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ABSTRACT The Type III secretion system (T3SS) is currently considered to be one of the main pathogenicity 
factors in Gram-negative bacteria, which exhibit different types of parasitizing activity. The presence of this 
structure is essential for the development of an acute infection; the chronicity of the infection is fundamentally 
dependent upon its functioning. In this regard, T3TS is one of the most promising targets for the development of 
broad-spectrum antimicrobial drugs that do not develop resistance and are efficacious for the acute and chronic 
forms of infection. The mechanism of action in drug development is based on the specific inhibition of T3SS, 
which should interrupt the infectious process, thereby enabling the immune system to eliminate the pathogen. 
As a result of pilot screening using specific cellular and bacterial tests, followed by chemical optimization and 
detailed characterization of the biological activity, a new class of chlamydial T3SS inhibitors was obtained. The 
selected compounds have obvious advantages over the currently available inhibitors of T3SS pathogens thanks 
to the high inhibitory activity of these compounds with minimal damaging effects on eukaryotic cells. Preclini-
cal trials of the selected inhibitors are currently under way.
KEYWORDS thiohydrazones; thiohydrazides; thiadiazines; type III secretion system; citotoxicity; Chlamydia; 
inhibitors; microscopy; electron microscopy; morphology.
ABBREVIATIONS T3SS – type III secretion system; MOI – multiplicity of infection; МОМР – major outer mem-
brane protein of Chlamydia; LPS – lipopolysaccharide; EB – elementary bodies; RB – reticular cells; IFU – inclu-
sion forming units.

INTRODUCTION
Chlamydia are Gram-negative bacteria that parasitize 
intercellularly. T wo species of Chlamydia are common 
pathogenic agents responsible for diseases in humans. 
The Chlamydia infection caused by Chlamydia tracho-
matis is the most prevalent  among sexually transmitted 
diseases,causing over 100 million new cases of the disease 
annually [1]. According to the WHO, the number of peo-
ple in the world infected with Chlamydia by the most 
conservative estimate has reached a billion; the number 
of infections is on a steady increase even in the developed 
world. The fraction of cases of respiratory chlamydiosis 
caused by C. pneumoniae in the total structure of pneu-
monias stands at 20%; epidemic outbursts of this infection 
occur in European countries every 4–7 years (according 
to WHO data). As a result, up to 80% of the world popula-
tion are infected with respiratory chlamydiosis during 
their lives. Chronic chlamydioses pose the most serious 
problem; it is a proven fact that these diseases act as a 

mechanism triggering severe chronic diseases, such as 
asthma, atherosclerosis, arthritis, female and male infer-
tility, as well as pregnancy pathologies [2, 3].

The medical and socio-economic significance of 
searching for new-generation drugs using target-spe-
cific technologies is rooted in the absence of efficacious 
agents that can help treat chromic bacterial infections 
and the rapid development of pathogen resistance to 
the antibacterial agents used to treat acute infectious 
processes [4–6]. In the case of antibacterial drugs, this 
technology includes selecting the proteins responsi-
ble for the exhibition of pathogenic properties by the 
microorganism as targets; the subsequent search for 
specific inhibitors using computer software, organic 
synthesis techniques and experimental assaying; and 
verification of the predicted biological activity on mod-
el systems for the infectious process.

Secretion of pathogenic factors (the proteins re-
sponsible for the exhibition of pathogenic properties 
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by bacteria) into the macroorganism’s cell is the key 
mechanism underlying the development of an infec-
tious process. A total of seven secretion systems, char-
acterized by various specificities with respect to the 
molecules secreted and differences in the structure of 
the secretory apparatus, have been described thus far. 
One of these systems (referred to as the type III secre-
tion system (T3SS)) transfers protein pathogenic fac-
tors from the bacterial cell directly into the cytoplasm 
of the eukaryotic cell. This “molecular syringe” has 
been detected only in pathogenic bacteria, since it is 
through its functioning that the bacteria with various 
types of parasitizing actions, exo- and endoparasites, 
exhibit their pathogenic properties [7]. Because of the 
conservative nature of this structure, in the taxonomi-
cally distant microorganisms that are behind socially 
significant infections, such as Chlamydia, Salmonella, 
Shigella, Pseudomonas, Escherichia, Yersinia, Brucella, 
etc., it is reasonable to expect antibacterial drugs based 
on specific T3SS inhibitors to have a wide range of ef-
fects.

In intracellular pathogens (Chlamydia being a typi-
cal example of such organisms), the transport system 
makes it possible to use the regulatory pathways of 
a host eukaryotic cell and to subsequently suppress 
the cellular response. T3SS is required at each stage 
of Chlamydial life cycle; it provides the possibility of 
intracellular reproduction of the pathogen upon both 
acute and chronic forms of the infection. T3SS inhibi-
tion results in the suppression of the in vitro reproduc-
tion of Chlamydia [8].

Several T3SS inhibitors, low-molecular weight com-
pounds of different classes, which were selected by 
high-efficiency screening of chemical compound data-
bases, have been discoveredthus far [9–13]. A substan-
tial drawback of these compounds is their poor solu-
bility in organic solvents and water. Moreover, these 
inhibitors exhibit significant toxicity towards mammal 
cells, resulting in the death of up to 60% of the cells 
in the presence of a specific inhibitory concentration 
(50 µM), a factor which restricts the development of 
these compounds for further application as antibacte-
rial drugs.

This study was aimed at designing pharmacologi-
cally promising compounds that can suppress acute 
and chronic infections which inhibit the secretion of 
chlamydial pathogenic factors, but do not have the 
aforementioned drawbacks.

METHODS

Bacterial strains and cell lines
Reference strain of C. trachomatis BU-434 serovar L2 
(АТСС VR 902B), C. muridarum strain Nigg(АТСС 

VR-123), and C. pneumoniae strain  K-6 kindly provid-
ed by P. Saikkii (Finland), and the McCoy В cell line (a 
hybrid cell line consisting of human synovial cells and 
mouse fibroblasts) were used in this study.

Assessment of the toxicity for eukaryotic cells
96- and 24-well plates and a one-day cell monolayer 
were used in the study. The cells were cultured for 24 h 
in the presence of various doses of inhibitors. The cy-
totoxic effect of the agents was assessed using three 
conventional procedures: methylene blue staining, the 
MTT assay (“Sigma”), and the calcein assay (LIVE/
DEAD Viability/Cytotoxicity Kit for mammalian cells, 
Invitrogen, United States).

Cell infection with Chlamydia strains
The МсСоу В cells were infected with Chlamydia with 
multiplicity of infection of 1 (MOI of 1) according to the 
conventional procedure [3].

Immunofluorescent detection of 
Chlamydia development
The intracellular chlamydial inclusions were detected 
via direct immunofluorescence (DIF) using monoclonal 
species-specific antibodies against the major outer 
membrane protein (MOMP) of C. trachomatis and fluo-
rescein isothiocyanate (FITC) labelled genus-specific 
anti-chlamydial LPS antibodies (OOO Niarmedic Plus, 
Moscow).

Assessment of chlamydial progeny
Chlamydial progeny was assessed via a semi-quantita-
tive analysis based on immunofluorescence. Lysates of 
the infected cells were seeded onto a new cell monolay-
er. For this purpose, the 48-hour monolayer of infected 
cells was removed by a sucrose phosphate glutamine 
buffer (SPG) and lysed by freezing. The necessary 
lysate dilutions were prepared and then seeded onto 
a new monolayer. The cells were incubated for 48 h, 
fixed, and stained with FITC-labelled monoclonal anti-
bodies for subsequent assessment of the results via lu-
minescent microscopy. The count of infected cells was 
determined in 10 random locations within the visual 
fields; the average number of inclusion-forming units 
(IFU) per 1 ml of the specimen was calculated (the re-
sults of three independent experiments were used).

Detection of the C. trachomatis effector protein IncA 
A one-day monolayer of McCoy cells was infected with 
C. trаchomatis with MOI of 5. The compounds under 
study were added at varying doses eight hours post in-
fection (the onset of the effector protein translocation 
to the inclusion membrane). After 24 h of incubation  
the cells were stained with primary anti-IncA-antibod-
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ies (Innovagen, Sweden) and secondary FITC-labelled 
antibodies. The cells were simultaneously stained with 
anti-C. trachomatis МОМР monoclonal antibodies.

Transmission electron microscopy (TEM)
The cells were cultured and infected in 6-well plates. 
The cell pellet obtained via centrifugation for 10 min at 
1500 rpm (Rotanta 460R, Hettich) was fixed in aIto-Kar-
novsky fixative. Post-fixation with OsO

4 
and contrasting 

in aqueous uranyl acetate were used for this purpose. 
The specimens were subsequently dehydrated in an as-
cending series of alcohols, infiltrated in a 1 : 1 mixture of 
a LR White resin and 100% ethanol for 1 h and in a pure 
resin for 12 h at +4°С. Resin polymerization was per-
formed at +56°С for 24 h. Ultrathin sections were then 
prepared, then they were contrasted with a lead solution 
(Reynolds) and analyzed using TEM Jeol 100B.

RNA isolation and analysis of gene expression
RNA was isolated from the cell culture using the Trizol 
reagent (Invitrogen) 24 h post infection. The concen-
tration of RNA pretreated with DNAse I (DNA-free™, 
“Ambion”) was determined on a NanoDrop ND-100 
spectrophotometer (ThermoFisher Scientific, United 
States). The reverse transcription (RT) reaction was 
carried out using the “Reverse Transcription System” 
kit (Promega, United States).

Real-time PCR  with the resulting cDNA was car-
ried out using primers to the following genes: 16S 
rRNA (primer forward 5-’GGCGTATTTGGGCAT 
CCGAGTAACG, primer reverse 5’-TCAAATC-
CAGCGGGTATTAACCGCCT, Pb 5’-R6G-TGG CGG 
CCA ATC TCT CAA TCC GCC TAG A-BHQ2), trpA 
(primer forward 5’-CGG GAA TAA ATG GTG TGT 
GCG T, primer reverse 5’-TAAAGACATCCGTTCCG-
GCGTT, Pb 5’-ROX-ATC TTC CAG CAC CTT TAT 
CAC ACG GAG A-BHQ2), incA (primer forward 5’-
CTA CAG AAG AAA TGC GCA AAC TTT, primer 
reverse 5’-AAT GAT TGC TGG TTA TGC GCT AAT, 
Pb 5’-FAM-CGG CGA ACT TCT TCT GCT AAT GGG 
GTT-BHQ1), lcrE (primer forward 5’-GAG GCT GTG 
TTG AGG TAG GT, primer reverse 5’-CGA TAA ATG 
CGG ATA ATG AGG AT, Pb 5’-FAM-AGG TAC TGG 
AGC ATG AGG AGG CGT A-RTQ1). RT-PR was per-
formed on a CFX 96 amplifier (Bio-Rad Lab., United 
States).

RESULTS

Analysis of the structural similarity 
of the known 3TSS inhibitors
Among the known 3TSS inhibitors [9–13], the com-
pounds that belong to hydrazones based on hydrazides 
of aromatic carboxylic acids and various salicylic alde-

hydes (IV) have been the beststudied. The structures of 
T3SS inhibitors are shown in Fig. 1.

These molecules are similar, to a certain extent, since 
all of them contain  residues of salicylic and 4-hydroxy-
benzoic acids and their derivatives (these residues are 
shown in green). Also worthy of note is the structural 
similarity of the concatenation between the deriva-
tives of salicylic acids and the remaining molecular 
part (shown in red). Based on the concept of bioisosteric 
replacement [14, 15], according to which the carbon-
ylic and thiocarbonylic groups in biological systems are 
functionally interreplaceable, one can assume that the 
action of the thiohydrazones of oxamine acids and vari-
ous salicylic aldehydes is similar to that of hydrazones. 
This class of compoundsis relatively new; until recently, 
its biological properties were almost completely outside 
the realm of study.

Our goal was to resolve the following issues using 
thiohydrazones of thiohydrazides of oxamine acids as 
possible T3SS inhibitors:

– obtain compounds with a low toxicity with respect 
to eukaryotic cells;

Fig 1.Structures of various classes of the known T3SS 
inhibitors.

Fig. 2.The general formula of thiohydrazones of the thio-
hydrazides of oxamine acids.
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Table 1. Toxicity indices of the selected compounds – thiohydrazones of thiohydrazides of oxamine acids

Compound 
№ Structure

Methylene blue staining, 
% of dead cells

Calcein assay,  
% of dead cells

MTT assay,  
% of metabolically  

inactive cells
12.5
µM

25
µM

50
µM

12.5
µM

25
µM

50
µM

12.5 
µM

25
µM

50
µM

1 0+2 12+2 23+2 0+2 11+2 20+2 3+1 12+3 29+3

2 2+2 13+1 24+3 3+2 12+1 21+3 3+2 15+1 31+5

3 6+4 20+2 27+2 5+4 16+2 23+2 2+2 15+5 30+4

4 5+1 15+2 28+2 6+1 12+2 23+2 3+3 13+4 28+2

5 2+1 14+2 26+3 3+1 16+2 22+3 4+3 20+4 29+6

6 2+1 15+2 26+2 5+1 12+2 24+2 2+4 17+5 27+8

7 2+2 15+4 29+5 4+2 16+4 22+5 4+5 18+3 29+9

8 2+1 14+1 24+4 6+1 12+1 24+4 3+3 15+3 28+4

9 2+1 12+1 24+4 4+1 15+1 25+4 4+5 20+4 30+4

10 2+1 12+2 24+2 5+1 14+2 22+2 3+3 19+3 31+7

11 1+1 12+1 21+4 4+1 13+1 25+4 5+1 16+2 30+5

12 0+1 11+1 22+3 3+1 10+1 24+3 5+5 15+4 29+6

13 2+1 15+2 26+3 2+1 11+2 25+3 5+4 14+3 29+7

14 4+1 15+1 25+4 3+1 12+1 22+4 3+5 17+3 28+6

15 0+1 11+2 22+3 0+1 10+2 21+3 4+1 13+3 29+5

Obtaining of thiohydrazones and testing their 
in vitro T3SS inhibition activity and toxicity 
Thiohydrazones of oxamine acids (Fig. 2) were syn-
thesized based on the appreciably simple scheme [16] 
shown in Fig. 3.

It can be seen that a large variety of compounds 
can be obtained via the use of different commercially 

– obtain compounds with high selective activity with 
respect to T3SS;

– obtain compounds with good pharmacokinetic 
properties; and

–develop a simple scheme for the synthesis of the 
desired compounds.
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available amines and aldehydes via simple chemical 
conversions. A total of approximately 300 compounds 
have been synthesized; a number of compounds with 
good levels of solubility have been selected for further 
analysis. A total of 120 compounds were selected; de-
spite having superior solubility as compared to that of 
hydrazones, thiohydrazonesgenerally have poor levels 
of solubility.

The toxicity of the selected compounds for eukaryo-
tic cells was assessed. First, the methylene blue stain-
ing technique was used. The compounds exhibiting 
satisfactory toxicity level were analyzed further using 
the calcein and MTT assays. As a result, 15 compounds 
were selected (Table 1). They manifested acceptable 
toxicity at concentration of 50 µM (death of less than 
30% cells). All these compounds contained residues of 
various fluoroderivatives of aniline, as well as deriva-
tives of salicylic and 4-hydroxybenzaldehyde.

Chlamydial T3SS inhibitors are known to suppress 
in vitro the intracellular reproduction of the pathogen. 
It was shown, via testing of the ability of the selected 
compounds to suppress the chlamydial infection in the 
cell cultures, that all the compounds exhibit good in-
hibitory activity (Table 2).

The ability of these compounds to suppress the 
translocation of C. trachomatis  effector protein IncA  
was determined via immunofluorescence. It turned out 
that all the tested compounds inhibit the effector func-
tion of chlamydial T3SS.

Thus, new inhibitors of C. trachomatis T3SS that be-
long to the class of thiohydrazones of the thiohydrazides 
of oxamine acids were selected; all the compounds sup-
pressed Chlamydia reproduction in cell cultures. The 
presence of a fluorine atom can be assumed to enhance 
the lipophilicity of the selected molecules, which ena-

bles them to penetrate more easily through biological 
membranes, and presumably increases their resistance 
to various enzymes [17]. Moreover, the inclusion of the 
derivatives of salicylic and 4-hydrobenzaldehydes has 
enabled to obtain compounds with improved solubility 
and activity.

Investigation of the stability and the nature 
of the toxicity of thiohydrazones
Based on the results of the analyses performed, three 
T3SS inhibitors were selected from a total of 15 for fur-
ther study of their stability upon storage under various 
conditions. It turned out that these compounds in their 
dry form remained stable for a long time (according to 
the TLC data), whereas their activity in solutions de-
creased rapidly.

It was ascertained via the analysis of the published 
data [18, 19] that ring–chain tautomerism is typical of 

Fig. 3. Synthesis of thiohydrazones 
based on the thiohydrazides of ox-
amineaicds: a – chloroacetyl chlo-
ride, DMF; b – 1) TEA, elemental 
sulphur, morpholine, DMF; 2) DMF, 
hydrazine hydrate; c – methanol, the 
corresponding aldehyde R1.

a b c

Fig. 4. Ring-chain tautomerism of thiohydrazones and the 
oxidation product, thiadiazole.

Table 2. Inhibition of the intracellular development of 
C. trachomatis caused by the compounds under study

Compound 
№

Inhibition of the development of C.  
trachomatis (% of infection suppression)  
at different inhibitor concentrations, µM

12.5 25 50 

1 30+4 99+7 100+1

2 70+5 98+3 100+1

3 1+1 30+6 60+5

4 5+2 10+5 60+11

5 0+1 10+3 75+6

6 20+4 40+5 90+12

7 15+3 85+8 100+2

8 5+3 10+5 90+13

9 30+8 40+7 90+10

10 0+2 10+7 98+3

11 10+2 90+7 100+1

12 0+1 70+15 100+3

13 15+5 70+14 100+15

14 15+4 45+7 100+3

15 40+3 85+8 100+2
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thiohydrazones. Cyclic tautomers (thiadiazolinesII) are 
easily oxidized by air oxygen, yielding inactive and tox-
ic thiadiazoles III (Fig. 4).

These assumptions were experimentally verified 
via the synthesis of the hypotheticalthiadiazoles and 
by NMR studies of the thiohydrazones of oxamine ac-
ids. It was ascertained that the both cyclic and linear 
forms are indeed present in thiohydrazone solutions; 
the oxidation products in the solution are identical to 
the target-synthesized thiadiazoles.

Attention was paid not only to the stability of the 
compounds, but also to the results of the MTT assay, 
which attested to an appreciably high toxicity of the 
compounds due to the suppression of the cellular res-
piration  and the disruption of its oxidation-reduction 
potential. The analysis of the data published enables 
one to conclude that the open and considerably active 
thiocarbonyl group affects the level of toxicity; this 
group is bound to the reduced glutathione and induces 
the development of oxidative stress. This hypothesis 
was verified in the experiments in which glutathione 
was added to the cell culture medium, resulting in a 
30%–40% decrease in toxicity.

Thus, the task was to enhance the stability of the 
resulting compounds whilst reducing their toxicity in 
such a manner so as to prevent the activity and specifi-
city from being adversely affected.

Modification of thiohydrazones aimed at 
enhancing stability and reducing toxicity
In order to enhance the stability and reduce the toxic-
ity of thiohydrazones, it was necessary to modify the 
structure so as to eliminate the formation of tautomeric 
forms and the open reactive thiocarbonyl group.

This was achieved by means of the synthesis of sev-
eral heterocyclic compounds based on reduced thiohy-

drazones, according to the diagram shown in Fig. 5.
The synthesized heterocyclic derivatives of the thio-

hydrazones of oxamine acids were characterized by 
a higher solubility compared to the initial products; 
thus, their toxicity and capacity to inhibit T3SS was 
assessed. The compounds belonging to groups IV and V 
were characterized by low toxicity and exhibited spe-
cific activity with respect to T3SS, whereas the com-
pounds belonging to groups VI and VII did not exhibit 
such activity.

Compounds belonging to group IV turned out to be 
instable in solutions (according to the TLC, the decom-
position products were detected as early as 24 h after 
upon storage of the solutions at +20oС). The compounds 
from group V were characterized by acceptable indi-
cators. A total of 12 compounds belonging to group V 
were synthesized on the basis of the fluorine-contain-
ing thiohydrazones of oxamine acids.

All these compounds proved considerably less toxic 
with respect to eukaryotic cells compared to the T3SS 
inhibitors that are already known and were obtained 
earlier (Table 3).

It was demonstrated that the synthesized thiadiazi-
nons suppress the development of intracellular infection 
in dose-dependent fashion. Four compounds at a concen-
tration of 50 µM completely suppressed the infectious 
process in the cell culture (Table 4). The most efficient 
compound was selected via a comparison of the results 
of a determination  of the toxicities and activities. This 
compound, known as CL-55, was used for a further, 
more advanced investigation of biological properties.

Inhibition of the effector function of 
T3SS by the synthesized inhibitor
The specific activity of chemical compounds (i.e., their 
ability to inhibit the action of the type three secretion  

Fig. 5. Synthesis of various het-
erocyclic compounds eliminating 
the existence of tautomerism and 
containing a closed thiocarbonyl 
group: a – sodium borohydride, 
methanol; b – aldehyde R2, 
isopropanol, hydrochloric acid; 
c –chloroacetic acid, isopro-
panol, ammonium acetate; 
d – ethanol, α-bromoketone, 
sodium acetate; e – carbonyldi-
imidazole, tetrahydrofuran.

a

b c d e
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system (T3SS) was studied using the method based on 
the detection of the C. trachomatis effector protein. 
The IncA protein, one of the effector proteins of this 
pathogen, is synthesized in the bacterial cell, followed 
by secretion and incorporation into the chlamydial in-

clusion membrane. This protein is known to be synthe-
sized 6 h following the onset of infection; it emerges at 
the inclusion surface after 8 h. Specific antibodies can 
be used to detect the IncA protein within the inclusion 
membrane. The inhibition of the translocation of the 

Table 3. Toxicity indices of thiadiazines

Compound 
№ Structure

Methylene blue staining, 
% of dead cells

Calcein assay,  
% of dead cells

MTT assay, % of metaboli-
cally inactive cells

12.5
µM

25
µM

50
µM

12.5
µM

25
µM

50
µM 12.5 µM 25

µM
50

µM

16 0+2 5+2 10+2 0+1 6+2 12+3 1+2 8+3 13+3

17 0+2 6+1 11+3 0+3 7+2 10+3 0+2 9+3 14+4

18 0+1 4+2 9+2 0+2 8+1 12+3 0+1 9+2 15+3

19 0+1 6+2 11+2 0+1 5+1 13+4 0+1 8+3 13+3

20 0+1 5+2 12+3 0+2 6+2 14+2 0+1 8+3 14+4

21 0+1 6+2 9+2 0+1 7+2 12+3 0+1 9+3 14+3

22 0+2 5+4 10+5 0+3 6+3 12+4 1+2 8+3 15+4

23 0+2 7+1 12+4 0+1 6+2 13+3 0+2 9+3 14+5

24 0+1 4+1 10+4 0+1 6+1 14+3 0+1 10+3 17+4

25 0+3 6+2 11+2 0+2 7+2 12+3 1+3 9+2 14+3

26 0+1 7+1 12+4 0+2 6+3 13+3 0+1 8+3 14+2

27 0+2 5+1 10+3 0+3 7+2 11+3 1+2 8+3 13+3
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Table 4. Inhibition of the development of C. trachomatis in 
a cell culture

Compound 
№

Inhibition of the development of C. tracho-
matis (% of infection suppression) at different 

inhibitor concentrations, µM

12.5 25 50 

16 15+5 40+8 87+6

17 24+3 69+6 100+5

18 7+2 26+7 63+6

19 12+3 37+6 65+8

20 9+3 26+7 59+7

21 15+7 42+7 86+10

22 2+4 23+6 52+4

23 34+6 78+8 100+2

24 30+8 69+6 98+4

25 25+5 59+6 95+5

26 24+3 82+9 100+2

27 27+4 65+10 100+2

effector protein IncA of T3SS in C. trachomatis  with 
a selected inhibitor is shown in Fig. 6. Small inclusions 
can be detected by cell staining with anti-C.trachomatis 
major outer membrane protein (anti-MOMP) antibod-
ies; the size of the inclusions correlates with the infec-
tion period.

An additional assay enabling the assessment of the 
specificity of compounds with respect to T3SS is based 
on the fact that the chlamydial IncA protein translo-
cated through T3SS participates in the fusion of sepa-
rate inclusions that are developed inside a cell. Staining 
of the cells infected with anti-MOMP antibodies has 
demonstrated that the introduction of a compound af-
fecting the T3SS 8 h following infection results in the 
formation of several small nonfused inclusions, whereas 
large inclusions (one per cell) were observed in the con-
trol cells (Fig. 6).

Effect of the T3SS inhibitor on the morphology 
of C. trachomatis intracellular inclusions
The effect of the T3SS inhibitor, CL-55, on the intrac-
ellular development of the causative agent was studied 
by luminescence and electron microscopy. McCoy cell 
culture was infected with C. trachomatis and the inhib-
itor was simultaneously added to the culture medium at 
varying concentrations (12.5, 25 and 50 µM). Following 
48 h, the cell cultures were analyzed by immunofluo-
rescence and transmission electron microscopy.

MOMP� IncA

-CL-55

+CL-55

Fig. 6. Inhibition of 
the translocation of 
the C. trachomatis  
effector protein IncA 
into the intracellular 
inclusion membrane 
under the action of the 
T3SS inhibitor, CL-55. 
The McCoy cells were 
infected with C. tra-
chomatis; 50 µM CL-
55 was introduced into 
the culture medium 
after 8 h, and the me-
dium was cultured for 
an additional 24 h. The 
chlamydial inclusions 
were stained with anti-
C. trachomatis MOMP 
antibodies or anti-IncA 
antibodies and viewed 
under a luminescence 
microscope (green 
luminescence). Scale – 
20 µM.
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The effect of CL-55 on the intracellular development 
of chlamydia resulted in the reduction of the count of 
infected cells and the inclusion size. At a dose as low as 
12.5 µM, the inclusion count was 80% of the control ; the 
inclusions were smaller in this case. At CL-55 concen-
tration of 25 µM, the accumulation of chlamydia was 
inhibited by 50%. The average size of inclusions was 
several times lower compared to that in the control 
specimen. Almost no inclusions were observed when 
using CL-55 at a dose of 50 µM (Fig. 7).

A decrease in the inclusion size and a considerable 
decrease in the number  of bacteria per inclusion were 
revealed through an electron microscopy study. More-
over, it should be noted that a typical pattern of ter-
mination of the chlamydial life cycle was observed in 
the control specimen: the overwhelming majority of 
the chlamydia inside the inclusions were of the extra-
cellular form (the elementary bodies); some inclusions 
were disintegrated. Upon action of the T3SS inhibitor, 
the intracellular chlamydia was in the state of reticu-
lar bodies. Single, tiny inclusions containing abnormal 
bacterial cells were observed in the cells at a concentra-
tion of 50 µM. It has been thus demonstrated that the 
selected T3SS inhibitor dose-dependently suppresses 
the intracellular reproduction of C. trachomatis. 

Effect of CL-55 on C. trachomatis progeny
The effect of the T3SS inhibitor on chlamydial devel-

opment was also assessed using the semi-quantitative 
method for the in vitro determination of the infectious 
properties of the pathogen. The calculation of the count 
of C. trachomatis infectious particles after the action of 
the inhibitor at different concentrations demonstrated 
a dose-dependent reduction (Fig. 8) and a complete vi-
ability inhibition in the presence of 50 µM of CL-55. 
Meanwhile, a significant number of the inclusions be-
ing formed possessed an atypical morphology at lower 
concentrations of the compound. No intracellular inclu-
sions were formed upon further passaging.

Control	 CL-55	 CL-55	 CL-55
	 12.5 µM	 25 µM	 50 µM

A

B

Fig. 7. Dose-dependent inhibition of the intracellular development cycle of C. trachomatis under the effect of CL-55. (A) – 
luminescent microscopy after staining with anti-C. trachomatis MOMP antibodies. Scale – 10 µM. (B) – Transmission 
electron microscopy. Control x 4000, CL-55 (12,5 µM) x10000, CL-55 (25 µM) x 4000, CL-55 (50 µM) x10000
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Fig. 8. Suppression of the C. trachomatis viability after the 
addition of varying concentrations of CL-55.
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Effect of CL-55 on gene expression in C. trachomatis
The effect of the T3SS inhibitor on the activity of con-
stitutive genes, the 16S rRNA and trpA, the tryptophan 
operon gene, and on the expression of the incA gene 
encoding the synthesis of the effector protein, and the 
lcrE gene of the T3SS regulatory protein in C. tracho-
matis were studied at this stage. The inhibitor was in-
troduced simultaneously with cell infection; after 24 h, 
the RNA was isolated and the gene expression was ana-
lyzed using quantitative real-time PCR.

The use of the compound at concentrations of 25 and 
50 µM reduced the activity of the 16S rRNA gene by 4 
and 29 times, respectively. All specimens were subse-
quently normalized with respect to cDNA of the 16S 
rRNA DNA. The activity of the trpA and incA genes 
under action of 25 and 50 µM CL-55 remained un-
changed compared to the control. These data attest 
to the following facts:firstly, the inhibitor had no pro-
nounced effect on the pathogen metabolism; secondly, 
the inhibitor had no effect on the expression of the ef-
fector protein IncA gene at transcriptional level. The 
expression of the lcrE gene encoding the T3SS regula-
tory protein reduced by 90% in the presence of 50 µM. 
The study of the effect of CL-55 on the expression of 
T3SS-specific chlamydial genes aimed at elucidat-
ing the mechanism of action of the selected inhibitor 
wastaken further recently.

Effect of the inhibitor CL-55 on the intracellular 
development of other chlamydial species
The effect of the selected T3SS inhibitor on the in-
tracellular reproduction of representatives of two 
other species belonging to the Chlamydiaceae family, 
C. pneumoniae and C. muridarum, was assessed using 
the methods described above. The fact that CL-55 at a 
concentration of 50 µM completely inhibited both the 
intracellular accumulation and the viability of these 
chlamydial species attested to the universality of the 
effect of this inhibitor on the other Chlamydia.

DISCUSSION
The type III secretion system detected only in patho-
genic bacteria was selected for use as a target for the 
search for new antibacterial drugs that would demon-
strate efficacy with respect to both acute and chronic 
infections. The formation of this secretory apparatus, 
the so-called “molecular syringe,” starts after contact 
with a eukaryotic cell. It forms a pore in the target cell 
membrane, resulting in the direct penetration of the 
pathogenicity factors into the host cell’s cytoplasm [20]. 
T3SS can also function upon intracellular localization of 
the pathogen. The transport of the pathogenic factors 
results in cytoskeletal rearrangement, apoptosis inhi-
bition, modification of the apparatus of transcription 

and translation in the eukaryotic cells, modulation of 
cytokine production and other processes in the host cell 
which facilitates pathogen invasion, blockage of host 
protection, and the establishment of continuous per-
sistence [21]. T3SS is absolutely essential for the devel-
opment of an acute infectious process; the chronization 
of the infection fundamentally depends on how it func-
tions. Thus, the specific inhibition of the T3SS function 
is expected to interrupt the infectious process both at 
early stages and upon a chronic course, thus allowing 
the immune system to eliminate the pathogen.

New efficacious T3SS inhibitors were explored ac-
cording to the following scheme: similar regions were 
found in the molecules of organic compounds via a 
structural analysis of the known T3SS inhibitors, 
thereby enabling the construction of a new class of 
compounds exhibiting antibacterial activity that is spe-
cific with respect to T3SS. A significant number of such 
compounds have been synthesized, enabling molecular 
screening using cellular assays and with the selection of 
15 compounds that specifically inhibit chlamydial T3SS 
in vitro in order to study the structure–activity rela-
tionship. The selected compounds were subsequently 
modified in order to enhance their solubility, stability, 
and biological activity, to reduce toxicity for eukaryotic 
cells, and enhance specific efficiency.

All this enabled to obtain a new T3SS inhibitor be-
longing to the class of heterocyclic compounds. This 
low-molecular-weight compound blocked the effector 
function of C. trachomatis T3SS. Thus, IncA (one of the 
early effector T3SS proteins) was not detected on the 
membrane of the chlamydial inclusion, and the process 
of homotypic phagosome fusion mediated by this pro-
tein was disrupted with the introduction of CL-55. An 
analysis of the expression of the incA gene has shown 
that the inhibitor does not reduce the transcription of 
this gene. A conclusion can thus be drawn that the se-
lected compound is capable of selective inhibition of the 
translocation of the chlamydial effector protein.

Compound CL-55 had no pronounced inhibiting ac-
tion on the level of expression of the C. trachomatis 
constitutive genes, a fact in agreement with the known 
mechanism of action of the T3SS inhibitors. According 
to this mechanism, the inhibitor affects the function-
ing of the secretory apparatus rather than the metabo-
lism of a bacterial cell. Meanwhile, a considerable re-
duction of gene activity in one of the key regulators of 
chlamydial T3SS (CopN protein) was observed. Under 
normal conditions, this gene is expressed at all stages 
of the intracellular life cycle of chlamydia. Functioning 
as a chaperon protein, it participates in the secretion 
regulation of the proteins of the Inc family at the early 
stages of intracellular development and regulates the 
T3SS-mediated differentiation of reticular chlamy-
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dial bodies into elementary bodies at the late stage of 
life cycle. It is of importance that the proliferation of 
reticular bodies depends on direct contact with an in-
clusion membrane and on interaction with the effector 
proteins translocated into it. Being a negative regula-
tor, the CopN protein reduces the translocation of the 
major effector proteins (including IncA) on the inclu-
sion membrane and closes the channel, thus impeding 
the translocation of the other T3SS effectors [22]. The 
resulting decrease in the expression of the gene encod-
ing this regulatory protein can be an indicator of the 
specific action of the selected inhibitor on the regula-
tion of the function of the chlamydial T3SS. The effect 
of the CL-55 inhibitor on the activity of a number of 
genes regulating the activity of C. trachomatis T3SS is 
currently under investigation.

Since the functioning of the chlamydial T3SS deter-
mines the possibility of intracellular development of 
the pathogen, the specific T3SS inhibitor is intended to 
disrupt the life cycle and block the infectious process 
upon both acute and persistent forms of the infection. 
The designed inhibitor suppressed the reproduction of 
three chlamydial species, C. trachomatis, C. pneumo-
niae, and C. muridarum, on cell culture models. The 
suppression manifested itself in the following ways: in 
the changes observed in the morphology of the chlamy-
dial inclusions, by the disruption in the differentiation 

of the reticular bodies into elementary bodies, and by 
the inhibition of the infectious properties of the patho-
gen. Moreover, it has been demonstrated (the results 
are not shown) that the selected inhibitor blocked the 
secretion of the T3SS effector proteins in Salmonella, a 
representative of the taxonomically non-related group 
of pathogenic bacteria, which may attest to the univer-
sality of the resulting T3SS inhibitor. Meanwhile, the 
compound exhibited no bactericidal effect on a number 
of Gram-negative and Gram-positive bacteria, repre-
sentatives of the normal bacteria. 

Thus, a new T3SS inhibitor belonging to the class 
of heterocyclic compounds has been obtained via tar-
geted chemical synthesis, experimental screening, and 
chemical optimization. This compound is currently be-
ing studied with the use of experimental animals for its 
therapeutical activity and pharmacokinetic properties. 
These studies are intended at probing the application of 
the compound for the further development of an anti-
bacterial drug that would be efficacious with respect to 
the acute and chronic forms of infection. 
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