigated.

The aryl hydrocarbon receptor (AhR) is a cytosolic ligand-activated transcription factor
responsible for xenobiotic metabolism, which regulates fine-tuning of the mucosal
barrier that is responsible for maintaining cellular homeostasis [18]. Trp-derived indole
derivatives differentially activate the AhR, which is comprehensively involved in
fine-tuning the mucosal barrier [19, 20]. Meanwhile, although AhR promotes
transcription by forming a heterodimer with ARNT, it specifically binds to HIF-1a, a

master regulator under hypoxia, and induces an adaptive response to hypoxic conditions
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[21]. Thus, the amount of AhR in the cytoplasm changes depending on the oxygen
conditions, and AhR is more stable in the cytoplasm under hypoxia. This indicates the

role of AhR as a scavenger in the cytoplasm under hypoxic conditions preferred by Ct.

AR is also a factor that determines susceptibility to pathogens. For example, Ahr’-
mice have been shown to be highly susceptible to Listeria monocytogenes infection,
suggesting that AhR can mitigate bacterial infection [22]. Meanwhile, many Trp
metabolites, including indole and its derivatives, which are produced from tissues or the
gut microbiota, act as ligands for AhR but exhibit differences in terms of activating it
[23]. Some indole derivatives, such as indole-3-carbinol and indole-3-propionic acid,
have been reported to induce cell death, impairing the intracellular growth of certain
pathogens [24, 25]. Against this background, Ct likely promotes the scavenger role of
AhR of removing certain harmful molecules such as Trp-derived indole derivatives
from the cytoplasm of host cells. Activation of the AhR can also stimulate adaptive
mechanisms for ensuring cellular survival through the Wnt-B-catenin, NF-xB, and/or
PI3K-AKT signaling pathways [26], which are frequently targeted by the intracellular
parasite Ct [2, 27]. Interestingly, the dynamics of AhR in cells has been reported to be
specifically associated with cell cycle arrest or tubulin assembly [4]. In particular, Ct
strongly stimulates tubulin recycling by promoting the process of detyrosination of Tub
(dTTub) [3]. However, the role of AhR in the intracellular growth of Ct required for Tub

dynamics is not completely understood.
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In the present study, we measured the amounts of IFN-y and indole in cervical swabs
(n=570) obtained from pregnant women with known Ct infection status [28]. We also
investigated the intracellular growth of Ct in the presence of pure indole under hypoxia
from the perspective of the AhR axis and tubulin dynamics by using AhR reporter cells

and AhR-knockdown cells.

2. Materials and Methods

2.1. Collection of endocervical swabs for measuring IFN-y and indole

derivatives

This study used frozen endocervical swabs that had been collected from pregnant
women (n=570, age: 28.46 + 5.14, collection period: June 2016 to February 2018) at
Toho Obstetrics and Gynecology Hospital in previous studies [28], along with the
results of analysis on the status of Ct infection. The amount of IFN-y was measured with
the Human IFN-y ELISA MAX Deluxe Set (BioLegend, San Diego, CA, USA). The
amount of indole derivatives was evaluated using the Kovacs method [9]. Both values

were expressed as the amount per total protein.

2.2. Ct strains
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Two Ct strains (CtL2: L2/434/Bu and CtD: D/UW-3/CX) were used in this study. Green
fluorescent protein (GFP)-expressing transformed CtL2 was established following a
previous protocol [29], which was the main strain used in this study. These bacteria
were propagated into immortal human epithelial HEp-2 cells and stored at —80°C until
use [2]. The cells were maintained in D-MEM (Sigma, St. Louis, MO, USA) containing

inactivated 10% fetal bovine serum (FBS) based on our previous study [2].

2.3. Assessment of AhR activation

Immortal hepatic HEp-G2 Lucia AhR cells (InvivoGen, San Diego, CA, USA) with or
without CtL2 infection were cultured in the presence or absence of L-K with or without
indole for 48 h under normoxia (21% O.) or hypoxia (2% O>). The luciferase activity of
the culture supernatants was measured with Quanti-Luc™ (InvivoGen), following the
manufacturer’s protocol. Data are expressed as fold change relative to the control value.
The cells were maintained in Opti-MEM (Thermo Fisher, Waltham, MA, USA)

containing inactivated 10% FBS.

2.4. Establishment of AhR-knockdown cells

Transient AhR-knockdown HEp-2 cells were established by 24-h transfection of cells

with siRNA (AM16708) purchased from Thermo Fisher. As a control, in vitro negative
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control siRNA (4390843) was also purchased from the same company. Transfection of
siRNA (or control siRNA) into cells was performed with a transfection reagent,
Lipofectamine RNAIMAX (Thermo Fisher), in accordance with the manufacturer’s
protocol as described below. Transfection complexes were prepared by incubating 100
uL of Opti-MEM (Thermo Fisher) consisting of 0.8 uL of RNAIMAX and each siRNA
(6 pmol) for 30 min at room temperature. After incubation, total transfection complexes
were added to HEp-2 cells seeded the day before at 1x10* cells into 500 pL of
Opti-MEM, and then incubated for 24 h at 37°C in 5% CO,. After incubation, the cells
were infected with CtL2 and incubated in RPMI1640 (Sigma) containing inactivated
10% FBS for 48 h. The amounts of AhR as well as HSP60 and Tub (including dTTub)

were confirmed by western blotting.

2.5. Infection and assessment of bacterial numbers

Cells (HEp-2 cells, AhR-reporter HEp-G2 cells, or AhR-knockdown HEp-2 cells) were
inoculated with CtL2 (or CtD) at a multiplicity of infection (MOI) of 5-25 and then
cultured in the presence or absence of drugs [indole (Sigma, St. Louis, MD, USA),
CH-223191 (Sigma), L-kynurenine (L-K; InvivoGen, San Diego, CA, USA), and/or
cycloheximide (Sigma)] for 48 h under 21% (normoxia) or 2% (hypoxia) O, conditions.
Hypoxia was created using a dedicated MIC-101 chamber (Billups-Rothenberg, Del
Mar, CA, USA). The numbers of bacterial progeny were determined using the

inclusion-forming unit (IFU) assay, in accordance with our previous study [2].

10
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2.6. Assessment of cytotoxicity

The cytotoxic effects of indole, CH-223191, L-K, and the combination of indole and
L-K on HEp-2 cells were evaluated with a Cell Counting Kit-8, in accordance with the

manufacturer’s protocol (Dojindo, Kumamoto, Japan).

2.7. Imaging

Cells were treated with 4% paraformaldehyde in phosphate-buffered saline (PBS), and
then permeabilized with 0.1% Triton-X100. After blocking with PBS containing 3%
skimmed milk and 0.05% Tween20, cells were stained with primary antibodies
[anti-dTTub antibody (ab48389; Abcam, Cambridge, UK), anti-AhR antibody
(ab190797; Abcam), or anti-Tub (CLT9002; Cedarlane, Burlington, Ontario, Canada)],
followed by secondary antibodies. After washing with PBS containing 0.05% Tween20,
the stained cells were mounted with DAPI solution and then observed using a confocal
laser (TCSSP5, Leica) or conventional (BZX800, Keyence) fluorescence microscopes.
The translocation of AhR to the nucleus and the density of dTTub were determined by
the following method. Each image was converted to grayscale; for the imaging of
cytosolic AhR, nucleus area was subtracted for the AhR image. Grayscale density on
each image was determined with ImageJ (version 1.53K), which was shown as DAPI

staining intensity per cell. In addition, the numbers of inclusion bodies formed due to

11



227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

Zhang, Funahashi, Tanaka et al.

the infection with GFP-expressing CtL2 were automatically counted by an image

analyzer in a microscope system (BZ810; Keyence, Osaka, Japan).

2.8. Western blotting

Cells were lysed in RIPA buffer containing 0.1% SDS (08714-04; Nacalai Tesque,
Kyoto, Japan), in accordance with the manufacturer’s protocol. The protein samples
separated on a 6% separation gel by SDS-PAGE were transferred to a PVDF membrane
by semi-dry electroblotting using the Trans-Blot® Turbo™ blotting system (Bio-Rad,
Hercules, CA, USA). After blocking with 3% skimmed milk in Tris-buffered saline
(TBS) with 0.1% Tween 20, membranes were incubated with primary antibody
[anti-aryl hydrocarbon receptor antibody (ab190797; Abcam, Cambridge, UK),
anti-HSP60 antibody (sc-57840; Santa Cruz Biotechnology, Dallas, TX, USA),
anti-dTTub, or anti-Tub] overnight at 4 °C. After washing with TBS-T, the membranes
were incubated with each secondary antibody for 6 h at 4 °C. After washing, the
membranes were developed with Clarity™ Western ECL substrate (Bio-Rad) and
visualized using ChemiDoc™ XRS (Bio-Rad). Band densities were quantified by

ImageJ.

2.9. Statistical analysis

Correlations were analyzed by Spearman’s correlation coefficient rank test.

12
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Comparisons between two groups were performed by Student’s t-test, while the
Bonferroni—Dunn test or Tukey—Kramer test was used for multiple groups. A p-value of

< 0.05 was considered statistically significant.

3. Results

3.1. Indole derivatives, as well as IFN-y, had a role in protecting against

Ct infection in the vaginal tract

The amounts of IFN-y and indole derivatives were measured in cervical swabs (n=570)
obtained from pregnant women with known Ct infection status [28]. A significant
correlation was identified between the amounts of IFN-y and indole derivatives in the
swabs (r=0.947 p<0.0001), regardless of whether the swabs were Ct-positive (n=35,
r=0.839, p<0.0001) or -negative (n=535, r=0.948, p<0.0001) (Fig. 1A). Interestingly,
the IFN-y and indole-derivative levels in the Ct-positive swabs (n=35) were
significantly lower than in the Ct-negative ones (n=535) (indole: p<0.0001; IFN-y:
p=0.0004) (Fig. 1B and C). Although these results were inconsistent with previous in
vitro experiments in which indole derivatives were shown to have a positive effect on
the survival of Ct in the vaginal tract [7, 8], our findings suggested that indole

derivatives, as well as IFN-y, have a role in the protection against Ct infection in the

13
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vaginal tract. The findings also imply that host factors, such as AhR, which can bind to

indole or its derivatives [19, 20], play a biological role in Ct growth.

3.2. Indole inhibited the intracellular growth of Ct (L2 434/Bu and

D/UW-3/CX) in HEp-2 cells

The effect of indole on the intracellular growth of Ct [CtL2 (434/Bu, a representative
lymphogranuloma venereum-causing strain) and CtD (D/UW-3/CX, a representative
urogenital strain)] in HEp-2 cells was assessed. Imaging analysis showed that the
number of CtL2 clusters formed in the infected cells, referred to as inclusion bodies [1],
was significantly decreased in the presence of indole [21% O»: 200—-1000 uM (p<0.05);
2% O2: 500 and 1000 uM (p<0.05)], in a concentration-dependent manner (Fig. 2A).
Similarly, the estimated numbers of CtL2 bacteria (EB) with IFUs were significantly
lower in the presence of indole than in its absence [21% O2: 200-1000 uM (p<0.05);
2% Oo: 500 and 1000 uM (p<0.05)], and the effect was concentration-dependent (Fig.
2B). Meanwhile, under normoxia, lower concentrations of indole inhibited the growth
of Ct more efficiently (Fig. 2B), indicating that the effect of indole varies depending on
the oxygen concentration. Furthermore, indole (125-500 uM) had an inhibitory effect
on the growth of CtD (p<0.05) (Fig. S1), although there was no difference in the growth
among various O conditions, consistent with previous reports [30]. Additionally, no
cytotoxicity of indole toward HEp-2 cells was observed at the concentrations used (20—

1000 puM) (Fig. S2). These results indicated that indole significantly inhibited the

14
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growth of Ct strains in immortal epithelial HEp-2 cells more efficiently under normoxia.

3.3. Indole derivatives [indole, AhR antagonist (CH-223191),
L-kynurenine (L-K)] had a protective role against Ct (L2 434/Bu) via

impairing the scavenger role of AhR in AhR-reporter cells

To confirm the involvement of AhR in the inhibitory effect of indole, the effect of
CH-223191, an antagonist of AhR [31], on the growth of CtL2 was first evaluated.
CH-223191 (2.5-10 uM) significantly inhibited the intracellular growth of CtL2 more
efficiently under normoxia (p<0.05) (Fig. S3). No cytotoxicity of CH-22319 on HEp-2
cells was observed at the concentrations used (2.5-10 uM) (Fig. S4). Next, we assessed
whether indole itself could block AhR activation by L-K, an agonist of AhR with an
indole backbone [18], using HEp-G2 AhR reporter cells. Indole significantly inhibited
the activation of AhR in the reporter cells (Fig. 3A). However, neither indole nor the
CtL2 infection itself stimulated activation of the AhR signal (Fig. 3B). Stimulation with
L-K (25 and 100 pg/ml) significantly inhibited the intracellular growth of CtL2 in
HEp-2 cells (p<0.05), in a concentration-dependent manner (Fig. 3C). Imaging analysis
also revealed that, in contrast to the stimulation with L-K, indole did not promote the
translocation of AhR to the nucleus, regardless of the oxygen conditions (Fig. S5 and
Fig. S6). Meanwhile, the addition of a high concentration of L-K exerted cytotoxic
effects on HEp-2 cells regardless of CtL2 infection (Fig. S7), and the presence of

cycloheximide, which specifically inhibits protein synthesis in eukaryotes, did not affect
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the inhibitory effect of indole on CtL2 infection (Fig. S8). In line with this, it has been
shown that, unlike other Cts, the intracellular growth of CtL2 itself is not affected by
treatment with cycloheximide [32]. The above results clearly indicate that the growth of
CtL2 requires cytosolic AhR itself to act as a scavenger to sequester the substrates, but

does not require AhR signaling.

3.4. Indole inhibited the production of dTTub as well as Ct (L2 434/Bu)

growth

As mentioned above, the dynamics of AhR in cells is crucially associated with cell cycle
arrest or tubulin assembly [4], and Ct strongly stimulates Tub recycling by promoting
the production of dTTub [3]. Therefore, to confirm the role of cytosolic AhR in CtL2
growth via tubulin dynamics, the change of dTTub amount was compared in the
presence or absence of indole by using imaging analysis with antibody specific to
dTTub. The results showed that Ct strongly promoted the expression of dTTub around
the inclusion bodies, but it was clearly suppressed in a manner dependent on the indole
concentration (Fig. 4 and Fig. S9), identically supported by the observation with a
confocal laser fluorescence microscope that denies the association of aberrant bodies of
CtL2 to the inhibitory mechanism of indole (Fig. 5). On the other hand, no difference
was observed in the staining pattern of Tub regardless of the presence or absence of
Indole (Fig. S10). The results suggested that AhR is involved in regulating Tub

recycling to support the intracellular growth of CtL2.
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3.5. The growth of Ct (L2 434/Bu) was inhibited with a decrease of

dTTub in AhR-knockdown cells

Finally, to confirm the role of AhR in the intracellular growth of CtL2 required for
tubulin dynamics, we constructed transient AhR-knockdown HEp-2 cells using siRNA
and assessed whether this knockdown affected the growth of CtL2 and the amount of
dTTub in these cells. As shown in Fig. 6, successful silencing of AhR was confirmed by
western blotting (Fig. 6A and B, “AhR” and “AhR/Tub”). Similarly, the amounts of
HSP60 (heat-shock protein 60) correlating with the growth of CtL2 were significantly
diminished more effectively in the knockdown cells under normoxia (Fig. 6A and B,
“HSP60” and “HSP60/Tub”). In addition, the amount of dTTub was significantly
inhibited more effectively in the knockdown cells under normoxia (Fig. 6A and B,
“dTTub” and “dTTub/Tub”). Interestingly, the AhR-knockdown cells resulted in a slight
increase of Tub amounts in hypoxic condition (Fig. S11), although the mechanism
remains unknowns. Moreover, the IFU numbers of CtL2 were significantly suppressed
in the AhR-knockdown cells, supporting the results of western blotting (Fig. S12).
These results consistently indicated that the intracellular growth of CtL2 relies on AhR
itself, which plays a scavenger role in sequestering harmful Trp-derived indole

derivatives more efficiently under hypoxia, while controlling Tub dynamics.
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4. Discussion

Indole derivatives have been detected in human feces at a concentration of
approximately 3 mM [9]. Similarly, our data indicated that indole was present in
cervical swabs at concentrations in the range of 0.3-6.64 mM. However, because the
method using Kovacs reagent as applied in this study is not specific for detecting pure
indole [9], our results reflect the level of indole and its derivatives. There are three
major pathways of Trp metabolism for the production of indole: gut microbiota [33], the
kynurenine pathway [34], and the serotonin production pathway [35]. In addition, the
amount of indole produced by commensal Escherichia coli has been shown to reach
approximately 600 uM [36]. Given that indole is clearly the dominant component
relative to its derivatives, the inhibitory effect of indole derivatives on Ct growth was

determined by an in vitro experiment using pure indole.

From the clear findings of decreases in both the number of bacteria (EB) and the size of
inclusion bodies formed in HEp-2 cells, the replication of Ct in the host cells was
significantly diminished by indole in a dose-dependent manner. This clearly ruled out
the possibility of a transition to Ct persistence, with Ct division and proliferation being
stopped but its viability being maintained [37]. Meanwhile, indole did not exert any
cytotoxicity on HEp-2 cells, and thus the inhibition was unlikely to be associated with

cell-death responses such as apoptosis by stopping the supply of ATP to Ct. In support
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of this, no activation of pro-caspase 3 responsible for the initiation of apoptosis was

identified, even upon culture with a high level of indole (~1000 uM) (data not shown).

Indole, a ligand of AhR, has been considered to play a critical role in AhR-signal
transduction responsible for maintaining cellular or tissue homeostasis [18-21].
However, contrary to our expectations, indole itself significantly inhibited the activation
of AhR with L-K in AhR-reporter cells, and no activation of AhR with indole itself was
seen in the reporter cells. In fact, the presence of indole did not promote the
translocation of AhR to the nucleus, suggesting the role of cytosolic AhR. Several
studies have also indicated that certain molecules with an aromatic hydrocarbon
structure similar to indole or their combinations can induce cytotoxicity and
inflammation in cells in a manner dependent on ROS generation, which typically occurs
in the cytosol [38-40]. These findings indicate that indole clearly has dual functions:
causing tissue damage and controlling AhR overexpression. Thus, Ct relies on the
scavenger role of cytosolic AhR to sequester indole itself or presumably its derivatives

to suppress unknown harmful biological responses.

Some indole derivatives de-repress the trp operon by displacing tryptophan from TrpR,
a repressor of this operon [41, 42]. In the absence of indole, this process generates
pyruvate with ammonia, Killing Ct [41, 42]. However, our experiments were generally
performed in the presence of excess indole. Because Ct clearly failed to proliferate

successfully in AhR-knockdown cells, the TrpR de-repression-mediated bactericidal

19



403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

Zhang, Funahashi, Tanaka et al.

effect is limited in our experiments. Meanwhile, because some studies have shown that
indole derivatives play roles as antibacterial factors against L. pneumophila [43, 44] and
M. tuberculosis [45], intracellular parasitic bacteria may universally require AhR for

their growth to sequester substances that inhibit such growth within the cell.

Assembled tubulins are critical components of the cytoskeleton, playing various roles,
including in cellular migration, mitosis, mechanical stress, cell polarity, and intracellular
transport, which are crucially regulated by the tubulin detyrosination cycle [46].
Meanwhile, after infection, Ct surrounded by a membrane-bound vacuole (inclusion
body) migrates to the vicinity of the Golgi apparatus with the motor protein that moves
on tubulin and develops. Tubulin dynamics is thus crucial for the successful intracellular
growth of Ct [3, 47]. Meanwhile, we found that indole clearly decreased the amount of
dTTub, which was enhanced by Ct infection, although it did not affect the amount of
Tub expression itself. This indicates that cytosolic AhR plays a role in maintaining
tubulin dynamics by inducing dTTub during the intracellular growth of CtL2. In
addition, interestingly, AhR silencing resulted in a slight increase of Tub amounts,
suggesting that AhR may be involved in the regulation of dTTub through controlling the

stable expression of Tub with complexity.

The effect of indole on the intracellular proliferation of Ct appears to be more efficient
under normoxia. As mentioned above, AhR requires the formation of a heterodimer with

ARNT for transcription [21, 48]. However, HIF-1a, a master regulator under hypoxia,

20



425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

Zhang, Funahashi, Tanaka et al.

preferentially requires the heterodimer with ARNT for transcription under hypoxic
conditions [21, 48]. Under hypoxia, the amount of AhR in the cytoplasm is likely to be
high and its scavenger effect may be efficiently maintained, providing a favorable
environment for the intracellular growth of Ct. In fact, our previous studies clearly
demonstrated that Ct favors intracellular environments for its growth under hypoxia
[49]. In addition, because the intracellular growth of Ct is regulated by cellular signal
modifications by more than 70 effector molecules that are transported into the
cytoplasm using a type Ill secretion system [2, 50], some of these effectors might
interact with the AhR to stabilize its scavenger role in the cytoplasm by promoting

tubulin dynamics.

In conclusion, we demonstrated that, contrary to our understanding based on previous
studies [7, 8], vaginal indole as well as IFN-y has a protective role against the
intracellular growth of Ct. Furthermore, although the details of this inhibitory effect
remain unclear, our in vitro studies showed that the blockade of cytosolic AhR by
excess Trp-derived indole causing the decrease of dTTub is the mechanism underlying
the impaired intracellular growth of Ct. Thus, our findings clearly indicate that Ct relies
on the scavenger role of cytosolic AhR with dTTub, but this is easily impaired by the
presence of excess indole (Fig. 7). This study highlights the need to consider the
pathogenicity of not only Ct but also other pathogenic bacteria from the perspective of

the indole and AhR axis.
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Appendix: Supplementary data

Fig. S1: Effect of indole on the intracellular growth of the CtD strain under normoxic
and hypoxic conditions. HEp-2 cells were infected with CtD (MOI10), and then
incubated in the presence or absence of indole (125-500 pM) for 48 h. After incubation,
the IFUs were measured. The left and right graphs show the kinetics of the IFUs under
normoxia and hypoxia, respectively. Data are shown as the mean + SD. The experiment

was performed at least three times. *p < 0.05 vs. control.

Fig. S2: Cytotoxic effects of indole (0—1000 uM) on HEp-2 cells under normoxia
(upper panel) and hypoxia (lower panel), evaluated with a Cell Counting Kit-8. Plots
(n=6) are shown as the mean £+ SD of the percentage (%) relative to the untreated cells

(indole: “0”). ICso, 50% inhibitory concentration.

Fig. S3. Effect of CH-223191 (AhR antagonist) on the intracellular growth of CtL2
under normoxic (left panel) and hypoxic conditions (right panel). HEp-2 cells were
infected with CtL2 (MOI5), and then incubated in the presence or absence of
CH-223191 for 48 h. After incubation, inclusion numbers (upper and middle panels)
and IFUs (lower panels) were measured. Upper images show representative images of
the inclusions. Scale bars represent 500 um. Heatmaps (middle panels) show the
inclusion numbers relative to the control. Data are shown as the mean + SD. The

experiment was performed at least three times. *p < 0.05 vs. control.
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Fig. S4: Cytotoxic effects of CH-223191 (0-20 uM) on HEp-2 cells under normoxic
(upper panel) and hypoxic conditions (lower panel), evaluated with a Cell Counting
Kit-8. Plots (n=6) show the mean + SD of the percentage (%) relative to untreated cells.

ICso, the 50% inhibitory concentration. *p < 0.05 vs. control (“0”) without the drug (left

plot).

Fig. S5: Representative images showing the changes of AhR location due to the
stimulation with or without AhR ligands (A) and the integrated density of the nucleus
per cell (%) (B) under normoxia. GFP-expressing CtL2 infected HEp-2 cells and the
infected cells were then incubated in the presence or absence of AhR ligands [indole
(500 uM) and L-K (25 pug/mL)] under normoxia. After 48 h of incubation, the cells
were stained with antibodies specific to AhR and Tub (see the Materials and Methods).
Green (strong), CtL2. Green (weak), Tub. Red, AhR. Blue, nucleus (DAPI). Scale bars
represent 20 um. *p<0.05, vs. Control [CtL2(-)]. #p<0.05, vs. Control [CtL2(+)].
$p<0.05, vs. L-K[CtL2(-)]. &p<0.05, vs. L-K[CtL2(+)]. Bars show each of the images

with distinct cell numbers. n, total cell numbers counted.

Fig. S6: Representative images showing the changes of AhR location due to the
stimulation with or without AhR ligands (A) and the integrated density of nucleus per

cell (%) (B) under hypoxia. See the legend of Fig. S4.

Fig. S7: Cytotoxic effects of L-K (0-25 pug/mL) with or without indole (0-500 uM) on
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HEp-2 cells in the presence [white bars: CT(+)] or absence [black bars: CT(-)] of CtL2
infection under normoxic (upper panel) and hypoxic conditions (lower panel), evaluated
with a Cell Counting Kit-8 48 h after incubation. Bars (n=6) are shown as the mean *
SD of the percentage (%) relative to untreated cells. The dotted lines marked with 1Csp
show the 50% inhibitory concentration. *p < 0.05 vs. control [L-K(-)/Indole(-)] without

each of the drugs (left bars).

Fig. S8: Effects of cycloheximide (2 pg/mL) on the growth inhibition of CtL2 by the
treatment with indole (200 uM) in HEp-2 cells. Cells were cultured for 48 h under
normoxia or hypoxia, and collected for the assessment of bacterial numbers by IFU

assay.

Fig. S9: Effect of indole on maintaining the amount of dTTub in CtL2-infected HEp-2
cells. GFP-expressing CtL2 infected HEp-2 cells and the infected cells were then
incubated in the presence or absence of indole (200 or 500 uM) under normoxia and
hypoxia. After 48 h of incubation, the cells were stained with antibodies specific to
dTTub, and the converted grayscale densities were calculated with ImageJ (see the

Materials and Methods). n, total cell numbers counted. *p<0.05, vs. Control.

Fig. S10: Representative confocal laser microscopic images showing the changes of
Tub amounts due to the stimulation with or without indole. HEp-2 cells were infected

with or without GFP-expressing CtL2 and the infected cells were then incubated in the
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presence or absence of indole (200 or 500 uM) under normoxia (A) and hypoxia (B).
After 48 h of incubation, the cells were assessed by imaging using a conventional
microscope (BZX800, Keyence) with an antibody specific to Tub (see the Materials and

Methods). Green, CtL2. Red, Tub. Blue, nucleus (DAPI). Scale bars represent 10 um.

Fig. S11: Effect of AhR knockdown in cells on the expression of Tub with CtL2
infection in the presence or absence of indole under normoxia or hypoxia through
western blotting analysis. The band density of Tub in Fig. 6 was reused and then
compared between AhR knockdown cells (AhRsi) and non-AhR knockdown cells
(Contsi). "AhRsi" and "Contsi" show the mean [Indole(+)/(-)] £ SD under normoxia or

hypoxia. *p < 0.05 vs. Contsi of each oxygen condition.

Fig. S12: Representative images showing the inclusion formation of CtL2 and the IFU
number comparison between AhRsi and Contsi in the presence [Indole(+), 500 uM] or
absence of indole [Indole(-)]. Data representing IFU numbers are shown as the mean +
SD. The experiment was performed three times. Scale bar, 200 um. *p < 0.05 vs. Contsi

Indole(-). #p < 0.05.
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Figure Legends

Fig. 1. Relationship of IFN-y with indole in the presence or absence of Ct infection
in the cervical tract. A. Correlation between the amounts of IFN-y and indole in
cervical swabs obtained from pregnant women (n=570) with (red, n=35) and without
(gray, n=535) Ct infection. Each plot shows the amount per total protein. The r values
are the correlation coefficients. B. Comparison of the amounts of indole in Ct-negative
swabs (gray bar, n=535) and Ct-positive swabs (red bar, n=35). Bars represent the
average amount per total protein with the SD. C. Comparison of the amounts of IFN-y
in Ct-negative swabs (gray bar, n=535) and Ct-positive swabs (red bar, n=35). Bars

show the average amount per protein with the SD.

Fig. 2. Effects of indole on the intracellular growth of CtL2 under conditions of
normoxia and hypoxia. HEp-2 cells were infected with Ct (MOI5), and then
incubated in the presence or absence of indole (20-1000 puM) for 48 h. After
incubation, the inclusion numbers and IFUs were measured. A. Assessment of the
inclusion numbers. Left panels show representative images of the inclusions. Scale bars
represent 20 um. PC, phase contrast. Right graphs show the kinetics of the inclusions
with heatmaps (inclusion numbers are relative to the control). Data are shown as the
mean £ SD. The experiment was performed at least three times. *p < 0.05 vs. control. B.
Assessment of the IFU numbers. The left and right graphs show the kinetics of IFUs in
the presence of indole under normoxia and hypoxia, respectively. Data are shown as the

mean + SD. The experiment was performed at least three times. *p < 0.05 vs. control.
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Fig. 3. Association of AhR with the inhibitory effect of indole on the intracellular
growth of CtL2. A. Effects of indole (200 and 500 pM) on activation of the AhR signal
by L-K (25 pg/ml) under normoxia and hypoxia. The activation of AhR was assessed by
using HEp-G2 AhR-reporter cells (see the Materials and Methods). Data (fold change)
are shown as the mean £+ SD. The experiment was performed at least three times. *p <
0.05 vs. control; #p < 0.05 vs. L-K. B. Effects of CtL2 infection (MOI5 and MOI25) on
activation of the AhR signal with L-K (25 pg/ml) under normoxia and hypoxia. The
activation of AhR was assessed by using HEp-G2 AhR-reporter cells (see the Materials
and Methods). Data (fold change) are shown as the mean £ SD. The experiment was
performed at least three times. *p < 0.05 vs. control. #p < 0.05 vs. L-K. C. Effect of
L-K (25 pg/ml) on the intracellular growth of CtL2 (MOI1 and MOI5) under normoxia
and hypoxia. Data (IFU/ml) are shown as the mean = SD. The experiment was

performed at least three times. *p < 0.05 vs. control; #p < 0.05 vs. L-K.

Fig. 4. Representative conventional microscopic images showing the changes of
dTTub amounts due to the stimulation with or without indole. HEp-2 cells were
infected with or without GFP-expressing CtL2 and the infected cells were then
incubated in the presence or absence of indole (200 or 500 uM) under normoxia (A) and
hypoxia (B). After 48 h of incubation, the cells were assessed by imaging using a
conventional microscope (BZX800, Keyence) with an antibody specific to dTTub (see

the Materials and Methods). Green, CtL2. Red, dTTub. Blue, nucleus (DAPI). Scale
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bars represent 20 um.

Fig. 5. Representative confocal laser microscopic images showing the changes of
dTTub amounts due to the stimulation with or without indole. HEp-2 cells were
infected with or without GFP-expressing CtL2 and the infected cells were then
incubated in the presence or absence of indole (500 uM) under normoxia (A) and
hypoxia (B). After 48 h of incubation, the cells were assessed by imaging using a
confocal laser microscope (TCSSP5, Leica) with an antibody specific to dTTub (see the
Materials and Methods). Green, CtL2. Red, dTTub. Blue, nucleus (DAPI). Scale bars

represent 10 um.

Fig. 6. Effect of AhR knockdown in cells on the intracellular growth of CtL2
through western blotting analysis. The amounts of three distinct targets [HSP60 (CtL2
growth), AhR, and dTTub] were compared between AhR-knockdown cells (AhRsi) and
normal HEp-2 cells (Contsi) in the presence [Indole(+), 500 uM] or absence of indole
[Indole(-)] under normoxia (A) and hypoxia (B). The experiment was performed in
triplicate. Data (fold change) representing band density normalized with tubulin are
shown as the mean = SD. Black, gray, and dotted bars show AhR (AhR/Tub), HSP60
(HSP60/Tub), and dTTub (dTTub/Tub), respectively. #p < 0.05 vs. Indole(-) in Contsi

and AhRsi. *p < 0.05 vs. Contsi Indole(-).

Fig. 7. A model showing the molecular mechanism behind the inhibitory effect of
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indole on CtL2 growth via the scavenger role of AhR itself.
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