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A novel multistage antigens
ERA005f confer protection
against Mycobacterium
tuberculosis by driving
Th-1 and Th-17 type T cell
immune responses

Xueting Fan1, Xiuqin Zhao1, Ruibai Wang1, Machao Li1,
Xiuli Luan2, Ruihuan Wang1, Kanglin Wan1* and Haican Liu1*

1National Key Laboratory of Intelligent Tracking and Forecasting for Infectious Disease, National
Institute for Communicable Disease Control and Prevention, Chinese Center for Disease Control and
Prevention, Beijing, China, 2Department of Tuberculosis, Beijing Chest Hospital, Capital Medical
University/Beijing Tuberculosis and Thoracic Tumor Research Institute, Beijing, China
Introduction: Tuberculosis (TB) is a major threat to human health. In 2021, TB

was the second leading cause of death after COVID-19 among infectious

diseases. The Bacillus Calmette–Guérin vaccine (BCG), the only licensed TB

vaccine, is ineffective against adult TB. Therefore, there is an urgent need to

develop new effective vaccines.

Methods: In this study, we developed a novel multistage subunit vaccine

(ERA005f) comprising various proteins expressed in metabolic states, based on

three immunodominant antigens (ESAT-6, Rv2628, and Ag85B). We utilized the

E. coli prokaryotic expression system to express ERA005f and subsequently

purified the protein using nickel affinity chromatography and anion exchange.

Immunogenicity and protective efficacy of ERA005f and ERA005m were

evaluated in BALB/c mice.

Results: ERA005f was consistently expressed as an inclusion body in a prokaryotic

expression system, and a highly pure form of the protein was successfully

obtained. Both ERA005f and ERA005m significantly improved IgG titers in the

serum. In addition,mice immunizedwith ERA005f and ERA005mgenerated higher

titers of antigen-specific IgG2a than the other groups. Elispot results showed that,

compared with other groups, ERA005f increased the numbers of IFN-g-secreting
and IL-4-secreting T cells, especially the number of IFN-g-secreting T cells.

Meanwhile, ERA005f induced a higher number of IFN-g+ T lymphocytes than

ERA005m did. In addition, ERA005f improved the expression of cytokines,

including IFN-g, IL-12p70, TNF-a, IL-17, and GM-CSF and so on. Importantly,

both ERA005f and ERA005m significantly inhibited the growth of Mtb.

Conclusion: The novel multistage antigen ERA005f elicited a strong antigen-

specific humoral response and Th-1 and Th-17 cell-mediated immunity in mice.

Meanwhile, it can effectively inhibit H37Rv growth in vitro, and represents a
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correlate of protection in vivo, indicating that ERA005f may exhibit excellent

protective efficacy against Mycobacterium tuberculosis H37Rv infection. Our

study suggests that ERA005f has the potential to be a promising multistage

tuberculosis vaccine candidate.
KEYWORDS

Mycobacterium tuberculosis, multistage subunit vaccine, Th-1 immunity, Th-17
immunity, alum adjuvant
1 Introduction

Even in the time of SARS-CoV-2, tuberculosis (TB), caused by

Mycobacterium tuberculosis (Mtb), is the leading global infectious

killer (1). According to the World Health Organization’s Global

Tuberculosis Report 2021, approximately 9.9 million people were

diagnosed with TB, and 1.3 million people died of TB in 2021.

Despite the widespread use of standard drug regimens, modern

diagnostics, and a vaccine (Bacille Calmette–Guerin vaccine, BCG),

the global tuberculosis epidemic is inadequately controlled. BCG

provides effective protection against severe forms of TB in infants

and children, although it shows variable efficacy against pulmonary

TB in adults (2). To date, a number of new TB vaccines have been

studied, including recombinant BCG (rBCG), adjuvanted protein

subunit vaccines, viral vector-delivered subunit vaccines, DNA

vaccines, and RNA vaccines (3). Among these TB vaccine

strategies, one aim is to replace BCG and the other is to develop a

vaccine that could enhance or prolong the protection provided by

BCG (4, 5). Recently, several vaccines have been tested in clinical

and preclinical trials. Unfortunately, although these vaccines

showed greater improvement than BCG in mice, very few of

them showed perfect protective immunity in trials (6, 7). For

these reasons, an effective novel TB vaccine should be developed

to reduce or eradicate TB, which will play a pivotal role in achieving

the goal of ending the TB epidemic by 2035.

Subunit vaccines have emerged as a prominent research area for

novel tuberculosis vaccines owing to their inherent advantages of

safety, stringent standards, cost-effectiveness, and ease of

transportation (8–10). In recent years, substantial progress has been

made in TB subunit vaccines, with several vaccines in clinical trials,

such as MVA85A, M72/AS01, and H51:IC31 (1). Previous studies

have demonstrated that filtrate antigens provide protection similar to

BCG (8, 11, 12). However, the protective efficacy of single-antigen

subunit vaccines in animal models has been limited, as only a few

have demonstrated success thus far. Moreover, the M72/AS01

vaccine exhibited 54% protective efficacy, attributed to the presence

of two highly immunogenic antigens from Mycobacterium

tuberculosis, namely Mtb32A and Mtb39A. This finding highlights

its potential as an innovative subunit vaccine for tuberculosis. Recent

research on subunit vaccines suggests that an ideal TB vaccine should

consist of proteins or multiple epitopes at various stages of infection.

Mtb is an intracellular bacterium that has been able to host

macrophages for several years. During Mtb infection, the infective
02
bacteria include varying growing, slow growing, and non-growing

subpopulations, and the subpopulations, which can interconvert with

each other (13). TB vaccines not only provide protection against

replicating bacteria, but also attack dormant bacteria (14, 15). Thus,

an ideal subunit TB vaccine should consist of multi-stageMtb antigens.

In this study, we developed a novel multistage vaccine

consisting of three antigens, ESAT-6 (Rv3875), Rv2628, and

Ag85B (Rv1886c). ESAT-6, a virulence factor of Mtb, is an early

secreted antigen that acts independently or in combination with

CFP10 to modulate host immune responses (16, 17). Previous

studies have shown that vaccines containing ESAT-6 can provide

protection efficacy against TB (15, 18, 19). Recent studies have

shown that ESAT-6 induces strong T cell-mediated immunity (6).

Ag85B is an early secreted antigen associated with active bacterial

replication (20, 21). It consists of the Ag85 complex, capable of

eliciting T-cell responses in both humans and mice, and particularly

increases the levels of Th1 cytokines (such as IFN-g) (6). Rv2628 is
an Mtb latency-associated antigen, eliciting a strong humoral

immune response and a higher proportion of CD4+CD25+ or

CD4+Foxp3+ T cells (22). These studies demonstrated that these

antigens were highly immunogenic and provided protective

immunity, suggesting that they are promising candidates for TB

vaccines. In this study, we developed a new multistage vaccine

called ERA005f, which consists of ESAT-6-Rv2628-Ag85B linked

by a GGSGG linker with an affinity tag. The fusion protein was

combined with an alum adjuvant and its immunogenicity and

protective effects were evaluated in BALB/c mice.
2 Materials and methods

2.1 Ethics statement

All animal experiments were performed in accordance with the

Animal Experimental Ethical Committee of the National Institute

for Communicable Disease Control and Prevention, Chinese Center

for Disease Control and Prevention (permit number. 2021-0225).
2.2 Construction, expression, and
purification of the fusion protein

The recombinant prokaryotic expression plasmid was

constructed by inserting the synthesized gene sequence ESAT-6-
frontiersin.org
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Rv2628-Ag85B, which is a flexible-linked fusion of different antigens

with a C-terminal 6His-tag, into pET43.1a (Figure 1A), this fusion

protein was named ERA005f. Additionally, we constructed three

single-antigen recombinant prokaryotic expression plasmids with a

His-tag, namely pET32a-ESAT-6, pET32a-Rv2628, and pET32a-

Ag85B. The recombinant plasmids were transferred into

Escherichia coli BL21(DE3), and the expression of fusion proteins

was induced with isopropyl b-D-thiogalactopyranoside (IPTG). After
induction, the cells were harvested by centrifugation and suspended

in lysis buffer (10 mmol/L Tris–HCl (pH = 8.0), 0.5% Triton-X100).

The suspended samples were sonicated and SDS-PAGE was

performed to analyze the expression of recombinant proteins. The

four recombinant proteins were purified using the same procedure.

First, the recombinant proteins were purified by nickel column

chromatography as previously described (23). Subsequently, DEAE

ion-exchange chromatography was performed to purify the proteins

and obtain a higher level of purification. Endotoxin levels were

detected using a Pierce Chromogenic Endotoxin Quant Kit

(Thermo Fisher).The concentration of purified proteins was

determined using a bicinchoninic acid (BCA) protein assay kit. The

proteins were stored at −70°C until further use.
2.3 Vaccine preparation and
immunization procedure

In this study, an alum adjuvant was used to assess the

immunogenicity of antigens. Specific pathogen-free female BALB/c

mice (8 weeks old) were obtained from Beijing HFK Bioscience Co.

Ltd., (Beijing, China) andmaintained in a Biosafety Level 2 laboratory

while being fed standard laboratory chow. Twenty-four mice were

divided into four groups: ERA005f/alum adjuvant, ESAT-6/Rv2628/

Ag85B (ERA005m)/alum adjuvant, alum adjuvant, and PBS (n = 6)
Frontiers in Immunology 03
(Table 1; Figure 1B). Control mice were subcutaneously (s.c.)

vaccinated with either PBS or alum adjuvant. ERA005f/alum

adjuvant group comprised of 50 mg recombinant ERA005f protein

and 1/3 volume of alum adjuvant. The ERA005m/alum adjuvant

group consist of 50 mg mix antigens plus 1/3 volume of alum

adjuvant, the molar mass proportion of ESAT-6, Rv2628, and

Ag85B is 1:1:1. These groups were thenimmunized subcutaneously.

All mice received three immunizations, with a 2-week interval

between each one, and were sacrificed 10 days after the final

immunization to collect samples for detection
2.4 The detection of antigen-specific IgG
and IgG subclass antibodies

Antigen-specific IgG, IgG1, and IgG2a antibodies were

determined using ELISA, as previously described (23). Briefly, 96-

well plates were coated with 200 ng/well of ERA005f or ERA005m

and incubated overnight at 4°C. The plates were then blocked with

5% (w/v) defatted milk in washing buffer at 37°C for 2 h. Serum

samples were diluted two-fold and added to ELISA plates for

incubation at 37°C for 2 h. HRP-conjugated goat anti-mouse IgG

(1:2,000), IgG1(1:500), and IgG2a (1:500) were added, followed by

an additional one-hour incubation period at 37°C. TMB substrate

was added and incubated at room temperature for 20 min. The

reaction was stopped with 2M H2SO4, and the optical density was

measured at 450 nm.
2.5 Multiplex cytokines assay

Splenic lymphocytes were harvested using red blood cell lysis

buffer (Solarbio, Beijing, China) and mouse lymphocyte separation
B

A

FIGURE 1

Structural diagram of the fusion protein ERA005f and vaccination schedule. (A) Structure of ERA005f. (B) The schedule of vaccination and
sample collection.
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medium (Dakewe, Beijing, China). After determining cell viability,

cells were seeded at 2 × 105cells/well in a 96-well plate.

Subsequently, the cells were stimulated with ERA005f or

ERA005m (5 mg), and supernatants were collected at 18 h to

quantify cytokine levels. The levels of murine TNF-a, GM-CSF,

IFN-g, IL-12, IL-2, IL-10, IL-6, IL-4, and IL-17 were quantified

using the Luminex technology and reagents (R&D Systems,

Minneapolis, MN, USA).
2.6 ELISPOT assay

Mycobacterium tuberculosis antigen-specific T cell immune

responses were assessed in mice using the ELISPOT assay. The

mice were euthanized on day 10 after the final immunization.

Individual splenocytes were prepared as described in Section 2.5.

IFN-g-secreting and IL-4-secreting T cells were detected using a

mouse pre-coated ELISPOT kit (Dakewe, China) according to the

manufacturer’s instructions.
2.7 In vitro Mycobacterium growth
inhibition assays

To assess the efficacy of the vaccine, an unbiased approach was

employed using mycobacterium growth inhibition assays (MGIAs)

as previously described (24–26). Splenic lymphocytes were obtained

as described in Section 2.5. Cells were seeded in six-well plates at a

density of 1 × 106 cells per well and Mtb H37Rv were collected and

washed twice in 1× phosphate-buffered saline (PBS) containing

0.05% Tween-80, pelleted, and thoroughly resuspended in

RPMI1640 medium with 0.05% Tween-80. Cells were infected

with H37Rv at a multiplicity of infection (MOI) of 5 for 1 h at

37°C to facilitate bacterial entry into the cells. Subsequently, the

culture media were discarded, and the cells were washed thrice with

1× PBS before being incubated again in fresh medium. The

cocultures were incubated in a BSL-3 laboratory at 37°C for 96h

with 5% CO2. After the incubation period, the co-cultures were

transferred to 1.5 ml tubes and centrifuged at 12,000 rpm for 10

min, followed by careful removal of the supernatant. To measure

H37Rv survival in lymphocytes, the cells were lysed in 7H9 broth

containing 0.05% SDS for 10 min. Bacterial colony-forming units

(CFUs) were determined by serial dilution plating on 7H10 agar

plates, and bacterial numbers were counted using CFU.
Frontiers in Immunology 04
2.8 Statistical analysis

Statistical significance for comparisons of multiplex groups was

determined using one-way ANOVA (GraphPad Prism 9.0). In all

experiments, statistical significance was set at P<0.05.
3 Results

3.1 Expression and purification of
recombinant proteins

The protein was primarily found in inclusion bodies, and the

molecular mass of the ERA005f protein was found to be

approximately 55 kDa by SDS-PAGE. The purified protein was

successfully refolded and showed only one band with the expected

molecular mass and a purity greater than 90% (Figure 2A). In

addition, proteins such as ESAT-6, Rv2628, and Ag85B have all

been purified for immunization (Figure 2B), and their molecular

weights were 30.85 kDa, 33.71 kDa, and 56.26 kDa, respectively. In

addition, endotoxin levels of the four proteins were lower than 0.5

EU/ml.
3.2 Similar patterns of antibody response
elicited by subunit vaccines adjuvanted
with alum

As expected, ERA005f and ERA005m significantly increased

IgG titers in the serum after the final immunization compared to

PBS and adjuvant controls (P<0.005). Importantly, alum-

adjuvanted ERA005m immunizations led to a greater elevation of

antigen-specific IgG in serum and was significantly greater than that

with ERA005f plus alum (p<0.05) (Figure 3A).
3.3 ERA005f promoted the differential
cytokine profiles

To investigate the effects of vaccine-induced T cell responses, we

examined Th1/Th2/Th17 cytokine levels using Luminex assays.

Data showed that both ERA005f and ERA005m enhanced cellular

responses, particularly Th1 and Th17 type cytokines (Figures 4, 5).

Compared to PBS and adjuvant alone, the secretion of IFN-g was
significantly increased in the groups vaccinated with antigen plus

alum. The production of IFN-g in mice vaccinated with ERA005f

plus alum was approximately 6-fold higher than that in mice

vaccinated with ERA005m plus alum (Figure 4A, p<0.01).

Furthermore, a significant elevation in other Th-1 cytokines,

IL12p70 (Figure 4B) and TNF-a (Figure 4C), was observed

following immunization with ERA005f and ERA005m, as

compared to the PBS group. Significantly, ERA005f immunization

induced a noteworthy increase in the secretion of IL-12p70 and
TABLE 1 Immunizations.

Group Adjuvant Antigen Route

A – PBS subcutaneously

B Alum – subcutaneously

C Alum ERA005f subcutaneously

D Alum ERA005m subcutaneously
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TNF-a compared to the ERA005m group, with a statistically

significant difference observed (p<0.05 and p<0.001, respectively).

These cytokines play a prominent role in the prevention of

tubercolosis. Nonetheless, there was no statistically significant

change in the levels of IL-2 (data not shown). In addition,

ERA005f significantly increased the levels of Th17 cytokines IL-17

and GM-CSF (Figure 5, p<0.05), with the level of IL-17 being

notably higher than that observed in the ERA005m group

(p<0.001). In addition, the levels of Th2 cytokines IL-10

(Figure 4E) and IL-6 (Figure 4F) were also significantly elevated

in ERA005f immunized mice as compared to those in the

ERA005m group.
Frontiers in Immunology 05
3.4 ERA005f induces Th1 biased
immune response

To determine the IFN-g/IL-4 secreting cells induced by the

ERA005f and ERA005m vaccines, ELISPOT assays were performed

on splenocytes from mice (Figure 6). The number of IFN-g+ T

lymphocytes (shown as SFCs in Figure 6) in mice vaccinated with

ERA005f and ERA005m was significantly higher than that in the

PBS group (Figure 6A). Similar results were observed for IL-4+ T

lymphocytes (Figure 6B). However, the number of IFN-g+ T

lymphocytes was significantly higher after immunization with

ERA005f than that with ERA005m. Notably, the frequency of
BA

FIGURE 3

Levels of serum IgG, IgG1, and IgG2a antibodies against ERA005f in the different groups. Groups of BALB/c mice were immunized subcutaneously
with PBS, alum as the adjuvant, or alum adjuvanted withERA005f or ERA005m. Ten days after the last immunization, antigen-specific antibody titers
were detected using ELISA. (A) Antigen-specific IgG antibody titers in the serum. (B) Serum antigen-specific IgG1 and IgG2a antibodies. Results are
presented as the mean ± SD, n = 4. ns means no significance, P>0.05, **P<0.01, ****P<0.0001, (unpaired student-t-test).
BA

FIGURE 2

Expression and characterization of ERA005f and the multistage antigens. (A) Identification of purified ERA005f. (B) Identification of each purified
multistage antigen. Lane1, purified Rv3875; Lane 2, purified Rv2628; Lane 3, purified Rv1886c.
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IFN-g-secreting T cells was significantly higher than that of IL-4 in

the ERA005f immunized mice. These results unambiguously

demonstrated that the combination of ERA005f and alum induces

a Th1-biased immune response. Additionally, ERA005m induced a

higher frequency of IFN-g-secreting T cells than IL-4-secreting T

cells, although the ratio was lower than that of ERA005f. This
Frontiers in Immunology 06
revealed that ERA005f enhanced the generation of robust Th1-type

cellular immune responses.

The levels of antigen-specific IgG subtypes IgG1 and IgG2a were

measured to determine the type of T cell response stimulated after

immunization (Figure 3B). IgG 2a and IgG1 levels were measured to

assess the polarization of the T-helper cell population. Previous studies
B

C D

E F

A

FIGURE 4

Induction of Th1 and Th2 type cytokines by different vaccines. Groups of BALB/c mice were immunized subcutaneously with PBS, alum as the
adjuvant, or alum adjuvanted withERA005f or ERA005m. Th1 and Th2 type cytokines were measured in splenocyte samples collected 10 days after
the last immunization. (A–F) Concentrations of IFN-g, IL-12p70, TNF-a, IL-4, IL-10, and IL-6 (measured in pg/ml). Bars represent mean ± SD, n = 4.
Asterisks indicate statistical significance between two groups, where *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001 using one-way ANOVA with
Tukey’s multiple comparison tests.
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have indicated that IgG subclasses reflect the T helper cell subset

involved in immune response. In mice, IgG2a antibody levels may

reflect a predominant Th1 type immune response, whereas the Th2

type immune response is related to the preferential induction of IgG1

(27). Mice immunized with ERA005f and ERA005m generated higher

titers of antigen-specific IgG2a than the other groups (Figure 3B),

indicating a T helper type 1 (Th1) response. Moreover, the IgG2a titer

induced by ERA005f was significantly higher than that inERA005m.
Frontiers in Immunology 07
3.5 ERA005f and ERA005m immunization
induces mycobacterial growth inhibition in
mouse splenocytes

The mycobacterial growth inhibition assay (MGIA) has been

developed as a comprehensive tool to evaluate vaccine potency ex

vivo, and MGIA results correspond to protection from Mtb

challenge (28). The protective efficacy of ERA005f and ERA005m
BA

FIGURE 5

ERA005f drives robust Th17 type immune response. The mice were immunized subcutaneously with PBS, alum adjuvant alone, alum plus ERA005f,
or ERA005m. The mice were immunized subcutaneously three times at 0-, 2-, and 4-week intervals. Ten days after the last booster vaccination, the
spleen cells were stimulated with antigens ex vitro. IL-17 (A) and GM-CSF (B) were measured using Luminex. Values are mean ± SD (n = 4), *P<0.05,
****P<0.0001 by one-way ANOVA with Tukey’s multiple comparison test.
FIGURE 6

Antigen-specific IFN-g and IL-4 secretion in the splenocytes of mice immunized with different vaccines. Mice were immunized subcutaneously with
PBS, alum adjuvant alone, alum plus ERA005f or ERA005m. The mice were immunized subcutaneously three times at 0-, 2-, and 4-week intervals.
Ten days after the last booster vaccination, spleen cells were stimulated with antigens in vitro. IFN-g and IL-4 levels were detected using ELISPOT.
The number of cells secreting IFN-g/IL-4 is showed. The results are shown as the mean ± SD from groups of four mice. ***P<0.001, and
****P<0.0001.
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as subunit vaccines was evaluated using MGIAs. Splenocytes

obtained from ERA005f and ERA005m immunized mice were

better able to inhibit the growth of H37Rv in culture than

splenocytes obtained from unimmunized animals (PBS or alum

alone), with significantly reduced CFU (Figure 7, p<0.0001).

Surprisingly, there were no statistically significant differences

between the two groups. This revealed that ERA005f and

ERA005m plus alum adjuvants could show protective functions

and act as promising candidates for TB vaccines.
4 Discussion

Mtb is a multi-faceted pathogen that lacks host immunity

according to numerous strategies, including rapidly growing and

non-replicating dormant subpopulations that can interconvert with

each other (13). The expressed antigens varied at different stages.
Frontiers in Immunology 08
Therefore, an optimal TB subunit vaccine should encompass

diverse antigens from different bacterial stages to confer

comprehensive protection against various Mtb stages.

To date, numerous novel TB vaccines comprising early and late

expression antigens of Mtb have demonstrated immunogenicity

and protective efficacy in animal models, such as LT70, LT69, and

H1-IC31 (29, 30). In the present study, we constructed a novel

fusion protein, ERA005f, based on three antigens (ESAT-6, Rv2628,

and Ag85B), which are expressed at different stages of bacterial

growth. ESAT-6 and Ag85B, which are early secreted antigens, have

been identified as TB vaccine antigens. To the best of our

knowledge, latent infections may constitute a significant reservoir

for new cases of tuberculosis. In other words, latency antigens may

constitute a pivotal element of the TB vaccine candidate antigens.

Approximately 48 genes are involved in the expression of Mtb to

form a dormancy survival regulator, or the DosR regulon (29).

Rv2628 is a latency-associated antigen, which belongs to the group

of eight DosR-regulated genes that are induced in response to stress,

and cutokine-producing T cells specific for this antigen are observed

after prolonged infection (30). We evaluated the immune response

of multi-antigen fusion protein ERA005f in mice and found that

mycobacterial growth in the MGIA was inhibited in the multistage

vaccine ERA005f-vaccinated mice, suggesting that this novel

antigen can produce an effective protective effect against

Mycobacterium tuberculosis challenge (Figure 7).

The results showed that the fusion protein ERA005f was

mainly expressed in the inclusion bodies. All the proteins in this

study were successfully obtained by chromatography (Figure 2).

To obtain effective vaccines for ERA005f and ERA005m, we

examined the immunity and protection of these proteins, which

are licensed in humans. In the present study, we observed the body

weight and physiological status of the mice within two weeks of

the prime immunization. As expected, the mice showed no weight

loss or other clinical symptoms; therefore, the results are

not shown.

Numerous studies have highlighted that cell-mediated

immunity (CMI) is the main immune response against

intracellular pathogens such as Mtb (31–33), especially the Th1-

type immune response. Meanwhile, IFN-g produced by T cells

regulates immunity against TB (18). Specifically, Elispot results

showed a significantly higher frequency of IFN-g-producing
antigen-specific CD4+T cells in the ERA005f group than in the

other groups (Figure 6). Studies of recombinant BCG, DNA

vaccine, or other subunit TB vaccines have confirmed that the

expression of cytokines such as IFN-g, TNF-a, and IL-2 can

significantly improve protective efficacy (34–37). Meanwhile,

mice receiving the ERA005f subunit vaccine generated high

levels of antigen-specific IFN-g as well as high levels of IgG1

and IgG2a antibodies. These mice exhibited a higher ratio of

IgG2a/IgG1 than the other groups, indicating that ERA005f

induced a Th1-type immune response. Secondly, Th17-related

cytokines, including IL-17 and GM-CSF, as well as other cytokines

such as IL-6, have been shown to promote the recruitment of Th1

cells and act as effector molecules against Mtb infection (38, 39).

IL-12 is also critical for the induction of Th-1 mediated immunity

against Mtb, promoting the growth and survival of Th-1 cells. In
FIGURE 7

ERA005f immunization induced mycobacterial growth inhibition in
murine splenocytes. Groups comprising six mice were euthanized 10
days after the final vaccination for utilization in the MGIA. Cells (1–2 ×
106) were infected with H37Rv at a multiplicity of infection (MOI) of 5
for 1 h at 37°C. Subsequently, the culture media were discarded, and
the cells were washed thrice with 1× PBS before being incubated
again in fresh medium for 96 h. Then cells were then lysed in 7H9
broth containing 0.05% SDS for 10 min. Bacterial colony-forming units
(CFUs) were determined by serial dilution plating on 7H10 agar. The
data presented represent the log10 CFU values for mice that were not
immunized and those that received vaccines. Results were shown as
mean±SD from groups of 6 mice. ns means no significance, P>0.05,
****P<0.0001.
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addition, some researchers have suggested that an ideal multi-

stage subunit vaccine strongly induces Th1-type cytokines such as

IFN-g and TNF-a (9, 10).Vaccination with ERA005f resulted in

remarkably increased expression of key cytokines, including

IFN-g, GM-CSF, IL-12p70, IL-6, TNF-a, and IL-17, which have

been shown to contribute to Mtb control (40–42). These results

indicated that the ERA005f mix with alum adjuvant not only

promoted Th-1 type responses but also stimulated Th-17

type responses. However, these data merely suggest the

potential of this antigen as a TB vaccine candidate and do not

demonstrate its efficacy in protecting against mycobacterium

tuberculosis infection.

In this study, we performed Mycobacterial Growth Inhibition

Assays (MGIA) to provide evidence for the protection, which

provides an unbiased measure of mycobacterial growth in vitro

and may represent a functional correlation of protection (24, 26).

Importantly, the multicomponent subunit vaccines ERA005f and

ERA005m imparted significant protection compared to the other

groups, reducing about 0.88Log10CFU than the PBS control

(Figure 7, p<0.0001). Interestingly, the bacteriostatic effects of

ERA005f and ERA005m showed a similar trend with no

significant difference. We inferred that different stage antigens

could provide better protection than a single antigen, whether

these antigens were in a mixture or fusion form. Although

antigen mixtures inhibited the survival of Mycobacterium H37Rv,

they showed weaker Th1 and Th-17 immune response. Thus, our

results suggest that the fusion expression of multiple antigens has a

better immune effect than the antigen mixture. Therefore, we

hypothesized that new epitope regions could be formed when

multiple antigens are expressed in fusion, but not in mixtures

alone, which could promote stronger cellular immunity.

In the present study, ERA005f elicited robust T cell and B cell

responses and induced more Th-1 and Th-17 type cytokines.

Although it can significantly inhibit the growth of Mtb H37Rv,

this result was only in a mouse model, which is only an initial

success. Our study also has some limitations, such as its immune

effect in other animal models and the duration of immune

protection are unknown, and whether the immune protective

effect is better than that of BCG. Future work should compare the

immune effects of ERA005f and BCG, and address how to optimally

combine ERA005f with other immunization regimens to further

optimize long-term protection against pulmonary tuberculosis in

human adults and/or infants.

In summary, fusion protein ERA005f in alum adjuvant

improved Th-1 and Th-17 type responses, especially the

expression of IFN-g, TNF-a, IL-17, and GM-CSF, and enhanced

the protective efficacy inhibited Mtb growth in mice. Moreover, it

elicits high levels of antigen-specific antibodies. These data suggest

that ERA005f, which contains ESAT-6 (Rv3875), Rv2628, and

Ag85B (Rv1886c), is a promising TB vaccine. In addition, our

findings also confirmed that multiple antigens from different

stages of Mtb infection may be a promising insight into TB

vaccine design.
Frontiers in Immunology 09
Data availability statement

The original contributions presented in the study are included

in the article/supplementary materials. Further inquiries can be

directed to the corresponding authors.
Ethics statement

The animal study was approved by The Animal Experimental

Ethical Committee of the National Institute for Communicable

Disease Control and Prevention, Chinese Center for Disease

Control and Prevention. The study was conducted in accordance

with the local legislation and institutional requirements.
Author contributions

XF: Conceptualization, Data curation, Formal Analysis,

Methodology, Project administration, Software, Validation, Writing –

original draft, Writing – review & editing. XZ: Project administration,

Writing – original draft. RBW: Project administration, Writing –

original draft. ML: Validation, Writing – original draft. XL: Project

administration, Writing – original draft. RHW: Software, Writing –

original draft. KW: Conceptualization, Funding acquisition,

Supervision, Writing – review & editing. HL: Conceptualization,

Supervision, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This work

was financially supported by the Major Projects of the Thirteenth

Five-Year Plan Special for Infectious Diseases (grant nos.

2018ZX10731301-002 and 2018ZX10731301-002-005).
Conflict of interest

The authors have applied for a pending Chinese patent titled

“The application of the multistage antigens of Mycobacterium

tuberculosis,” Number: 202211567096.0.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1276887
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Fan et al. 10.3389/fimmu.2023.1276887
References
1. Scriba TJ, Netea MG, Ginsberg AM. Key recent advances in TB vaccine
development and understanding of protective immune responses against
Mycobacterium tuberculosis. Semin Immunol (2020) 50:101431. doi: 10.1016/
j.smim.2020.101431

2. Mangtani P, Abubakar I, Ariti C, Beynon R, Pimpin L, Fine PEM, et al. Protection
by BCG vaccine against tuberculosis: a systematic review of randomized controlled
trials. Clin Infect Dis (2014) 58(4):470–80. doi: 10.1093/cid/cit790

3. Zhu B, Dockrell HM, Ottenhoff THM, Evans TG, Zhang Y. Tuberculosis vaccines:
Opportunities and challenges. Respirology (2018) 23(4):359–68. doi: 10.1111/
resp.13245

4. Kaufmann SHE. Tuberculosis vaccines: Time to think about the next generation.
Semin Immunol (2013) 25(2):172–81. doi: 10.1016/j.smim.2013.04.006

5. Karp CL, Wilson CB, Stuart LM. Tuberculosis vaccines barriers and prospects on
the quest for a transformative tool. Immunol Rev (2015) 264(1):363–81. doi: 10.1111/
imr.12270

6. Weinrich Olsen A, van Pinxteren LA, Meng Okkels L, Birk Rasmussen P,
Andersen P. Protection of mice with a tuberculosis subunit vaccine based on a
fusion protein of antigen 85b and esat-6. Infect Immun (2001) 69(5):2773–8.
doi: 10.1128/IAI.69.5.2773-2778.2001

7. Skeiky YA, Alderson MR, Ovendale PJ, Guderian JA, Brandt L, Dillon DC, et al.
Differential immune responses and protective efficacy induced by components of a
tuberculosis polyprotein vaccine, Mtb72F, delivered as naked DNA or recombinant
protein. J Immunol (2004) 172(12):7618–28. doi: 10.4049/jimmunol.172.12.7618

8. Horwitz MA, Lee BW, Dillon BJ. G. H. Protective immunity against tuberculosis
induced by vaccination with major extracellular proteins of Mycobacterium
tuberculosis. Proc Natl Acad Sci (1995) 92(5):1530–4. doi: 10.1073/pnas.92.5.1530

9. Niu H, Hu L, Li Q, Da Z, Wang B, Tang K, et al. Construction and evaluation of a
multistage Mycobacterium tuberculosis subunit vaccine candidate Mtb10.4-HspX.
Vaccine (2011) 29(51):9451–8. doi: 10.1016/j.vaccine.2011.10.032

10. Andersen P, Kaufmann SH. Novel vaccination strategies against tuberculosis.
Cold Spring Harb Perspect Med (2014) 4(6):a018523. doi: 10.1101/cshperspect.a018523

11. Roberts AD, Sonnenberg MG, Ordway DJ, Furney SK, Brennan PJ, Belisle JT,
et al. Characteristics of protective immunity engendered by vaccination of mice with
purified culture filtrate protein antigens of Mycobacterium tuberculosis. Immunology
(1995) 85(3):502–8.

12. Andersen P. TB vaccines: progress and problems. Trends Immunol (2001) 22
(3):160–8. doi: 10.1016/s1471-4906(01)01865-8

13. Zhang Y. Advances in the treatment of tuberculosis. Clin Pharmacol Ther (2007)
82(5):595–600. doi: 10.1038/sj.clpt.6100362

14. Andersen P. Vaccine strategies against latent tuberculosis infection. Trends
Microbiol (2007) 15(1):7–13. doi: 10.1016/j.tim.2006.11.008

15. Lin PL, Dietrich J, Tan E, Abalos RM, Burgos J, Bigbee C, et al. The multistage
vaccine H56 boosts the effects of BCG to protect cynomolgus macaques against active
tuberculosis and reactivation of latent Mycobacterium tuberculosis infection. J Clin
Invest (2012) 122(1):303–14. doi: 10.1172/JCI46252

16. Chiacchio T, Petruccioli E, Vanini V, Butera O, Cuzzi G, Petrone L, et al. Higher
frequency of T-cell response to M. tuberculosis latency antigen Rv2628 at the site of
active tuberculosis disease than in peripheral blood. . PloS One (2011) 6(11):e27539.
doi: 10.1371/journal.pone.0027539

17. Sreejit G, Ahmed A, Parveen N, Jha V, Valluri VL, Ghosh S, et al. The ESAT-6
protein of Mycobacterium tuberculosis interacts with beta-2-microglobulin (beta2M)
affecting antigen presentation function of macrophage. PloS Pathog (2014) 10(10):
e1004446. doi: 10.1371/journal.ppat.1004446

18. Xin Q, Niu H, Li Z, Zhang G, Hu L, Wang B, et al. Subunit vaccine consisting of
multi-stage antigens has high protective efficacy against Mycobacterium tuberculosis
infection in mice. PloS One (2013) 8(8):e72745. doi: 10.1371/journal.pone.0072745

19. Liu X, Peng J, Hu L, Luo Y, Niu H, Bai C, et al. A multistage mycobacterium
tuberculosis subunit vaccine LT70 including latency antigen Rv2626c induces long-
term protection against tuberculosis. Hum Vaccin Immunother (2016) 12(7):1670–7.
doi: 10.1080/21645515.2016.1141159

20. Launois P, DeLeys R, Niang MN, Drowart A, Andrien M, Dierckx P, et al. T-cell-
epitope mapping of the major secreted mycobacterial antigen Ag85A in tuberculosis and
leprosy. Infection Immun (1994) 62(9):3679–87. doi: 10.1128/iai.62.9.3679-3687.1994

21. Horvati K, Palyi B, Henczko J, Balka G, Szabo E, Farkas V, et al. A convenient
synthetic method to improve immunogenicity of mycobacterium tuberculosis related
T-cell epitope peptides. Vaccines (Basel) (2019) 7(3):101. doi: 10.3390/vaccines7030101

22. Liang Y, Zhang X, Bai X, Yang Y, Gong W, Wang T, et al. Immunogenicity and
therapeutic effects of latency-associated genes in a mycobacterium tuberculosis
reactivation mouse model. Hum Gene Ther Methods (2019) 30(2):60–9. doi: 10.1089/
hgtb.2018.211

23. Fan X, Li X, Wan K, Zhao X, Deng Y, Chen Z, et al. Construction and
immunogenicity of a T cell epitope-based subunit vaccine candidate against
Frontiers in Immunology 10
Mycobacterium tuberculosis. Vaccine (2021) 39(47):6860–5. doi: 10.1016/
j.vaccine.2021.10.034

24. Tanner R, O’Shea MK, Fletcher HA, McShane H. In vitro mycobacterial growth
inhibition assays: A tool for the assessment of protective immunity and evaluation of
tuberculosis vaccine efficacy. Vaccine (2016) 34(39):4656–65. doi: 10.1016/
j.vaccine.2016.07.058

25. Jensen C, Lindebo Holm L, Svensson E, Aagaard C, Ruhwald M. Optimisation of
a murine splenocyte mycobacterial growth inhibition assay using virulent
Mycobacterium tuberculosis. Sci Rep (2017) 7(1):2830. doi: 10.1038/s41598-017-
02116-1

26. Tanner R, Satti I, Harris SA, O’Shea MK, Cizmeci D, O’Connor D, et al. Tools for
Assessing the Protective Efficacy of TB Vaccines in Humans: in vitro Mycobacterial
Growth Inhibition Predicts Outcome of in vivo Mycobacterial Infection. Front
Immunol (2020) 10:2983. doi: 10.3389/fimmu.2019.02983

27. Afroz S, Medhi H, Maity S, Minhas G, Battu S, Giddaluru J, et al. Mesoporous
ZnO nanocapsules for the induction of enhanced antigen-specific immunological
responses. Nanoscale (2017) 9(38):14641–53. doi: 10.1039/c7nr03697c

28. Marsay L, Matsumiya M, Tanner R, Poyntz H, Griffiths KL, Stylianou E, et al.
Mycobacterial growth inhibition in murine splenocytes as a surrogate for protection
against Mycobacterium tuberculosis (M.tb). Tuberculosis (Edinb) (2013) 93(5):551–7.
doi: 10.1016/j.tube.2013.04.007

29. Voskuil MI, Schnappinger D, Visconti KC, Harrell MI, Dolganov GM, Sherman
DR, et al. Inhibition of respiration by nitric oxide induces a Mycobacterium
tuberculosis dormancy program. J Exp Med (2003) 198(5):705–13. doi: 10.1084/
jem.20030205

30. van Dissel JT, Soonawala D, Joosten SA, Prins C, Arend SM, Bang P, et al.
Ag85B-ESAT-6 adjuvanted with IC31(R) promotes strong and long-lived
Mycobacterium tuberculosis specific T cell responses in volunteers with previous
BCG vaccination or tuberculosis infection. Vaccine (2011) 29(11):2100–9.
doi: 10.1016/j.vaccine.2010.12.135

31. Roupie V, Romano M, Zhang L, Korf H, Lin MY, Franken KL, et al.
Immunogenicity of eight dormancy regulon-encoded proteins of Mycobacterium
tuberculosis in DNA-vaccinated and tuberculosis-infected mice. Infect Immun (2007)
75(2):941–9. doi: 10.1128/IAI.01137-06

32. Zuniga J, Torres-Garcia D, Santos-Mendoza T, Rodriguez-Reyna TS, Granados
J, Yunis EJ. Cellular and humoral mechanisms involved in the control of tuberculosis.
Clin Dev Immunol (2012) 2012:193923. doi: 10.1155/2012/193923

33. Ma J, Teng X, Wang X, Fan X, Wu Y, Tian M, et al. A multistage subunit vaccine
effectively protects mice against primary progressive tuberculosis, latency and
reactivation. EBioMedicine (2017) 22:143–54. doi: 10.1016/j.ebiom.2017.07.005

34. Wu M, Zhao H, Li M, Yue Y, Xiong S, Xu W. Intranasal vaccination with
mannosylated chitosan formulated DNA vaccine enables robust igA and cellular
response induction in the lungs of mice and improves protection against pulmonary
mycobacterial challenge. Front Cell Infect Microbiol (2017) 7:445. doi: 10.3389/
fcimb.2017.00445

35. Yang E, Lu Y, Xu Y, Liang Q, Wang C, Wang H, et al. Recombinant BCG
coexpressing Ag85B, ESAT-6 and Rv3620c elicits specific Th1 immune responses in
C57BL/6 mice. Microb Pathog (2014) 69-70:53–9. doi: 10.1016/j.micpath.2014.03.011

36. Yuan X, Teng X, Jing Y, Ma J, Tian M, Yu Q, et al. A live attenuated BCG vaccine
overexpressing multistage antigens Ag85B and HspX provides superior protection
against Mycobacterium tuberculosis infection. Appl Microbiol Biotechnol (2015) 99
(24):10587–95. doi: 10.1007/s00253-015-6962-x

37. Fossiez F, Djossou O, Chomarat P, Flores-Romo L, Ait-Yahia S, Maat C, et al. T
cell interleukin-17 induces stromal cells to produce proinflammatory and
hematopoietic cytokines. J Exp Med (1996) 183(6):2593–603. doi: 10.1084/
jem.183.6.2593

38. Khader SA, Bell GK, Pearl JE, Fountain JJ, Rangel-Moreno J, Cilley GE, et al. IL-
23 and IL-17 in the establishment of protective pulmonary CD4+ T cell responses after
vaccination and during Mycobacterium tuberculosis challenge. Nat Imunology (2007) 8
(4):369–77. doi: 10.1038/ni1449

39. Coulter F, Parrish A, Manning D, Kampmann B, Mendy J, Garand M, et al. IL-17
Production from T Helper 17, Mucosal-associated invariant T, and gammadelta cells in
tuberculosis infection and disease. Front Immunol (2017) 8:1252. doi: 10.3389/
fimmu.2017.01252

40. Robinson RT. T cell production of GM-CSF protects the host during
experimental tuberculosis. mBio (2017) 8(6):e02087–17. doi: 10.1128/mBio.02087-17

41. Shu CC, WuMF, Wang JY, Lai HC, Lee LN, Chiang BL, et al. Decreased T helper
17 cells in tuberculosis is associated with increased percentages of programmed death
ligand 1, T helper 2 and regulatory T cells. Respir Res (2017) 18(1):128. doi: 10.1186/
s12931-017-0580-3

42. Cooper AM. Cell-mediated immune responses in tuberculosis. Annu Rev
Immunol (2009) 27(1):393–422. doi: 10.1146/annurev.immunol.021908.132703
frontiersin.org

https://doi.org/10.1016/j.smim.2020.101431
https://doi.org/10.1016/j.smim.2020.101431
https://doi.org/10.1093/cid/cit790
https://doi.org/10.1111/resp.13245
https://doi.org/10.1111/resp.13245
https://doi.org/10.1016/j.smim.2013.04.006
https://doi.org/10.1111/imr.12270
https://doi.org/10.1111/imr.12270
https://doi.org/10.1128/IAI.69.5.2773-2778.2001
https://doi.org/10.4049/jimmunol.172.12.7618
https://doi.org/10.1073/pnas.92.5.1530
https://doi.org/10.1016/j.vaccine.2011.10.032
https://doi.org/10.1101/cshperspect.a018523
https://doi.org/10.1016/s1471-4906(01)01865-8
https://doi.org/10.1038/sj.clpt.6100362
https://doi.org/10.1016/j.tim.2006.11.008
https://doi.org/10.1172/JCI46252
https://doi.org/10.1371/journal.pone.0027539
https://doi.org/10.1371/journal.ppat.1004446
https://doi.org/10.1371/journal.pone.0072745
https://doi.org/10.1080/21645515.2016.1141159
https://doi.org/10.1128/iai.62.9.3679-3687.1994
https://doi.org/10.3390/vaccines7030101
https://doi.org/10.1089/hgtb.2018.211
https://doi.org/10.1089/hgtb.2018.211
https://doi.org/10.1016/j.vaccine.2021.10.034
https://doi.org/10.1016/j.vaccine.2021.10.034
https://doi.org/10.1016/j.vaccine.2016.07.058
https://doi.org/10.1016/j.vaccine.2016.07.058
https://doi.org/10.1038/s41598-017-02116-1
https://doi.org/10.1038/s41598-017-02116-1
https://doi.org/10.3389/fimmu.2019.02983
https://doi.org/10.1039/c7nr03697c
https://doi.org/10.1016/j.tube.2013.04.007
https://doi.org/10.1084/jem.20030205
https://doi.org/10.1084/jem.20030205
https://doi.org/10.1016/j.vaccine.2010.12.135
https://doi.org/10.1128/IAI.01137-06
https://doi.org/10.1155/2012/193923
https://doi.org/10.1016/j.ebiom.2017.07.005
https://doi.org/10.3389/fcimb.2017.00445
https://doi.org/10.3389/fcimb.2017.00445
https://doi.org/10.1016/j.micpath.2014.03.011
https://doi.org/10.1007/s00253-015-6962-x
https://doi.org/10.1084/jem.183.6.2593
https://doi.org/10.1084/jem.183.6.2593
https://doi.org/10.1038/ni1449
https://doi.org/10.3389/fimmu.2017.01252
https://doi.org/10.3389/fimmu.2017.01252
https://doi.org/10.1128/mBio.02087-17
https://doi.org/10.1186/s12931-017-0580-3
https://doi.org/10.1186/s12931-017-0580-3
https://doi.org/10.1146/annurev.immunol.021908.132703
https://doi.org/10.3389/fimmu.2023.1276887
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	A novel multistage antigens ERA005f confer protection against Mycobacterium tuberculosis by driving Th-1 and Th-17 type T cell immune responses
	1 Introduction
	2 Materials and methods
	2.1 Ethics statement
	2.2 Construction, expression, and purification of the fusion protein
	2.3 Vaccine preparation and immunization procedure
	2.4 The detection of antigen-specific IgG and IgG subclass antibodies
	2.5 Multiplex cytokines assay
	2.6 ELISPOT assay
	2.7 In vitro Mycobacterium growth inhibition assays
	2.8 Statistical analysis

	3 Results
	3.1 Expression and purification of recombinant proteins
	3.2 Similar patterns of antibody response elicited by subunit vaccines adjuvanted with alum
	3.3 ERA005f promoted the differential cytokine profiles
	3.4 ERA005f induces Th1 biased immune response
	3.5 ERA005f and ERA005m immunization induces mycobacterial growth inhibition in mouse splenocytes

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


