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Abstract

Background: Two newly identified proteins, EspB and EspC are involved in the pathogenesis of
Mycobacterium tuberculosis. The objective of the present study was to evaluate the immunogenicity of
recombinant EspC, EspB, and EspC/EspB fusion proteins in mice.

Methods: BALB/c mice were immunized subcutaneously with recombinant EspC, EspB, and fusion
EspC/EspB proteins, three times with along with Quil-A as an adjuvant. The cellular and humoral
immune responses were evaluated by quantifying IFN-y, IL-4, IgG, 1gG1, and IgG2a antibodies
against the antigens.

Results: The results showed that the mice immunized with recombinant EspC, EspB, and EspC/EspB
proteins did not produce IL-4, whereas IFN-y was secreted in response to all three proteins.
EspC/EspB group produced significant amounts of IFN-y in response to stimulation with all the three
recombinant proteins (P<0.001). In mice immunized with EspC, high levels of IFN-y were detected
in response to EspC/EspB, and EspC (P<0.0001); while mice immunized with EspB produced lower
levels of IFN- v in response to EspC/EspB, and EspB (P<0.05).

Mice immunized with recombinant EspC, EspB, and EspC/EspB proteins exhibited significantly high
levels of IgG and [gG2a/IgG1 ratio (P<0.001). Moreover, high levels of IgG and IgG2a were detected
in the sera of mice immunized with EspC/EspB fusion protein.

Conclusions: All the three recombinant proteins induced Th1-type immune responses in mice against EspB
and EspC; however, EspC/EspB protein is more desirable due to the presence of epitopes from both EspC
and EspB proteins and the production of immune responses against both.
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Introduction

Tuberculosis (TB) is a chronic infectious
disease that is prevalent in many parts of the
world. One-third of the world's population is
infected with Mycobacterium tuberculosis
(MTB), the causative agent of the disease.
Although many of these infections are latent,
about one-tenth of them eventually turns into

TB disease, and more than half of the cases can
lead to death if left untreated (1-3). Prevention,
case-finding, definitive rapid diagnosis, and
treatment are the best ways to combat the
disease. The bacillus Calmette- Guérin vaccine
(BCQ), is the only vaccine against TB obtained
from the attenuated M. bovis bacillus. BCG is
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widely used in many countries, including Iran.
The vaccine is known to protect children
efficiently against the early manifestations of
TB; however, its effectiveness against adult
pulmonary TB is uncertain. Moreover,
reactivity to tuberculin that occurs after
vaccination interferes with the management of
people who are possibly infected with MTB
(4). The BCG vaccine is also among the most
reactogenic vaccines in use today.

One approach to overcome the short comes
of the current BCG vaccine was to use subunit
vaccines. Various proteins of MTB have been
nominated; however, the secreted ones
particularly the proteins which are absent in
BCG are more attractive. Mycobacteria
secrete proteins that manipulate host cellular
processes, thereby creating an environment
favorable for intracellular survival and
replication (2, 5). Mycobacteria have at least
four secretory systems, of which the Type VII
secretion system (T7SS) is more specific to
Mycobacteria. T7SS is responsible for the
secretion of several proteins that lack classical
signal peptides in the bacilli. Mycobacterial
genomes contain five loci that construct the
T7SS, named ESAT-6 secretion system-1
(ESX)- 1 to 5 (6). ESX-1 plays an important
role in MTB virulence. The Pathogenic strains
of MTB use the ESX-1 specific secretory
system to transmit their major virulence
factors through the abnormal bacterial cell
wall. Deletion of ESX-1 locus - known as the
region of difference (RD1)- from bacterium
reduces its pathogenicity (7, 8). MTB uses the
ESX-1 secretory system proteins to disable
host defense and to optimize cell to cell spread
of the bacilli. ESAT-6 and CFP10 are the most
important secretory proteins of the ESAT-6
family and the potent stimulants of IFN-y
induction. These proteins are not present in the
BCG vaccine and have been reported to lead to
a lack of complete immunity in people
vaccinated with BCG (9). ESX-1 also secretes
other proteins such as ESX-1 substrate protein
(Esp) A, EspB and, EspC (10).

EspB protein, also called RV388lc, is
secreted by ESX-1 simultaneously with other
ESAT-6 family proteins (11). The protein is

encoded by a 2004 bp gene within the RD1
locus. The 50 kDa protein is obtained after
partial cleavage of the 61 kDa fragment. EspB
is an alanine- and glycine-rich protein.
Previous observations have shown that EspB
plays an important role in cytolysis, bacterial
diffusion, ESAT-6 secretion, and most
importantly, it is essential to inhibit
phagosome maturation (10, 12).

The EspC or Rv3615c protein is another
protein secreted by the ESX-1 system;
however, its gene is located outside the RD1
region. In terms of size and sequence, it is
homologous to CFP10 and ESAT-6. The
molecular weight of EspC is about 12 kDa and
consists of 103 amino acids. Since EspC is
secreted through the ESX-1 system, the protein
is not present in strains whose RD1 region has
been deleted (13-15). EspC protein is
specifically detected in people with
mycobacterial infections but is not detected in
people vaccinated with BCG (14, 16).

Due to the role of EspB protein as a major
virulence factor in MTB and the role of EspC
protein in stimulating the immune responses, in
the present study the immune responses against
recombinant EspB, EspC, and fusion
EspC/EspB proteins in BALB / ¢ mice have
been evaluated.

Materials and Methods
Mice immunization
Female BALB/ ¢ mice aged 6 to 8 weeks were
purchased from the animal facility of the
Production Complex of the Pasteur Institute of
Iran (Karaj, Iran). Mice were randomly divided
into the five groups (n=5 in each group): EspB,
EspC, EspC/EspB, Quil-A, and PBS. Mice were
immunized subcutaneously at the base of the tail
with 15 pg of recombinant protein along with 15
pg of Quil-A as an adjuvant. As controls, the
other two groups of mice received only Quil-A
or PBS. Immunizations were repeated 3 times at
two-week intervals. Recombinant EspB, EspC,
or EspC/EspB fusion proteins were prepared as
previously described (17).

Maintenance and care of experimental
animals complied with guidelines of ethical
committee of Pasteur Institute of Iran.
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Cytokine measurements

Inguinal lymph nodes were removed, and a
single-cell suspension was prepared and
cultured in RPMI 1640 medium (Biowest,
Paris, France)) supplemented with 100 U/ml
penicillin, 100 pg/ml streptomycin (Invitrogen,
Paisley, UK), 2 mM L-glutamine, and 10 %
FCS (Sigma, Vienna, Austria; complete
medium). The cells were added to 96-well
plates (Nunc, Denmark) in triplicate at a density
of 4x10° cells per well and cultured with the
recombinant proteins or with medium alone.
Cell culture supernatants from triplicate wells
were pooled after 72 h incubation and stored at
-70 °C for cytokine assay. Cytokines were
assessed by IFN-y and IL-4 capture ELISA kits
(Bendermed system, Austria) as recommended
by the manufacturer.

Evaluation of antigen-specific antibody responses
Two weeks after the last injection, serum
samples were prepared and analyzed by ELISA
for total IgG, IgGl, and IgG2a responses
against recombinant EspB, EspC, and
EspC/EspB proteins. In brief, the 96-well
microtiter plates (Greiner, Germany) were
coated overnight at 4 °C with each protein. The
plates were blocked with 3% skim milk in PBS
(blocking buffer). Sera diluted in blocking
buffer were added and the plates were incubated
at 37 °C for 1 h. After washing, goat anti-mouse
IgG-HRP, goat anti-mouse IgG1, and IgG2a
(All from Sigma, Darmstadt, Germany) were
added and incubated at 37 °C for 1 h. For IgG1
and IgG2a detection, HRP-conjugated rabbit
anti-goat antibody (Sigma, Germany) was
added for 1 h. Then, the plates were washed,
and tetramethylbenzidine (TMB, Sigma,
Germany) substrate was added. Absorbance
was read at 450 nm using an ELISA plate reader
(Anthos 2020, Austria).

Statistical Analysis

GraphPad Prism software (Prism 8.0.2., 2019,
San Diego, CA, USA) was used for statistical
analysis. ANOV A method was used to evaluate
the statistical significance of differences
between control (Quil-A) and experimental
groups. The P<0.05 was considered to be
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significant, and data were represented as mean
+ SD.

Results
Cytokine response
Lymphocytes were recovered and analyzed for
IFN- v and IL-4 production two weeks after
immunization. No cytokine responses were
detected for mice in PBS and Quil-A control
groups. Stimulation of lymphocytes in all three
vaccinated groups with EspC/EspB resulted in
significant production of IFN-y compared to
the Quil-A group (Fig. 1). The highest level
was found in mice immunized with EspC
followed by those immunized EspC/EspB, and
EspB. In response to EspC, the two
EspC/EspB, and EspC groups produced
significant amounts of IFN- y compared to the
control group (P< 0.0001). Besides, Esp/B
resulted in a low but significant increase in
IFN-vy levels in Esp/B (P<0.05) and
EspC/EspB (P<0.001) groups in comparison
with the Quil-A group.

No significant levels of IL-4 were observed
after stimulation of lymphocytes from none of
the groups.

Antigen-specific antibody responses

Specific serum IgG, IgGl, and IgG2a
responses were assayed by ELISA two weeks
after the last immunization. A significant
reaction between sera from  groups
immunized with  EspC  (P<0.0001),
EspC/EspB (P<0.0001), and EspB (P<0.05)
with EspC/EspB protein as antigen were
documented (Fig. 2). Likewise, significant
amounts of anti-EspC were detected in EspC,
and  EspC/EspB  groups  (P<0.0001),
compared to the control (Quil-A) group. No
significant anti-EspC was present in mice
immunized with EspB. In sera from mice
immunized with EspB, the level of anti-EspB
antibody was significantly higher than that of
the Quil-A group (P<0.05). In response to
EspB antigen, high levels of IgG were also
detected in EspC/EspB-immunized mice
(P<0.0001).
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Significant levels of specific 1gGl, and
IgG2a were induced in response to the
EspC/EspB antigen in all the three
experimental groups (P<0.001) (Fig. 3). No
detectable anti-EspC IgG1 and IgG2a in the
EspB-immunized group were detected.
However, in EspC- and EspC/EspB-
immunized mice, there were significant
amounts of IgG1 and IgG2a against the EspC
antigen (P<0.0001). Likewise, in EspB and
EspC/EspB groups, both IgGl and IgG2a

levels against EspB protein were significant
(P<0.0001), however no significant anti-EspB
IgG1 and IgG2a were present in the EspC-
immunized group.

The 1gG2a/IgG1 ratios as an indicator of a
Thl or a Th2 response were evaluated. The
highest proportion belongs to the group of
mice immunized with EspC/EspB and then the
group of EspC. In the EspB group, the highest
IgG2a / IgG1 ratio was produced in response
to the EspB antigen (Fig. 4).
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Fig. 1. IFN-y production by splenocytes from mice immunized with EspC/EspB, EspC, and EspB stimulated with

recombinant EspC/EspB (a), EspC (b), and EspB (c).
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Fig. 2. Serum IgG levels in mice immunized with recombinant antigens in response to EspC/EspB (a), EspC (b), and EspB (c).
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Fig. 3. Serum IgG1 and IgG2a levels in mice immunized with recombinant antigens in response to EspC/EspB (a, d),

EspC (b, e), and EspB (c, f).
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Fig. 4. 1gG2a/IgG1 ratio in mice immunized with EspC/EspB, EspC, and EspB against all the three recombinant proteins.

Discussion

BCG vaccination is routinely given to infants
in many parts of the world and provides
considerable protection against the most
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severe childhood manifestations of the disease,
such as TB meningitis. The BCG vaccine is
valuable in preventing active TB in this age
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group since TB mortality in children under 5
years of age can be very high. However, a
meta-analysis of the effect of the BCG vaccine
in children has shown that the duration of
protection is generally up to 10 years and the
effect of the vaccine decreases over time (3, 4).
On the other hand, the effectiveness of the
BCG vaccine against pulmonary TB in adults
is between zero and 80% (18). The reason for
the variability of the effect of this vaccine is
unknown and factors such as the high
prevalence of non-tuberculous mycobacteria
have been considered for the failure of BCG in
some clinical trials. It seems that BCG alone
cannot be completely effective in global TB
control (3). A modified vaccine for infants and/
or a safe and effective booster vaccine in
addition to BCG seems to be necessary.
Different approaches are attracting attention.
There is particular interest in subunit vaccines
based on secretory antigens of MTB. Among
the secreted proteins, the proteins secreted by
the ESX-1 system have received the most
attention (9), because they are absent in BCG.
Due to the common antigen existing in MTB
and BCG, the selection of MTB-specific
antigens is critical in distinguishing the MTB
infection or BCG vaccination.

Many of the secreted proteins in the ESX-1
system are virulence factors and induce
immune responses (9). The role of ESAT-6
and CFP-10 proteins from this system in the
pathogenicity of MTB has been well studied.
ESAT-6 and CFP-10 are also potent stimulants
of cellular immunity, IFN-y production, and
humoral immune responses. The combination
of ESAT-6 with other secretory proteins has
resulted in a stronger response than either
protein alone (19, 20). Identification of other
specific proteins is important, both for
developing diagnostic kits and vaccines. EspB
and EspC are the other ESX-1-related proteins
in MTB that are not present in BCG. MTB
species that lack EspB are as weakly
pathogenic as the species that lack all of the
secretory apparatus (21). This protein
assembles into a channel that probably
transports T7SS proteins (22).

EspB can interact with the membrane and
probably forms a membrane pore that
facilitates phagosome permeabilization within
the infected macrophages (9). Chen and his
colleagues have shown that MTB without the
EspB gene is not able to cause cytotoxicity in
the THP-1 human macrophage cell line (23).
EspC is another conserved secretory protein in
the pathogenic MTB, M. Bovis, M. marinum,
and M. leprosy; indicating its significant role
as a virulence factor. EspC forms filamentous
structures in vitro and localizes on the bacterial
surface in vivo. It has been hypothesized that
ESX-1 could be an injectosome system with
EspC as its needle (24).

In the present study, as a first step in
evaluating EspB, EspC, and a fusion of these
secretory proteins (EspC/EspB) as vaccine
candidates, their immunogenicity and ability
to induce IFN-vy, IL-4, and antibody
production in BALB/c mice were evaluated.
Thl cell responses play pivotal roles in
protection against MTB infection.
Identification of Thl and Th2 responses in
response to antigens plays an important role in
assessing whether they are protective or not.
The main characteristic of Thl cells in the
production of IFN-y, which activates
antimycobacterial action in macrophages (25).
This process also leads to the formation of
granulomas that can control infection (14, 26,
27). IL-4 is one of the most important Th2
cytokines that is increased in mice susceptible
to TB infection. Some experimental studies
have shown an association between increased
IL-4 and disease progression and/ or
reactivation. However, it is often believed that
the absence of this cytokine does not affect
susceptibility to disease (28).

In our study, evaluation of IFN-y
production by lymphocytes of immunized
mice in response to the recombinant proteins
indicated that EspC/EspB group produced
significant amounts of IFN-y in response to
stimulation with all the three recombinant
proteins compared to the Quil-A group. In
mice immunized with EspC, high levels of
IFN- v were detected in response to
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EspC/EspB, and EspC; while, mice
immunized with EspB produced lower levels
of IFN- vy in response to EspC/EspB and EspB.
To the best of our knowledge, the
immunogenicity of EspB has not been
investigated; however, Millington et al have
shown that T cells from individuals with active
TB and latent TB infection responded to the
EspC by IFN-y production (14). Moreover, it
has been shown that EspC contains CTL
epitopes which could improve T-cell-based
diagnosis of MTB infection (29). Recombinant
EspC has also been used in an ELISA-based
immunoassay for the diagnosis of active TB
(30). In a study similar to ours, Immunization
of BALB/c mice with a DNA vaccine
encoding EspC, Mtb10.4, and Rv2660c as a
fusion protein-induced robust T cells mediated
immune response which was more effective
than that of individual antigen vaccination. No
IL-4 or IL-10 was detected in response to none
of the mentioned proteins (31).

The study of humoral immune responses
showed that all the three recombinant proteins
i.e. EspC, EspB, and EspC/EspB stimulated
the production of antibodies in mice; however,
the EspB protein induced much weaker
immune responses compared to the other two
proteins. EspC and EspC/EspB proteins
induced comparable amounts of IgG.
However, EspC/EspB protein is more
desirable due to the presence of epitopes from
both proteins and the production of specific
antibodies against both EspC and EspB
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