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ABSTRACT The obligate intracellular bacterium Chlamydia is a widespread human
pathogen that causes serious problems, including (but not limited to) infertility and
blindness. Our search for novel antichlamydial metabolites from marine-derived mi-
croorganisms led to the isolation of pyocyanin, a small compound from Pseudomo-
nas aeruginosa. Pyocyanin is an effective antichlamydial for all three Chlamydia spp.
tested. It has a 50% inhibitory concentration (ICs,) of 0.019 to 0.028 uM, which is
comparable to the IC,, of tetracycline. At concentrations as low as 0.0039 uM, pyo-
cyanin disables infectivity of the chlamydial elementary body (EB). At 0.5 uM or
higher concentrations, the continuous presence of pyocyanin also inhibits chlamyd-
ial growth in the inclusion during later stages of the developmental cycle. Oxidative
stress, a major known antimicrobial mechanism of pyocyanin, appears to be respon-
sible only for the inhibition of bacterial growth and not for the disinfection of EBs.
Pyocyanin is well-tolerated by probiotic vaginal Lactobacillus spp. Our findings sug-
gest that pyocyanin is of therapeutic value for chlamydial infections and can serve
as a valuable chemical probe for studying chlamydial biology.
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hlamydia species are Gram-negative bacteria that cause diseases in a wide range of

hosts, including humans (1, 2). Chlamydia trachomatis is the most prevalent sexually
transmitted bacterial pathogen. In women, untreated and recurring genital C. tracho-
matis infection can lead to serious urogenital complications, including ectopic preg-
nancy, abortion, infertility, and pelvic inflammatory disease (3, 4). Additionally, C.
trachomatis can cause trachoma, the leading cause of preventable blindness in devel-
oping countries (5, 6). Chlamydia pneumoniae causes respiratory diseases, such as
bronchitis and pneumonia, and is a possible risk factor for atherosclerosis and
late-onset Alzheimer’s disease (7, 8).

Chlamydiae have a unique biphasic developmental cycle characterized by two
alternating cellular forms, the infectious but nondividing elementary body (EB) and the
replicative but noninfectious reticulate body (RB). EBs are enveloped by a number of
host cell adhesion mediators (9-11). Infection is initiated by the EB, which adheres to
and invades the host cell by innate actin-dependent internalization. Within a cytoplasm
vacuole, termed an inclusion, the EB converts to the RB, which replicates by binary
fission. RBs subsequently differentiate back to EBs, which eventually exit the host cell
and start a new round of infection (1, 11-13).

Chlamydial infection is typically treated with either azithromycin or doxycycline, a
member of the tetracycline family of antibiotics (3, 14). Even though chlamydiae are
highly susceptible to these drugs in vitro, clinical resistance or treatment failure is not
uncommon (15-17). These broad-spectrum antibiotics also disturb the indigenous
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FIG 1 Inhibitory effects of pyocyanin and tetracycline on C. trachomatis L2. (A) Structure of pyocyanin. (B to D) Hela cells were inoculated with C. trachomatis
L2 EBs at an MOI of 0.2 and cultured in the presence of 0.5% DMSO, various concentrations of pyocyanin, or tetracycline. Cells were either fixed 36 hpi or lysed
for determination of infectious progeny EBs. (B) Representative immunofluorescence microscopy images for Hela cells treated with 0.5% DMSO or pyocyanin
at indicated concentrations are shown. Inclusions were stained with an anti-MOMP antibody (green), and cellular background was stained with Evans blue (red).
(C, D) The size and number of inclusions formed in pyocyanin-, tetracycline-, or control DMSO-treated cultures were measured using Image-Pro Plus 6.0 software.
Infectious progeny EBs were obtained from secondary culture using inhibitor-free medium, as detailed in Materials and Methods. (E) Effects of MOIs on the
inhibition of progeny EB production by pyocyanin. HeLa cells were inoculated with C. trachomatis L2 EBs at MOIs of 0.3, 1, and 3, and cultured in the presence
of 0.5% DMSO or pyocyanin at indicated concentrations for 36 h. (C to E) Percent inhibition was calculated based on data in pyocyanin- or tetracycline-treated
samples relative to those of the DMSO-treated control.

human microbiota, which is essential to the health of the host (18, 19). Although
extensive efforts have been devoted to vaccine development during the past few
decades, no vaccine effective against human chlamydial diseases has been developed
to date (20, 21). These facts necessitate identification of novel antichlamydials through
chemical synthesis (4, 22-24) and/or from natural sources (25-27).

Pyocyanin is a virulence factor secreted by Pseudomonas aeruginosa. Antibacterial
activities of pyocyanin have been reported in the past, as early as 1940 (28, 29).
Pyocyanin is known to also inhibit growth of fungi and phytopathogens (29).
Nevertheless, whether or not pyocyanin inhibits Chlamydia infection has not been
documented. In this study, we report that pyocyanin acts as a highly efficient antichla-
mydial agent, with an IC, of 0.019 to 0.028 uM, comparable to the IC,, of tetracycline.
At low concentrations, pyocyanin inhibits chlamydial infection by disabling infectivity
of the EB. At higher concentrations, pyocyanin also inhibits chlamydial growth, leading
to reduced inclusions inside host cells. Interestingly, only the inhibition of bacterial
growth seems to depend on oxidative stress, a known antimicrobial mechanism for
pyocyanin. We also report that pyocyanin is well tolerated by host cells and beneficial
vaginal lactobacilli.

RESULTS

Strong antichlamydial activity in pyocyanin. The antichlamydial activity of pyo-
cyanin (Fig. 1A) was initially evaluated by culturing C. trachomatis L2 in medium
containing pyocyanin for 36 hours postinfection (hpi) using immunofluorescence mi-
croscopy. Compared to the dimethyl sulfoxide (DMSO) mock-treated culture, both the
number and size of inclusions in cultures treated with pyocyanin were reduced in a
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TABLE 1 C,ys of pyocyanin for different Chlamydia species

Species and strain

1C50s (M)@ for:

Inclusion size

Inclusion no.

Progeny production

C. trachomatis L2
C. pneumoniae AR39
C. muridarum MoPn

1.513 (1.347-1.701)
1.994 (1.737-2.290)
1.189 (1.068-1.325)

0.030 (0.025-0.037)
0.029 (0.025-0.034)
0.043 (0.034-0.055)

0.024 (0.022-0.027)
0.019 (0.017-0.021)
0.028 (0.024-0.032)

Antimicrobial Agents and Chemotherapy

aCs0s are presented as means and 95% confidence intervals.

dose-dependent manner (Fig. 1B and Q). Inclusions were completely undetectable at 16
uM. Interestingly, whereas reduction of the inclusion number was readily seen at
0.0039 uM, substantial inhibition of the inclusion size was observed only at higher
concentrations (=0.5 uM) (Fig. 1B and C). Accordingly, the IC,, for inclusion size is
substantially higher than the IC,, for inclusion number (1.5 uM versus 0.03 uM, Table
1). These findings suggest that at lower concentrations, pyocyanin only interferes with
early steps of chlamydial infection such as chlamydial attachment to and/or entry into
host cells, whereas at higher concentrations it also perturbs chlamydial growth, leading
to smaller inclusions.

The effect of pyocyanin on the production of progeny EBs was highly consistent
with the effect on the inclusion number and less consistent with that on the inclusion
size (Fig. 1C). The IC5, was calculated to be 0.024 uM (Table 1), which is essentially
identical to the IC,, of tetracycline for inhibiting progeny formation (0.022 uM) (Fig.
1D). While data presented in Fig. 1B and C were obtained with a multiplicity of infection
(MOQI) of 0.2, a standard condition for antichlamydial tests (4, 31, 32), we also evaluated
inhibition efficiency at higher MOIs (0.3, 1, and 3). Recoverable inclusion-forming unit
(IFU) data showed that higher MOIs slightly reduced the inhibition efficiency of 0.06 uM
pyocyanin. A lesser reduction was seen for 1 wM, and no reduction was seen at 16 uM
(Fig. 1E).

Strong antichlamydial activities of pyocyanin were also obtained with C. pneu-
moniae AR39 (Fig. 2A) and Chlamydia muridarum MoPn (Fig. 2B). Whereas C. pneu-
moniae is another human pathogen, C. muridarum is used extensively to model C.
trachomatis diseases in mice. Changes in inclusion size and number and in progeny
production for both strains in response to pyocyanin treatment are highly similar to
those observed for C. trachomatis L2, with relatively slight differences in I1C5,s (Table 1).

High pyocyanin tolerance of host cells. As shown in Fig. 1B, the morphology of
Hela cells was well preserved in cultures treated with pyocyanin. To further determine
whether or not pyocyanin is toxic to host cells, we treated uninfected HelLa and Hep2
cells with pyocyanin for 48 h and measured their viability using the WST-1 assay (33).
Pyocyanin did not cause any viability changes at or below 8 uM, although a 35%
reduction was observed with 16 uM (Fig. 3). These findings, coupled with the fact that
8 wM pyocyanin reduced the inclusion number and progeny EBs of Chlamydia spp by
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FIG 2 Inhibitory effects of pyocyanin on C. pneumoniae AR39 (A) and C. muridarum MoPn (B). Infection and inhibitor treatment were
performed as described in Fig. 1B and C legends, with the exception that centrifugation was performed following inoculation with C.
pneumoniae AR39 to facilitate its infection. The primary antibodies used for immunostaining were polyclonal mouse anti-AR39 and
anti-MoPn.
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FIG 3 Effects of pyocyanin on host cells. HeLa and Hep2 cells were cultured with medium containing
pyocyanin or 0.5% DMSO for 48 h. Cell viability was determined with the WST-1 reagent. Error bars
indicate standard deviations of triplicate samples. Asterisks indicate a statistically significant difference
relative to perspective DMSO controls (**, P < 0.01 by Student’s t test).

more than 96% (Fig. 1C and 2), indicate that the antichlamydial activity of pyocyanin is
not through host cell toxicity. Since pyocyanin remains nontoxic to host cells up to 8
1M, subsequent studies were performed with =8 uM pyocyanin.

Differential effects of pyocyanin treatment schemes on inhibition. As men-
tioned earlier, the discordant inhibitory effects exhibited by the lower and higher
concentrations of pyocyanin on the inclusion size, the number of inclusions, and
progeny EBs suggest that the compound at lower concentrations (<0.5 uM) targets
only early step(s) in the chlamydial developmental cycle, whereas at higher concen-
trations (=0.5 uM) it also inhibits chlamydial growth. To further test this hypothesis, we
applied different treatment schemes (i.e., coincubation, withdrawal, and delayed treat-
ment, Fig. 4A) for C. trachomatis L2 and determined their effects on chlamydial growth
at 36 hpi. Essentially, all pyocyanin inhibition data presented prior to this point were
obtained with the coincubation scheme. Consistent with findings presented in Fig. 1C,
coincubation with 0.06 wM pyocyanin caused a moderate (~60%) reduction in the
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FIG 4 Impact of pyocyanin administration time on antichlamydial efficacy. (A) HelLa cells infected with
C. trachomatis L2 EBs at an MOI of 0.2 were treated with pyocyanin on different schemes, namely,
coincubation, withdrawal, or delayed treatment. (B) Percent inhibition of inclusion size and number and
the yield of infectious progeny EBs were determined with pyocyanin at 0.06, 1, and 8 wM. Asterisks
indicate a statistically significant difference between indicated treatment schemes (*, P < 0.05 and **,
P < 0.01 by Student’s t test). NS, nonsignificant.
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inclusion number and progeny production, but had little effect on the inclusion size
(Fig. 4B). A similar inhibitory pattern was observed for the 0.06 uM withdrawal scheme
(Fig. 4B). In contrast, delayed treatment with 0.06 wM pyocyanin had almost no
inhibitory effects on either the number of inclusions or progeny production. Thus, with
0.06 uM pyocyanin, treatment for only the first 2 h was as effective as 36-h treatment.

Increasing the pyocyanin concentration to 1 uM resulted in a different inhibition
pattern than that at 0.06 uM (Fig. 4B). In agreement with data presented in Fig. 1C,
coincubation resulted in moderate inhibition of inclusion size and strong inhibition of
the inclusion number and progeny production. Withdrawal of pyocyanin resulted in a
nearly full reversal of inclusion size inhibition, but delayed treatment reversed the size
inhibition only slightly. These findings again support the notion that pyocyanin inhibits
chlamydial growth at higher concentrations. Withdrawal of 1 wM pyocyanin also
significantly reduced the efficiencies of inhibition of the inclusion number and progeny
production; accordingly, the percent inhibition levels dropped to the levels of those
with 0.06 uM coincubation or withdrawal. These findings suggest that the continuous
presence of 1 uM pyocyanin, compared to 0.06 uM, prevents additional EBs from
forming inclusions inside the host cell. As expected, without an early phase targeting
(which is obtainable with 0.06 wM pyocyanin), 1T uM delayed treatment, resulted in
significant reversal of inclusion number and progeny production inhibition compared
to that with 1 uM coincubation. Noticeably, the inhibitory effect of 1 uM delayed
treatment on progeny production was much stronger than the inhibitory effect on the
inclusion number, indicating that the extremely small inclusions formed in the presence
of 1 uM pyocyanin fail to produce infectious EBs.

As expected from Fig. 1B and C, inclusions formed in cultures with 8 uM cotreat-
ment were both tiny and rare, corresponding to a nearly 90% reduction of the inclusion
size and nearly 100% reduction of inclusion number and progenies (Fig. 4B). Effects of
8 uM withdrawal and delayed treatment on the inhibition of inclusion size, number,
and progeny formation largely resemble the effects of 1 uM withdrawal and delayed
treatment, respectively. The only noticeable difference is that 8 uM delayed treatment
did not result in any reversal on the inhibition of progeny formation, indicating a
stronger inhibitory effect of the higher concentration on chlamydial growth. Taken
together, data presented in Fig. 4 is in full agreement with the proposition that at lower
concentrations (<0.5 wM), pyocyanin targets only early step(s) in the chlamydial
developmental cycle, whereas at higher concentrations (=0.5 uM) it also inhibits
chlamydial growth inside the inclusion.

Direct disabling of the infectivity of EBs. Since significant inhibitory effects can be
obtained with pyocyanin withdrawal 2 hpi (Fig. 4), we went on to test whether
pretreating host cells or chlamydial EBs prior to inoculation leads to inhibition. Pre-
treatment of host cells with 0.06, 1, or 8 uM pyocyanin for 1 to 4 h did not exhibit any
effects on either C. trachomatis L2 (Fig. 5A) or C. pneumoniae AR39 (Fig. 5B). In contrast,
pretreating EBs resulted in a pyocyanin dose-dependent reduction for both chlamydiae
in a manner that was independent of the treatment temperature (4°C versus 37 or 35°C)
(Fig. 5C and D). Pretreatment of EBs was performed at 4°C in addition to the physio-
logical temperature, because EBs in sucrose-phosphate-glutamate (SPG) buffer con-
taining 0.5% DMSO suffered a small but significant loss of infectivity at 37 or 35°C (Fig.
5E and F). The finding that pretreatment conducted at 4°C was sufficient to inhibit the
infectivity of EBs suggests that the inhibition process is likely to be energy independent.

Pyocyanin does not block Chlamydia attachment. We next tested if pyocyanin
affects EB attachment to host cells. To minimize temperature-related loss of infectivity
(Fig. 5E and F), EBs were pretreated with pyocyanin at 4°C for 1 h. As expected,
centrifugation significantly increased the numbers of EBs bound to the host cells,
especially for C. pneumoniae AR39 (Fig. 6A to C). In still culture, pretreatment with
heparan sulfate, a known inhibitor of chlamydial attachment (24, 34), caused a 90%
reduction in attachment of C. trachomatis L2 EBs to Hela cells (Fig. 6A and B), but this
inhibitory effect was completely overcome by centrifugation. Clearly, pretreatment of
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FIG 5 Pyocyanin disables the infectivity of EBs. (A, B) Host cells were pretreated with 0.06, 1, and 8 uM pyocyanin or 0.5% DMSO for 1, 2, 3, or
4 h. Following washes, HelLa (A) and Hep2 (B) cells were inoculated with C. trachomatis L2 or C. pneumoniae AR39, respectively. Numbers of
inclusions were quantified using immunofluorescence microscopy. (C to F) EBs were pretreated with 0.06, 1, and 8 uM pyocyanin or 0.5% DMSO
for 1 h at indicated temperature. Following washes, EBs were added to cells. Numbers of inclusions formed by 36 hpi were quantified using
immunofluorescence microscopy. (C, D) Percent inhibition of EB infectivity was calculated based on data in pyocyanin-treated samples relative
to those of the DMSO-treated control. (E, F) Numbers of inclusions pretreated with 0.5% DMSO are presented. Asterisks indicate statistically
significant difference between 4°C and 37 or 35°C (¥, P < 0.05 by Student’s t test).

EBs with up to 8 uM pyocyanin did not cause inhibition of EB attachment to host cells,
whether or not centrifugation was used. These data demonstrate that pyocyanin does
not block EB attachment to host cells, and further suggest that pyocyanin-treated EBs
are defective in establishing infection after attaching to host cells.

Stimulation of intracellular ROS production by high pyocyanin concentrations.
Oxidative stress is a major factor that contributes to the antibiotic properties of
pyocyanin (29, 35). To determine if oxidative stress is also involved in the antichlamydial
effect of pyocyanin, we measured intracellular reactive oxygen species (ROS) levels. For
both HelLa and Hep2 cells, whether infected or not, pyocyanin at 1 and 8 uM
significantly increased ROS at multiple points during experimentation (2, 12, 24, and 36
hpi), but at 0.06 uM it failed to induce ROS throughout the course of the experiments
(Fig. 7A and B).

The antioxidants glutathione (GSH) or N-acetylcysteine (NAC; GSH precursor) can
reduce the antibacterial activity of pyocyanin (29, 35). Therefore, we also treated cells
with either GSH or NAC to determine if oxidative stress plays a role in the antichla-
mydial activity of pyocyanin. As expected, both GSH and NAC significantly reduced the
level of ROS in C. trachomatis L2-infected Hela cells and C. pneumoniae AR39-infected
Hep2 cells treated with pyocyanin, although they failed to bring it down to the
respective basal levels (Fig. 7C and D).

Reversal of pyocyanin-induced chlamydial inhibition by GSH and NAC. If pyo-
cyanin exerts its antichlamydial activity through induction of intracellular ROS, antiox-
idants like GSH and NAC should be able to reduce the antichlamydial effect. The
antagonistic effects of these antioxidants on chlamydial infection were assessed on
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FIG 6 Effect of pyocyanin on attachment of EBs to host cell. C. trachomatis L2 or C. pneumoniae AR39 EBs were incubated with 0.5% DMSO, heparan sulfate
(HS), or pyocyanin at 4°C for 1 h. After washes, EBs (MOI, ~20 to 30) were added onto host cell monolayers. Infection was performed with or without
centrifugation (500 X g) at 4°C for 1 h. Following washes to remove unbound bacteria, cells were fixed with methanol, and stained with anti-MOMP (C.
trachomatis L2, green) or anti-AR39 (C. pneumoniae AR39, green) antibody, Evans blue (cytosol, red) and DAPI (nuclei, blue). (A) Representative cells are
presented as montages. (B and C) For each sample, EBs on nine randomly selected cells were scored. Error bars indicate standard deviations of the triplicate
samples. Asterisks indicate a statistically significant difference relative to DMSO control (still incubation **, P < 0.01 by Student’s t test).

three treatment schemes (Fig. 8A), as follows: (i) pretreatment of host cells for 1 h prior
to EBs inoculation (pretreatment), (i) treatment of infected cells during the entire
duration of infection (cotreatment), and (iii) treatment from 1 h prior to infection
through harvest at 36 hpi (full treatment).

Effects of GSH and NAC on pyocyanin-mediated inhibition of C. trachomatis L2 and
C. pneumoniae AR39 are shown in Fig. 8 and 9, respectively. GSH and NAC displayed
similar effects on both chlamydial strains. In the absence of pyocyanin, the antioxidants
had no detectable effect on chlamydial progeny production (Fig. 8B and 9A). Consistent
with the lack of intracellular ROS induction by 0.06 uM pyocyanin (Fig. 7A and B), the
antioxidants did not show any effect on chlamydial progeny production in cultures
treated with 0.06 uM pyocyanin on any treatment scheme (Fig. 8 and 9). Similarly,
antioxidant pretreatment had no effect on the antichlamydial activities of 1 and 8 uM
pyocyanin (Fig. 8 and 9). However, antioxidant cotreatment and full treatment signif-
icantly reduced the inhibition. Noticeably, the degree of inhibition reversal was in-
versely correlated with the degree of ROS induction. Compared to 1 uM pyocyanin, 8
1M induced higher levels of ROS (Fig. 7), and the antichlamydial activity of 8 uM was
less efficiently reversed by GSH and NAC (Fig. 8 and 9). Taken together, the results
shown in Fig. 7 to 9 support the notion that at higher concentrations, pyocyanin
inhibits chlamydial growth by inducing host cells to produce intracellular ROS.

Weak inhibitory activity of pyocyanin toward vaginal lactobacilli. Lactobacilli,
which dominate the vaginal commensal microbiota in many healthy and reproductive-
age women, play protective roles against pathogens (19). We determined the effect of
pyocyanin on three vaginal Lactobacillus strains, Lactobacillus crispatus 33197 and
33820 and Lactobacillus jensenii 25258 (4, 19). Significantly, growth of the Lactobacillus
strains was not affected by pyocyanin as high as 16 uM, which completely inhibits
chlamydial infection, even though they were fully or partially inhibited at 32 or 64 uM
(Fig. 10). These observations indicate that pyocyanin is well tolerated by vaginal
lactobacilli, and used properly, it could inhibit chlamydiae without affecting the growth
of probiotic vaginal lactobacilli.
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FIG 7 Stimulation of ROS production by pyocyanin and reversal by GSH and NAC in Chlamydia-infected cultures. Hela (A) or Hep2 (B) cells were
infected with C. trachomatis L2 and C. pneumoniae AR39 EBs, respectively, and cultured in the presence of pyocyanin or 0.5% DMSO. Intracellular
ROS levels were measured at indicated times using DHR. Asterisks indicate a statistically significant difference relative to results from
perspective-control DMSO-treated cultures (*, P < 0.05; **, P < 0.01 by Student’s t test). (C, D) Cells were infected and then cultured in medium
containing pyocyanin with (or without) 5 mM GSH or NAC. Intracellular ROS was determined at 36 hpi. Asterisks indicate statistically significant
differences between indicted treatments (*, P < 0.05 by Student’s t test). NS, nonsignificant.

DISCUSSION

Chlamydiae are common and important pathogens worldwide. Although they are

susceptible to several broad-spectrum antibiotics, clinical treatment failure is not
uncommon. Without effective vaccines, there have been serious and continuous efforts
to discover and develop new antichlamydials (4, 22-27), particularly selective antichla-
mydials lacking adverse effects on the microbiota (4, 22, 23). In a search for natural
compounds with antichlamydial activities, we identified pyocyanin as an antichlamydial
with an IC, that is comparable to the ICy, of tetracycline (Fig. 1 and 2).

We carefully analyzed the effects of pyocyanin on the inclusion size and number,

and also on progeny EB production. Our results have revealed dissimilarities between
inclusion size and inclusion number as well as progeny production in experiments
using low concentrations of pyocyanin but not in those using high concentrations (Fig.
1 and 2). On the basis of these observations, we propose a model in which at low
concentrations, pyocyanin directly targets EBs to disable their infectivity, while higher
concentrations of pyocyanin also inhibit chlamydial growth in the host cell. This
mechanistic model is also supported by data obtained with different pyocyanin treat-
ment schemes, especially by the finding that 0.06 uM pyocyanin withdrawal 2 hpi is as
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FIG 8 Antagonistic effects of antioxidants on the inhibition of C. trachomatis L2 by pyocyanin. (A) HeLa cells were placed on one of the following
treatment schemes: no treatment, pretreatment (pretreatment of host cells with 5 mM GSH or NAC at 37°C for 1 h prior to EBs inoculation),
cotreatment (treatment of infected cells with GSH or NAC during the entire duration of infection), or full-treatment (treatment from 1 h prior to
infection through harvest at 36 hpi). (B) In the absence of pyocyanin, neither GSH nor NAC had any effects on chlamydial growth. (C and D) GSH
and NAC both reversed pyocyanin-mediated chlamydial growth inhibition. Asterisks indicate a statistically significant difference between
indicated treatment schemes (**, P < 0.01 by Student’s t test). NS, nonsignificant.

effective as coincubation in reducing the inclusion number and progeny production,
but delayed treatment starting 2 hpi has no inhibitory effect (Fig. 4). The observation
of a strong inhibitory effect of pretreatment of EBs with pyocyanin (Fig. 5C and D)
serves as the strongest evidence for direct EB targeting by pyocyanin.

Pyocyanin is a reversible redox-active phenazine pigment produced by the oppor-
tunistic pathogen P. aeruginosa (36). It has been well documented in the literature that
pyocyanin interferes with electron transport through the respiratory chain, leading to
the production of antimicrobial ROS (36-38). Several lines of evidence suggest that
induction of ROS production in host cells is an antichlamydial mechanism that underlies
the antichlamydial activity of higher concentrations of pyocyanin. First, we detected
higher concentrations of intracellular ROS in both pyocyanin-treated uninfected cells,
as well as in pyocyanin-treated Chlamydia-infected cells (Fig. 7A and B). Second, both
GSH and NAC significantly reduced the inhibitory effects of pyocyanin (Fig. 8 and 9).
Third, both GSH and NAC blunted pyocyanin’s ROS-inducing activity (Fig. 7C and D).
Fourth, GSH and NAC are less effective in reversing the antichlamydial activities of 8 uM
pyocyanin, which induced a higher level of ROS than 1 uM pyocyanin (Fig. 7 to 9).
However, induction of ROS production inside chlamydial cells (EBs or RBs) could be an
additional or alternative antichlamydial mechanism for pyocyanin.

How low concentrations of pyocyanin block the infectivity of EBs remains unknown.
On the one hand, 0.06 wM pyocyanin fails to increase intracellular ROS (Fig. 7A and B),
which is consistent with the literature (35, 39). On the other hand, free EBs may be
particularly susceptible to ROS, and the ROS detection assay that we used may not be
sensitive enough to detect an ROS increase that is small but still biologically conse-
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FIG 9 Antagonistic effects of antioxidants on the inhibition of C. pneumoniae AR39 by pyocyanin. Experiments were performed as for
Fig. 8, except Hep2 cells were used as the host and cultured at 35°C, and centrifugation was performed to facilitate infection.

quential. The lack of effect of antioxidants on pyocyanin-induced chlamydial growth
inhibition across any of the treatment schemes (Fig. 8 and 9) does not seem to support
such an argument. However, this negative finding has to be interpreted with caution,
because we are not certain whether or not GSH and NAC can reach inside the EB.

The attachment of EBs to host cells is a crucial early step that is required for
establishing intracellular infection. Pretreating EBs with pyocyanin prior to inoculation
significantly decreased the infectivity of EBs (Fig. 5C and D) without affecting EB
binding to the host cells (Fig. 6). However, pretreating host cells with pyocyanin prior
to inoculation had no effect on chlamydial infection. On the basis of these findings, we
propose that pyocyanin-inactivated EBs are capable of attaching to but incapable of
entering host cells, or are capable of entry but fail to develop into RBs.

A virulence factor from P. aeruginosa, pyocyanin has a number of adverse effects on
the host. Many research groups have focused on its adverse effect on the human
respiratory system due to the high incidence of chronic colonization with P. aeruginosa
in cystic fibrosis and obstructive lung disease (36). Although up to 8 uM pyocyanin is
well tolerated by epithelial cell lines cultured in vitro (Fig. 1 and 3), the literatures show
that exposure to pyocyanin has negative consequences on various organ systems,
including the central nervous system, vascular system, and liver (36, 40-43). In addition,
studies have shown that pyocyanin affects the immune system in multiple ways.
Although pyocyanin stimulates lymphocyte proliferation at 1 uM (44), it starts to inhibit
when it reaches 2 uM (44-46). Starting at 10 uM, it causes neutrophils to undergo
apoptosis (47). Given the role of the immune system in protection against pathogens,
it is of particular importance to avoid the immunosuppression function of pyocyanin.
Significantly, the IC5, of pyocyanin on chlamydiae is as low as ~0.02 uM (Table 1),
which is about 100 times lower than its minimal immunosuppressive concentration.
Despite this big difference between the antichlamydial concentration and immuno-
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FIG 10 Lack of effect of pyocyanin on growth of vaginal lactobacilli. Pyocyanin or DMSO was added to
the indicated final concentrations at the time of inoculation. ODg,, values were measured at the
indicated hpi. Values represent averages * standard deviation of triplicate experiments.

suppression concentration, its systemic use should still be of concern—even for
short-term use. Nonetheless, it warrants consideration to develop pyocyanin as a
topical antimicrobial for prevention and treatment of chlamydial infection in the eye
and/or the female genital tract.

The vaginal microbiota plays an important role in defense against pathogens,
including C. trachomatis in the genital tract (19, 48). In healthy and reproductive-age
women, the vaginal microbiota is dominated by lactobacilli, such as Lactobacillus
crispatus and L. jensenii, which produce lactic acid and other antimicrobials (19, 48, 49).
Ideally, a candidate vaginal microbicide does not disrupt vaginal lactobacilli. Signifi-
cantly, we found high tolerance of pyocyanin in all three vaginal Lactobacillus strains
tested (Fig. 10).

In summary, we have identified pyocyanin as a potent antichlamydial. Even though
its toxicity precludes its utility as an antimicrobial for systemic use, with an ICg,
comparable to that of tetracycline, it warrants consideration to evaluate pyocyanin as
a topical microbicide candidate for prevention and treatment of ocular and/or vaginal
chlamydial infection. Hopefully, pyocyanin derivatives with reduced toxicity that main-
tain the antichlamydial activity can be developed. Pyocyanin exerts its antichlamydial
activity by directly disabling the infectivity of EBs and inducing production of antimi-
crobial ROS. Regardless of its potential as a preventive and therapeutic agent, pyocy-
anin will be a valuable chemical probe for studying Chlamydia biology.
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MATERIALS AND METHODS

Chlamydial strains, host cells, and culture conditions. C. trachomatis L2 (strain 434/Bu), C.
pneumoniae (strain AR39), and C. muridarum (strain Nigg I, traditionally known as mouse pneumonitis
pathogen [MoPn]) were purchased from ATCC. HeLa and Hep2 cells were also purchased from ATCC and
were maintained routinely in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
heat-inactivated fetal bovine serum (FBS) (Sigma-Aldrich, Aldrich, St. Louis, MO) and 20 wg/ml genta-
micin, at 37°C and 5% CO,. C. trachomatis L2 and C. muridarum MoPn were cultured in Hela cells at 37°C.
C. pneumoniae AR39 were cultured in Hep2 cells at 35°C. EB stocks were prepared in sucrose-phosphate-
glutamate (SPG) buffer and stored at —80°C. The mouse monoclonal anti-MOMP antibody L2-1-5
(anti-MOMP) (50) was generously provided by Harlan D. Caldwell (United States National Institutes of
Allergy of Infectious Diseases). This antibody was used for immunostaining C. trachomatis L2 inclusions.
Pooled sera collected from BALB/c mice intranasally inoculated with C. pneumoniae AR39 EBs were used
to stain inclusions and EBs of this organism. A mouse polyclonal anti-MoPn antibody generated in the
same manner by our lab was used for C. muridarum MoPn detection (23).

Pyocyanin preparation. A total of 24 microbial strains (CB1 to CB24) were isolated from an
unidentified marine clam. Exudate extracts from all marine microbial isolates were screened for anti-
chlamydial potential as outlined below in “Chlamydia inhibition tests.” The extract of CB4 exhibited the
highest inhibitory activity on C. trachomatis, and phylogenetic analysis of 16S rRNA gene sequences
indicated that the source of CB4 was P. aeruginosa. Bioassay-guided fractionation of the extract
generated from 20 liters of CB4 exudates resulted in the isolation of pyocyanin (6.7 mg; purity, =99%).
The structure of pyocyanin was elucidated by comparing nuclear magnetic resonance (NMR) spectro-
scopic data with data in the published literature (51).

Chlamydia inhibition tests. Methods for evaluating antichlamydial activities in small compounds
involving immunostaining of chlamydial inclusions have been previously described (4). Cells were seeded
onto coverslips in a 24-well plate. After overnight incubation, cells at 60% to 70% confluence were
infected at a multiplicity of infection (MOI) of 0.2 inclusion-forming units (IFUs) per cell, unless otherwise
noted. Pyocyanin dissolved in DMSO was diluted in EB-containing culture medium to the appropriate
concentrations, unless otherwise indicated. DMSO (final concentration, 0.5%) was used as a negative
control. Centrifugation (500 X g for 1 h at room temperature) was used to facilitate C. pneumoniae AR39
infection. At 36 hours postinoculation (hpi), infected cells were either fixed with 100% methanol for
visualization of inclusions formed in the presence or absence of inhibitors or subjected to procedures for
determination of progeny EBs. The methanol-fixed cells were subjected to sequential staining with an
appropriate primary antibody and a fluorescein isothiocyanate (FITC)-conjugated secondary antibody.
Evans blue was used as a counterstain. Images were captured with an Olympus IX51 fluorescence
microscope, and the inclusion number and size were measured using the Image-Pro Plus 6.0 software.
For determining the production of progeny EBs, infected cells were washed three times with SPG to
remove residual pyocyanin, scraped off the plate, and sonicated briefly to disrupt host cells and release
EBs. The recoverable IFUs were quantified by inoculating 1:10 serially diluted lysates onto cells grown on
96-well plates containing 1 ug/ml cycloheximide in medium, followed by immunofluorescence micros-
copy as described above.

Cytotoxicity of pyocyanin toward host cells. The cytotoxic effect of pyocyanin on host cells was
assessed by measuring cell viability based on the WST-1 assay, an alternative to the MTT [3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] assay for rapid detection (33). Briefly, HeLa and Hep2
cells seeded in 96-well plates were cultured with various concentration of pyocyanin or 0.5% DMSO. After
48 h, 10 ul of the WST-1 reagent was added to each well, and absorbance at 450 nm was recorded after
additional 2 h of incubation.

Pretreatment assay. For host cell pretreatment assays, cells seeded on 48-well plates were cultured
with medium containing different concentrations of pyocyanin or 0.5% DMSO for an indicated time
period at 37°C for C. trachomatis L2 or 35°C for C. pneumoniae AR39. Cells were washed twice with SPG
to remove residual pyocyanin and were then infected with EBs. The inclusion number from one well was
quantified by immunofluorescence microscopy 36 h later, as described above. For EB pretreatment
assays, pyocyanin or DMSO was added into an EB suspension (4 X 10° IFU/ml) prepared with SPG and
incubated for 1 h at a desired temperature (37°C or 4°C for C. trachomatis L2; 35°C or 4°C for C.
pneumoniae AR39). After two washes with SPG to remove residual pyocyanin, EBs were resuspended with
culture medium and immediately added onto Hela or Hep2 cell monolayers. Infectious EBs were
quantified 36 h later using immunofluorescence microscopy.

Attachment assay. Purified C. trachomatis L2 or C. pneumoniae AR39 EBs were suspended in SPG at
5 X 10° IFU/ml and exposed to 0.06, 1, or 8 uM pyocyanin for 1 h at 4°C. DMSO (0.5%) and heparan
sulfate (500 wg/ml; Sigma-Aldrich, St. Louis, MO) were used as the negative and positive controls (24),
respectively. After two washes with SPG, EBs were added onto host cells grown on coverslips in 24-well
plates. The MOI for these experiments was about 20 to 30 IFU per cell (i.e, MOI of 30). After still
incubation or centrifugation at 4°C for 1 h, cells were washed three times with SPG, fixed with 100%
methanol, and then immunostained as described above. Evans blue and DAPI (4',6-diamidino-2-
phenylindole) were used as counterstains. Images were acquired on an Olympus IX51 fluorescence
microscope. For each sample, EBs on nine randomly picked cells were counted.

Determination of intracellular reactive oxygen species (ROS). Intracellular ROS was detected
using the fluorescence probe dihydrorhodamine 123 (DHR), as described previously (52). Briefly, cells
seeded on 96-well plates were infected with EBs at an MOI of 0.2 in the presence of 0.06, 1, or 8 uM
pyocyanin or 0.5% DMSO. At 2, 12, 24, or 36 hpi, DHR was added into each well (final concentration of
DHR, 1T uM) and incubated at 37°C (C. trachomatis L2) or 35°C (C. pneumoniae AR39) for 30 min. To
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determine the effect of antioxidants on pyocyanin-induced ROS production, treatment with 5 mM
glutathione (GSH) or N-acetylcysteine (NAC) was performed concurrently with pyocyanin treatment.
Fluorescence intensity was measured at an excitation wavelength of 488 nm and an emission wave-
length of 530 nm, using a Synergy H1 hybrid multimode microplate reader (BioTek, Winooski, VT).

Antioxidant treatment. To determine the effects of antioxidants on pyocyanin’s antichlamydial

activity, cells grown on 24-well plates were treated with 5 mM GSH or NAC. Pretreatment of host cells
was for 1 h; cells were washed three times prior to EB inoculation (MOI, 0.2) and cultured in medium with
or without pyocyanin. For cotreatment, GSH or NAC was added at the time of inoculation and kept in the
culture for 36 h. Full treatment included both pretreatment and cotreatment, without washes prior to
inoculation.
Determination of lactobacilli tolerance. Lactobacillus crispatus strains ATCC 33197 and ATCC 33820
and L. jensenii strain ATCC 25258 were cultured with lactobacilli MRS broth in a humidified 5% CO,
incubator. To determine the effects of pyocyanin on Lactobacillus spp., overnight cultures were diluted
1:10,000 with fresh MRS broth containing different concentrations of pyocyanin or the vehicle DMSO. The
optical density at 600 nm (ODg,,) was measured on a microplate reader at the indicated hpi. Background
values obtained at 0 h postinoculation were used to correct values from later points. Experiments were
performed in triplicate. Means and standard deviations of corrected ODy, values from triplicate samples
are presented.
Experimental repetition, data processing and presentation, and statistical analysis. Experi-
ments quantifying the effects of treatments on inclusion size and number, progeny EB production, EB
attachment, and ROS production were performed in duplicate, and repeated for two additional times.
Data from the three independent experiments were subjected to pairwise Student’s t tests. P < 0.05 and
P < 0.01 are considered statistically significant and statistically highly significant, respectively. When
appropriate, percent inhibition values were calculated using perspective control values and are pre-
sented. A nonlinear regression model using three independent concentration-response inhibition data
sets was applied using GraphPad Prism 5 software to calculate IC,,s. When percent inhibition values were
not needed, averages and standard deviations are presented in absolute numbers.
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