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tuberculosis vaccine MP3RT
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of PLA General Hospital, Beijing, China, ?Hebei North University, Zhangjiakou, Hebei, China,
3Cangzhou Hospital of Integrated Traditional Chinese and Western Medicine, Cangzhou,
Hebei, China

Background: Our previous study developed a novel peptide-based vaccine,
MP3RT, to fight against tuberculosis (TB) infection in a mouse model. However,
the consistency between the immunoinformatics predictions and the results of
real-world animal experiments on the MP3RT vaccine remains unclear.

Method: In this study, we predicted the antigenicity, immunogenicity,
physicochemical parameters, secondary structure, and tertiary structure of
MP3RT using bioinformatics technologies. The immune response properties of
the MP3RT vaccine were then predicted using the C-ImmSim server. Finally,
humanized mice were used to verify the characteristics of the humoral and
cellular immune responses induced by the MP3RT vaccine.

Results: MP3RT is a non-toxic and non-allergenic vaccine with an antigenicity
index of 0.88 and an immunogenicity index of 0.61, respectively. Our results
showed that the MP3RT vaccine contained 53.36% o.-helix in the secondary
structure, and the favored region accounted for 98.22% in the optimized
tertiary structure. The binding affinities of the MP3RT vaccine to the human
leukocyte antigen (HLA)-DRB1*01:01 allele, toll-like receptor-2 (TLR-2), and
TLR-4 receptors were -1234.1 kcal/mol, -1066.4 kcal/mol, and -1250.4 kcal/
mol, respectively. The results of the C-ImmSim server showed that the MP3RT
vaccine could stimulate T and B cells to produce immune responses, such as
high levels of IgM and IgG antibodies, IFN-y, TNF-q, and IL-2 cytokines. Results
from real-world animal experiments showed that the MP3RT vaccine could
stimulate the humanized mice to produce high levels of IgG and IgG2a
antibodies and IFN-y* T lymphocytes. Furthermore, the levels of IFN-y, IL-2,
and IL-6 cytokines in mice immunized with the MP3RT vaccine were
significantly higher than those in the control group.
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Conclusion: MP3RT is a highly antigenic and immunogenic potential vaccine
that can effectively induce Thl-type immune responses in silico analysis and
animal experiments. This study lays the foundation for evaluating the value of
computational tools and immunoinformatic techniques in reverse vaccinology

research.
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1 Introduction

Tuberculosis (TB) is an ancient infectious disease that has
continually endangered human life and health. TB still ranks
second among the top ten infectious diseases in the world after
coronavirus disease 2019 (COVID-19) (Huang and Zhao, 2021;
Comas et al, 2013). The Global Tuberculosis Report 2021,
released by the World Health Organization (WHO), shows
approximately 1.3 million TB deaths in 2020, an increase of
roughly 100,000 deaths compared with the previous year (WHO,
2021). Unfortunately, the current situation is still not optimized
for the control and prevention of TB.

Vaccination is an effective way to prevent and control TB
and other mycobacterial infections. Mycobacterium bovis
Bacillus Calmette-Guérin (BCG), invented in the 19™ century,
is the only licensed TB vaccine (Aspatwar et al., 2021). Although
BCG has an excellent protective performance on children with
severe TB and miliary TB (Mangtani et al., 2014), its effective
protection period is only 10-20 years (Andersen and Doherty,
2005). Therefore, there is an urgent need to develop new TB
vaccines to make up for the shortcomings of BCG. WHO
reported the latest status of the new TB vaccine pipeline in
August 2020. There are 14 vaccines in clinical trials, including
AEC/BC02, Ad5 Ag85A, ChAdOx185A-MVAS85A, MTBVAC,
ID93+ GLA-SE, TB/FLU-04L, GamTBvac, DAR-901 booster,
H56: IC31, M72/AS01E, BCG revaccination, RUTI®, VPM1002,
and MIP/Immuvac (WHO, 2020). These vaccines can be divided
into four categories: viral vector, protein/adjuvant, inactivated,
and attenuated live vaccines. M72/ASO1E vaccine is the most
promising of these TB vaccines. In 2019, the 3-year final analysis
of efficacy, safety, and immunogenicity of the M72/AS01E
vaccine was reported, and the results indicated that the
vaccine efficacy at month 36 was 49.7%, lower than the 50%
efficacy set by the WHO (Tait et al., 2019).
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Our previous study developed a novel peptide-based vaccine,
MP3RT, and its immunological specificity and protective
efficiency were evaluated in humanized and wild-type mice
(Gong et al, 2021a). Compared with these traditional TB
vaccines mentioned above, peptide-based vaccines have
significant advantages, including good antigenicity, efficient
recognition by major histocompatibility complex (MHC)
molecules, fewer side effects, simple production, and accessible
transportation (Bijker et al., 2007; Moyle and Toth, 2008; Gong
et al., 2021b; Gong et al., 2022).

The rapid development of computational tools and
immunoinformatic techniques provides an opportunity for the
rise of reverse vaccinology (Moodley et al., 2022).
Immunoinformatics is an interdisciplinary subject based on
informatics and modern immunology that has emerged in recent
years. The rapid development of immunoinformatics has promoted
the progress of contemporary immunology and new vaccine
research. It has been widely used for epitope discovery, precise
immune engineering, and accelerated vaccine design (De Groot
et al., 2020; Moise et al., 2020; Kumar et al., 2020; Kumar et al.,
2021). Based on immunoinformatics and molecular biology, reverse
vaccinology is developed to screen candidate antigens with
protective immune responses from the whole gene level. This
strategy has the advantages of convenience, wide range, safety,
workforce saving, and cost-saving (Elhag et al., 2019). However, the
consistency between the immunoinformatics predictions and the
results of real-world animal experiments on the MP3RT vaccine
remains unclear. Therefore, this study was performed to predict the
antigenicity, immunogenicity, secondary structure, and
physicochemical properties of the MP3RT vaccine using multiple
bioinformatics tools. In addition, we also analyzed its functional
predictions, such as tertiary structure modeling, molecular docking,
and immune stimulation. Finally, we conducted animal
experiments to verify the MP3RT vaccine’s immunological
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properties and evaluated the value of bioinformatics technology in
reverse vaccinology research by comparing and analyzing real-
world data and bioinformatics prediction data.

2 Materials and methods
2.1 Bioinformatics prediction

2.1.1 MP3RT molecular sequence

In our previous study, the MP3RT vaccine was composed
of six immunodominant peptides (Mtb8.449 g3, PPE1815.129,
PPE18149.163, PPE68135.152, RpfAs77.391, and TB10.4;;.35),
derived from five antigens including Mtb8.4 (Rv1174c) (Liu
et al., 2016; Liu et al.,, 2017; Bai et al., 2018), PPE18 (Rv1196)
(Hebert et al., 2007; Homolka et al., 2016), PPE68 (Rv3873)
(Hanif et al., 2010; Christy et al.,, 2012; Hanif and Mustafa,
2017), RpfA (Rv0867¢c) (Romano et al., 2012), and TB10.4
(Rv0288) (Hoang et al., 2013; Rashidian et al., 2016; Meshkat
et al., 2016). Numerous studies have identified these five
antigens as potential TB vaccine candidates (Table 1) (Zvi
et al., 2008; Gaseitsiwe et al., 2010; Liu et al., 2016; Gong et al.,
2021a). In this study, the amino acid sequence of the
MP3RT vaccine was obtained from the previous
study of Gong, W. et al. (Gong et al, 2021a), as follows:
MSDKIIHLTDDSFDTDVLKADGAILVDEWAE
WCGPCKMIAPILDEIADEYQGKLTVAKLNIDQNPGTAPK
YGIRGIPTLLLFKNGEVAATKVGALSKGQLKEFLDANLA
GSGSGHMHHHHHHSSGLVPRGSGMKETAAAKFER
QHMDSPDLGTDDDDKAMAMLRNFLAAPPPQRAAM
GGGGSRAELMILIATNLLGQGGGGSAAAMFGYAAA
TATATGGGGSDYFIRMWNQAALAMEGGGGSAYTK
KLWQAIRAQDVGGGGSYAGTLQSLGAEIAVEHHHHHH.

10.3389/fcimb.2022.1047306

2.1.2 Immunogenicity, antigenicity,
allergenicity, and toxicity prediction of the
MP3RT vaccine

The immunogenicity and antigenicity of a vaccine play an
essential role in fighting against M. tuberculosis infection.
Therefore, the immunogenicity of the MP3RT vaccine
was predicted using the Immune Epitope Database
(IEDB) immunogenicity server (http://tools.iedb.org/
immunogenicity/). The immunogenicity of the MP3RT
vaccine was determined with a score, and a higher score
indicates a greater probability of eliciting an immune
response. Subsequently, the antigenicity of the MP3RT
vaccine was predicted using VaxiJen v2.0 (http://www.ddg-
pharmfac.net/vaxijen/VaxiJen/VaxiJen.html) and analyzed by
the ANTIGENpro server (http://scratch.proteomics.ics.uci.
edu/) for further verification following previous studies
(Doytchinova and Flower, 2007; Magnan et al., 2010). The
antigenicity of the MP3RT vaccine was evaluated by a new
alignment-free approach based on auto cross covariance
(ACC) transformation of protein sequences into uniform
vectors of principal amino acid properties, and the prediction
accuracy of the VaxiJen model is 70%-89% under the threshold
of 0.50 (Doytchinova and Flower, 2007).

To better verify the toxic and side effects of the MP3RT
vaccine, AllerTOP v.2.0 server (http://www.ddg-pharmfac.net/
AllerTOP/) and Allergen FP v.1.0 server (http://ddg-pharmfac.
net/AllergenFP/) were used to predict the sensitivity of the
MP3RT (Dimitrov et al., 2014; Dimitrov et al., 2014). Finally,
the Toxin Pred server (http://crdd.osdd.net/raghava/toxinpred/)
was used to predict the toxicity of the MP3RT vaccine. The
prediction results of both the AllerTOP v.2.0 server and Toxin
Pred server were shown as non-”Sensitization” or “No-
sensitization” and “Non-toxicity” or “Toxicity”, respectively.

TABLE 1 Summary of basic information about the five antigens that make up the MP3RT vaccine (Gong et al,, 2021a).

Protein Accession Locus_tag Gene b Length Annotation ° Summary Information b References

Name No? (aa)

Mtb8.4 CCP43930 Rv1174c TBS.4 110 Low molecular weight Predicted to be an outer membrane (Liu et al., 2016; Liu et al., 2017;
T-cell antigen TB8.4 protein and possible vaccine candidate Bai et al., 2018)

PPE18 CCP43952 Rv1196 PPE18 391 PPE family protein Member of the Mycobacterium (Hebert et al., 2007; Homolka
PPE18 tuberculosis PPE family et al., 2016)

PPE68 CCP46702 Rv3873 PPE68 368 PPE family protein A peptide-based vaccine candidate (Hanif et al.,, 2010; Christy et al.,
PPE6S 2012; Hanif and Mustafa, 2017)

RpfA CCP43615 Rv0867¢ rpfA 407 Possible resuscitation-  Predicted possible vaccine candidate (Romano et al., 2012)
promoting factor RpfA

TB10.4 CCP43018 Rv0288 esxH/ 96 Low molecular weight  Predicted possible vaccine candidate (Hoang et al,, 2013; Rashidian

cfp7/ protein antigen 7 EsxH et al., 2016; Meshkat et al., 2016)

TB10.4

*The National Center for Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.gov/). Data were retrieved on Aug 12, 2022.

*The Gene name, annotation, and summary information are based on the data deposited at the NCBI. Data were retrieved on Aug 12, 2022.
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2.1.3 Physiochemical properties and solubility
of MP3RT

The physicochemical parameters of the MP3RT vaccine
were predicted by the ExPASy ProtParam server (https://web.
expasy.org/protparam/), including theoretical isoelectric point
(pI), in vitro and in vivo half-life, instability index, and aliphatic
index according to a previous study (Wilkins et al., 1999). The
theoretical pI of a protein can facilitate the selection of methods
for protein purification, such as ion exchange chromatography
or isofocusing electrophoresis (Pergande and Cologna, 2017).
Half-life refers to the time it takes for half of the synthesized
protein to disappear (Ciechanover and Schwartz, 1989). The
instability index shows the stability of the protein in the test tube.
If the predicted value is less than the threshold of 40, it is
considered stable (Guruprasad et al., 1990), and the instability
index range of 16.90 to 38.78 suggests that the protein is highly
stable (Dutta et al, 2018). The aliphatic index refers to the
relative volume occupied by the aliphatic side chains of the
protein, which can indicate the thermal stability of the protein
(Ikai, 1980). The aliphatic index range of 39.80 to 90.68 suggests
that the protein is highly thermostable, and alanine amino acid is
ubiquitous in the aliphatic side chain (Dutta et al., 2018).
Furthermore, the solubility of the MP3RT vaccine was
predicted using the Protein-Sol server (https://protein-sol.
manchester.ac.uk/). This server provides a rapid sequence-
based method for the detection of protein solubility. Solubility
prediction on the server is given in the 0-1 range for ease of user
interpretation. When the predicted value is above the threshold
of 0.45, it is suggested that a protein has good solubility
(Hebditch et al., 2017).

2.1.4 Secondary structure and three-
dimensional (3D) structure prediction
and refinement

The PSIPRED server (http://bioinf.cs.ucl.ac.ulk/psipred/) was
used to predict the secondary structure of the MP3RT vaccine.
This server uses a specific scoring matrix to predict o-helices, B-
sheets, and random coils in protein structures (McGuffin et al.,
2000). Next, the 3Dpro server (Scratch Protein Predictor
(uci.edu)) was used to predict the 3D spatial arrangement of
the MP3RT vaccine. 3Dpro uses predicted structural features
and the Protein Data Bank (PDB) knowledge-based statistical
terms in the energy function (Cheng et al, 2005). Therefore,
3Dpro is most appropriate to use with targets that do not have
good structural templates (Cheng et al., 2005). Subsequently, the
initial model was optimized by the GalaxyRefine web server
(https://galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE),
which improved both global and local structure quality on
average. This server refines the side chains and performs side-
chain re-packing followed by overall structural relaxation
through molecular dynamics simulation (Heo et al., 2013).
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2.1.5 Tertiary structure and molecular docking

The ERRAT server (https://saves.mbi.ucla.edu/) was used to
evaluate the uncertainty of the 3D structure of the MP3RT
vaccine. ERRAT server uses characteristic atomic interactions to
distinguish appropriate but inaccurately determined regions in
3D models (Colovos and Yeates, 1993). In addition,
Ramachandran diagrams were drawn via the SWISS-MODEL
server (https://swissmodel.expasy.org/assess) (Waterhouse et al.,
2018). This server visualizes the percentage of residues in
favored, outlier, and rotamer regions based on the backbone
dihedral angle (®) and (y) of each amino acid in the vaccine
candidate (Waterhouse et al., 2018).

The PDB files for human leukocyte antigen (HLA)-
DRB1*01:01 (ID: 1AQD), toll-like receptor-2 (TLR-2, 6NIG),
and TLR-4 (4G8A) receptors were obtained from Molecular
Modeling Database (MMDB, https://www.ncbi.nlm.nih.gov/
structure/). The PDB file of the MP3RT vaccine was obtained
from the GalaxyRefine web server. To evaluate the affinity
between the MP3RT vaccine and the HLA-DRB1*01:01 allele,
TLR-2, and TLR-4 receptors, the ClusPro2.0 server (https://
cluspro.bu.edu/home.php) was used to perform ligand-receptor
docking analysis (Kozakov et al, 2017). The ClusPro server
simulates molecular docking mainly based on the following
algorithms: rigid body docking is accomplished by sampling
billions of conformations, clustering of the 1000 lowest energy
structures based on root mean square deviation (RMSD), finding
the best models, and the selected models are optimized using
energy minimization. By default, the server only displays the top
10 models. Finally, the PyMOL2.5.3 software (Schrodinger, New
York, USA) was used for visualization analysis.

2.1.6 Prediction of conformational
B-cell epitopes

Conformational B-cell epitopes result from protein folding by
which distant residues can be brought close to each other to form
conformational B-cell epitopes. It is estimated that more than 90%
of B cell epitopes are discontinuous. Therefore, we predicted the
conformational B-cell epitopes of the MP3RT vaccine through the
ElliPro server (http://tools.iedb.org/ellipro/) (Ponomarenko
et al,, 2008).

2.1.7 Immune simulation

Immune stimulation was performed using the C-ImmSim
server (https://150.146.2.1/C-IMMSIM/index.php), which can
predict the expression changes of T and B lymphocytes and
cytokines after stimulation with the MP3RT vaccine (Rapin
et al., 2010). The parameters were set: random seed,
simulation volume select default value, HLA select server
recommended allele. The simulation step was selected as 800,
and 3 injections of the MP3RT vaccine were performed. The
injection time was set on days 0, 28, and 42.
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2.2 Experimental verification

2.2.1 Experimental animals

Female humanized C57BL/6 mice (HLA-A11"*DR1""H-2-
b2m”/IAb”) with similar weight and age were gifted by Professor
Yusen Zhou of the Beijing Institute of Microbiology and
Epidemiology (Beijing, China). The animal experiments were
conducted following the Experimental Animal Regulation
Ordinances principles established by the China National Science
and Technology Commission. The mice were raised with the utmost
humanitarian care, and all were put to death under anesthesia to
reduce their suffering. Protocols on mice were approved by the
Animal Ethical Committee of the 8th Medical Center of PLA
General Hospital (Approved Number: 309201808171015).

2.2.2 Mice immunization

The immunization strategy of mice was conducted following
our previous study (Gong et al., 2021a). In brief, the humanized
mice were divided into two groups. First, the mice in the control
group (n = 6) were injected with 30 pug CpG oligonucleotide
(ODN2395) adjuvant (Sangon, Shanghai, China) in 100 ml
phosphate buffer saline (PBS). Next, the mice in the MP3RT
group (n = 7) were immunized with 30 pg MP3RT combined
with 30 pg CpG-ODN2395 adjuvant in 100 ml PBS for the
primary immunization. After primary immunization, the mice
in the MP3RT group were immunized with 20 ug MP3RT in 100
ml PBS on day 28 and day 42, respectively. The mice in the
control group were inoculated with 20 ug GpG-ODN2395 in 100
ml PBS on day 28 and day 42, respectively. Then, mice’s blood
samples were collected on days 0, 14, 28, 42, 56, and 70 after the
first immunization. Finally, mice were sacrificed on day 84 after
the primary vaccination, and the spleens of the mice
were collected.

2.2.3 MP3RT-specific antibody detection

The blood sample of each mouse was centrifuged at
2500rpm for 10 min, and the serum was isolated and stored at
-80°C;. In order to reduce individual differences, the sera of mice
in each group were pooled and tested in quadruplicate for
antibody detection, respectively. The MP3RT-specific antibody
IgG and its subtypes IgG1 and IgG2a were detected using an
indirect Enzyme-Linked Immune Sorbent Assay (ELISA)
following our previous study (Gong et al., 2021a).

2.2.4 Enzyme-linked immunospot
(ELISPOT) array

On 84 days after primary immunization, mice in MP3RT
and PBS groups were killed. The spleen of each mouse was
collected and prepared into 10 ml spleen cell suspension
according to our previous studies (Wang et al, 2017; Gong
etal, 2021a; Gong et al,, 2021b). A volume of 100 pul splenocytes
with the concentration of 2.5x10%/ml was added to each well of

Frontiers in Cellular and Infection Microbiology

05

10.3389/fcimb.2022.1047306

the 96-well ELISPOT plate. Then, 50 ul of PBS (as negative
control), 50 pl of MP3RT vaccine (60 pg/ml), or 50 ul of
phytohemagglutinin (PHA, as positive control, 60 pg/ml) were
added into the wells and incubated with splenocytes at 37°C for
24h, respectively. Then, the frequency of interferon-y (IFN-y)* T
lymphocytes was determined using a Mouse IFN-y
ELISOPTMVS (Mabtech AB, Nacka Strand, Sweden) following
the manufacturer’s instructions. Finally, the spots forming cells
(SFCs) were confirmed with a CTL-S5 Versa ELISPOT Reader
(CTL, Cleveland, OH, USA). The stimulation index (SI) value
was used to represent the ability of the MP3RT vaccine to induce
IFN-y" T lymphocytes. To reduce individual differences, the
splenocytes of mice in each group were pooled together and
tested in quadruplicate for IFN-y" T lymphocytes detection.

2.2.5 Cytokines detection

Splenocytes collected from mice were prepared following the
above method. Then, cytokines such as interleukin-2 (IL-2), IL-
4, IL-6, IL-10, IFN-v, tumor necrosis factor-o. (TNF-o), and IL-
17A were detected by a Mouse Th1/Th2/Th17 Cytokine Kit (BD
Biosciences, San Jose, CA, USA) following the manufacturer’s
instruction. To reduce individual differences, the splenocytes of
mice in each group were pooled together and tested in
quadruplicate for cytokine detection.

2.3 Statistical analysis

The data of MP3RT-specific antibodies, SI, and cytokines
were analyzed by using the GraphPad Prism 9.4.0 (San Diego,
CA, USA). In brief, the levels of cytokines induced by the
MP3RT vaccine were analyzed with the Unpaired t-test or
Mann-Whitney test according to the normality. The data were
shown as mean * standard error of the mean (SEM), and P-value
< 0.05 was considered a significant difference.

3 Result

3.1 Immunogenicity, antigenicity,
allergenicity, and toxicity of the
MP3RT vaccine

Our results showed that the immunogenicity and
antigenicity index of the MP3RT vaccine predicted by the
IEDB Immunogenicity server and VaxiJen v2.0 server were
0.61 and 0.83, respectively. Subsequently, the antigenicity of
the MP3RT vaccine was further verified by the ANTIGENpro
server and showed a 0.88 value. Furthermore, the predicted
results of the AllerTOP v. 2.0 server, Allergen FP v. 1.0 server,
and Toxin Pred server indicated that the MP3RT vaccine was
non-sensitizing and non-toxic. These data suggest that MP3RT
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is a potential TB vaccine with high antigenicity, strong
immunogenicity, non-toxicity, and non-sensitization.

3.2 Physicochemical property and
solubility of the MP3RT vaccine

The physicochemical properties of a vaccine significantly
affect the development of immunological functions. We
obtained the physicochemical parameters of the MP3RT
vaccine through the ExPASy ProtParam server, and the results
were shown in Table 2. The solubility of the MP3RT vaccine was
predicted to be 0.55 by the Protein-Sol server (Figure 1A),
indicating that this vaccine had good solubility. This expected
result is consistent with the experimental result in our previous
study (Gong et al., 2021a).

3.3 Secondary structure, tertiary
structure, and tertiary structure
validation of MP3RT

According to the PSIPRED server, we predicted the
secondary structure of the MP3RT vaccine (Figure 1B), and
the results showed that this vaccine consisted of 53.36% o.-helix,
10.6% B-strand, and 36.04% random coil. The 3D structure of
the MP3RT vaccine model was initially designed using the
3Dpro server (Figure 1C). Subsequently, the MP3RT vaccine
model was optimized using the Galaxy WEB server. The
optimized models were ranked by GDT-HA and MolProbity
(Table 3). The I-TASSER server prediction results include five
parameters. GDT-HA represents the accuracy of the backbone
structure in which the model was built. RMSD refers to the
structural deviation of a moment relative to the reference
conformation. MolProbity scores include: the number of
atomic clashes per 1000 atoms (clash score), the percentages of
rotamer outliers (poor rotamers), and Ramachandran favored
backbone torsion angles (Rama favored). Therefore, the
MolProbity score provides a broad-spectrum reliable
assessment of model quality for proteins and nucleic acids at
global and local levels. Therefore, a higher GDT-HA value and a
lower MolProbity value indicate a better model quality. Herein,

10.3389/fcimb.2022.1047306

Model 5 (Figure 1D) with higher GDT-HA scores and lower
MolProbity scores was used for further research.

3.4 Validation of tertiary structure and
molecular docking

The ERRAT server was used to validate the 3D structure
model of the MP3RT vaccine. The overall quality factor of the
MP3RT vaccine increased from 64.84% to 81.75%.
Ramachandran plot analysis also yielded some improvements,
the favored region rose from 91.34% to 98.22%, the outlier
region reduced from 3.15% to 0.36%, and the rotamer region
decreased from 5.32% to 0.99% (Figures 2A, B). Furthermore,
the ClusPro2.0 server was used to perform ligand-receptor
docking analysis. The results showed that the lowest binding
energy required for MP3RT vaccine to HLA-DRB1*01:01, TLR-
2, and TLR-4 receptors were -1234.10 kcal/mol, -1066.40 kcal/
mol, and -1250.40 kcal/mol, respectively. The visualization of
ligand-receptor docking between the MP3RT vaccine and HLA-
DRB1*01:01, TLR-2, or TLR-4 receptor was shown in Figure 3.
Furthermore, we assessed the distances between amino acid
residues that interact between the HLA-DRB1*01:01 (Table
S1), TLR-2 (Table S2), and TLR-4 (Table S3) receptors and
the MP3RT vaccine.

3.5 Conformational B—cell epitopes

Results of the ElliPro server found that a total of four
conformational B cell epitopes were formed, and their scores
were 0.82 (Figure 4A), 0.73 (Figure 4B), 0.71 (Figure 4C), and
0.67 (Figure 4D), respectively. Typically, we select epitopes with a
score > 0.69, and the results showed that three conformational B-
cell epitopes with a score >0.69 contained 112 residues (Table 4).

3.6 Immune stimulation of innate
immune cells by the MP3RT vaccine

The C-ImmSim server is a computer simulation tool. The
changes in human immune cells can be observed by simulating

TABLE 2 Physicochemical parameters of the MP3RT vaccine predicted by the ExPASy ProtParam server.

Number of amino Molecular weight  Theoretical ~ Estimated half-life (Hour) Instability Aliphatic = GRAVY
acids (Da) pI index* index”
283 aa 29640.46 6.08 30 hours (mammalian reticulocytes, in 29.65 76.08 -0.21

vitro).

>20 hours (yeast, in vivo).

>10 hours (Escherichia coli, in vivo).

*Instability index is less than the threshold of 40, it is considered stable.

“The aliphatic index range of 39.80 to 90.68 indicates that the protein is highly thermostable, and alanine amino acid is ubiquitous in the aliphatic side chain.
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FIGURE 1

The solubility, secondary structure, tertiary structure, and optimized tertiary structure of the MP3RT vaccine. (A) Solubility of the MP3RT vaccine
was predicted by the Protein—Sol server. (B) Secondary structure of the MP3RT vaccine was predicted by the PSIPRED server. (C) The 3Dpro
serve was used to predict the tertiary structure of the MP3RT vaccine before optimization. (D) The optimized tertiary structure of the MP3RT
vaccine was predicted by the Galaxy WEB server. The colored parts in the picture are improvements to all sidechain structures that initialize the
model, improving the structure accuracy and physical correctness of the global and partial parts through repeated relaxation.

the vaccine injection process through the C-ImmSim server. The
C-ImmSim server results showed that the MP3RT vaccine could
significantly activate macrophages (Figure 5A). The results
suggested that the active macrophage population per state was
maintained at 100 cells/mm? from the first to the third injection.
Eighty days after the first vaccination, the active macrophage
population per state decreased rapidly and maintained at 20
cells/mm?®. In addition, the presenting-2 macrophage population
per state peaked three times, at 120 cells/mm” on day 2, 70 cells/
® on day 44 after the first
immunization. Moreover, dendritic cells (DCs) are the most

mm® on day 28, and 50 cells/mm
robust antigen-presenting cells (APCs) and play an essential role

in presenting vaccines to T cells (Cheng et al., 2022). Therefore,
it was found that MP3RT vaccination could remarkably activate

TABLE 3 The model parameters refined by the Galaxy WEB server.

Model GDT-HA RMSD MolProbity
Initial 1.0000 0.000 3.521
MODEL 5 0.9161 0.481 1.617
MODEL 1 09134 0.493 1.624
MODEL 2 0.9134 0.488 1.677
MODEL 3 0.9214 0.475 1.701
MODEL 4 0.9028 0.509 1.856
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DCs (Figure 5B). After the stimulation of the MP3RT vaccine,
the population per state of total DCs was maintained at 200 cells/
mm?, and the population per state of active DCs rapidly secreted
at 20 cells/mm”. Like macrophages, present-2 DCs also formed
three peaks after three MP3RT stimulation.

3.7 Immune stimulation of adaptive
immune cells by the MP3RT vaccine

Adaptive immune cells, which play a significant role in
resisting the pathogenesis of TB, mainly include CD4" T cells,
CD8" T cells, and B cells. The traditional concept believes that B
cells play an auxiliary role in killing M. tuberculosis, but recent

Clash score Poor rotamers Rama favored

100.0 53 91.5
11.8 1.0 97.9
13.0 1.0 98.2
13.7 0.5 97.9
12.3 0.5 97.5
14.2 1.0 96.8
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Ramachandran diagrams for the MP3RT vaccine. Ramachandran map is a method of visualizing energy preference regions, which can be used
to see if protein structure is reasonable. The dark green area is the favored region. The other two green areas are the outlier region. The white
area is the rotamer region. The rotamer region can be interpreted as the high-energy region, and the protein needs to spend some energy to
drive the residues into this region. (A) Before optimization, the Ramachandran diagram showed that the favored region, outlier region, and
rotamer region of the MP3RT vaccine were 91.34%, 3.15%, and 5.32%. (B) After optimization, the Ramachandran diagram showed that the
favored region, outlier region, and rotamer region of the MP3RT vaccine were 98.22%, 0.36%, and 0.99%, respectively.

studies have shown that the killing effect of humoral immunity
generated by B cells on M. tuberculosis cannot be ignored (Gong
et al, 2021a; Gong et al., 2022). Our results showed that the
population per state of total, non-memory, and memory TH
cells formed three higher and higher peaks after the MP3RT
vaccine stimulation and finally reached the highest peak after the
third stimulation (Figure 6A, 12000 cells/mm?, 10000 cells/mm”,
and 11000 cells/mm?, respectively). At the same time, after the
third stimulation, the population per state of active and resting
CD4" T cells reached peaks of 8500 cells/mm> and 4000 cells/
mm’, respectively (Figure 6B). Interestingly, the population per
state of duplicating cells also reached three peaks, and the
highest peak with 2200 cells/mm® was observed after the
second stimulation (Figure 6B).

Cytotoxic T lymphocytes can clear M. tuberculosis by
producing perforin, granzyme B, and other cytotoxic factors.
The results of the C-ImmSim server showed that the population
per state of non-memory cytotoxic T lymphocytes formed a peak
after three stimulations, and the highest value was 1150 cells/
mm? (Figure 6C). However, when the population per state of
active cytotoxic T lymphocytes reached the peak (900 cells/mm?)
on the 50th day after primary immunization, and the population
per state of duplicating cytotoxic T lymphocytes reached the
valley bottom (200 cellsymm?) on the contrary (Figure 6D). We
also predicted the population per state of B cells after the MP3RT
vaccine immunization. The results showed that the population
per state of total B cells reached a peak of 690 cells/mm? after the
third stimulation (Figure 6E). In addition, the population per
state of active B cells reached the peak (690 cells/mm?®) after the
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third stimulation, and the population per state of presenting-2
cells reached the peak (650 cellsymm?®) after the first
stimulation (Figure 6F).

3.8 In silico and in vivo comparison of
humoral immune responses induced by
the MP3RT vaccine

In silico analysis, it was found that MP3RT immunization
produced significantly higher levels of MP3RT-specific antibodies.
The level of IgM antibody reached the highest peak (400000ml)
after the third injection, and then gradually decreased (Figure 7).
The level of IgG1 + IgG2 antibodies reached the highest peak
(650,000/ml) after the third immunization and then gradually
decreased (Figure 7). Furthermore, the levels of IgG1 and IgG2
were 250,000/ml and 230,000/ml, respectively (Figure 7). In vivo
analysis, we performed animal experiments to compare the
bioinformatics-predicted immunological profiles with real-world
experimental data of the MP3RT vaccine. The humanized mice
were vaccinated on days 0, 28, and 42, respectively (Figure 8A).
The results showed that the levels of MP3RT-specific IgG
(Figure 8B), IgG1 (Figure 8C), and IgG2a (Figure 8D) in mice
immunized with MP3RT were significantly higher than those in
mice immunized with PBS. We also found that the ratio of IgG2a/
IgGl was more elevated than one after the first immunization
(Figure 8E). A ratio of IgG2a/IgGl >1 indicates a Thl-type
immune response induced by the MP3RT vaccine, otherwise, a
Th2-type immune response.
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FIGURE 3

Molecular docking between the MP3RT vaccine and the HLA-DRB1*01:01 molecule, TLR-2, and TLR-4 receptors. Molecular docking of the
MP3RT vaccine (blue) with HLA-DRB1*01:01 (A, green), TLR2 (C, green), and TLR4 (E, green) was performed using ClusPro2.0 server (https://
cluspro.bu.edu/home.php). PDB files for TLR2 (6NIG) and TLR4 (4G8A) receptors were obtained from the Molecular Modeling Database (MMDB,
https://www.ncbi.nlm.nih.gov/structure/). PyMOL2.5.3 was used to visualize and analyze the amino acid sites where the MP3RT vaccine (blue)
docked with HLA molecule (B, red), TLR2 (D, red), and TLR4 (F, red). The detailed information of ligand amino acid, distance, and acceptor
amino acid for molecular docking of the MP3RT vaccine with HLA-DRB1*01:01, TLR-2, and TLR-4 can be found in Table S1, Table S2, and Table
S3, respectively.

3.9 In silico and in vivo comparison of that the frequency of IFN-y* T lymphocytes in mice immunized
cellular immune responses induced by with MP3RT was significantly higher than that in mice immunized
the MP3RT vaccine with PBS (Figure 10A), and the SI value in the MP3RT group was

substantially higher than that in PBS group (Figure 10B, P=0.0286).
In silico analysis, the results showed that MP3RT vaccination Additionally, we have explored the cytokines such as IFN-y
could induce a significantly higher level of IFN-y. The level of IFN-y (Figure 11A), TNF-a (Figure 11B), IL-2 (Figure 11C), IL-4
formed two peaks and reached the highest value in the second (Figure 11D), IL-6 (Figure 11E), IL-10 (Figure 11F), and IL-17A
immunization (470000 ng/ml). Unlike the population of immune (Figure 11G) induced by the MP3RT vaccine. We found that the
cells, the levels of cytokines such as IFN-y, IL-2, TGF-f3, IL-10, and levels of IFN-y (P = 0.03), IL-2 (P = 0.03), and IL-6 (P = 0.02) in
IL-12 reached the highest peak after the second immune mice vaccinated with the MP3RT vaccine were significantly higher
stimulation (Figure 9). In vivo analysis, ELISPOT results showed than those in PBS immunized mice.
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FIGURE 4

Conformational B cell epitopes predicted by the ElliPro server. The positions of the yellow balls in (A—D) indicate the positions of

conformational B cell epitopes, and the rest were shown in gray

TB is a global public health problem, and its complex
pathogenesis and emerging drug resistance seriously hinder
WHO’s plan to end TB. As early as 2014, Wilkie, M. E. and
McShane, H. conducted a study termed “The need for a
blueprint to progress in vaccine development” to set the tone
for the strategic direction of vaccine research for the next decade
( ). They have established innovative
mechanisms to reduce global TB incidence in five key fields, one
of which is the development of new TB vaccines by identifying
correlations between immunity and biomarkers. Peptide-based
vaccines belong to subunit vaccines, which have attracted
widespread attention with their remarkable advantages. In
particular, the rapid development of bioinformatics
technologies has given wings to the development of peptide-

based vaccines ( ; ;

; ). Furthermore, applying computational
tools and immunoinformatic techniques saves a lot of workforce
and material resources for vaccine research and development
( ; ).

Our previous study constructed a peptide-based vaccine,
MP3RT, and found that the MP3RT vaccine showed good
immunogenicity, antigenicity, and significant protection
against M. tuberculosis H37Rv strain infection in humanized
mice ( ). Interestingly, further study showed
that the protective mechanism of the MP3RT vaccine depends
on the activated CD3"CD4" T lymphocytes and CD3"IFN-y" T
lymphocytes as well as high levels of IFN-y and IgG antibodies
( ). Unfortunately, this previous study only
focused on the immunological characteristics and protective
mechanism of the MP3RT vaccine in animal models but did

TABLE 4 The conformational B cell epitopes of the MP3RT vaccine predicted by the ElliPro.

Residues Number Score
of

residues
_:T136, :A137, :A138, :A139, :K140, :F141, :E142, :R143, :Q144, :HI145, :M146, :D147, :S148, :P149, :D150, :L151, :G152, _: 25 0.82
T153, :D154, :D155, _:D156, _:D157, _:K158, :A159, _:M160
_:Y50, _:Q51, _:G52, K53, _:L54, :T55, :V56, :A57, :K58, :L59, :N60, :161, :D62, :Q63, :N64, :P65, :G66, :T67, :A68, _:P69, :K70, 52 0.73
Y71, _:G72, _:173, _:R74, _:G75, _:176, _:P77, 178, _:L79, :L80, _:L81, :F82, :K83, :N84, :G85, :E86, :V87, :A88, :A89, :T90, :K9I,
_:V92, :G93, :A94, :195, :S96, :K97, :G98, :Q99, _:L100, _:K101
_:W229, :N230, _:Q231, _:A232, :A233, _:1.234, _:A235, :M236, _:E237, :G238, _:G239, _:G240, _:G241, _:S242, :A243, _:Y244, :T245, _: 35 0.71
K246, _:1267, :Q268, _:S269, :1.270, :G271, :A272, :E273, :1274, :A275, :V276, :E277, :H278, :H279, :H280, :H281, :H282, :H283
_:K4, _:I5, 16, :T9, :D10, _:S12, :F13, :D14, :T15, :Dle6, :V17, _:L18, :K19, :A20, :D21, :G22, :F28, :A30, :E31, :W32, :C33, _: 31 0.67

P35, :C36, _:139, _:142, :143, _:146, _:A47, :D48, :E49, :H117
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Immune stimulation of innate immune cells predicted by the C-ImmSim Server. (A) The macrophage population per state. (B) The DCs

population per state.

not analyze the consistency between bioinformatics prediction
results and animal experimental results. Hence, this study was
performed to bridge this gap.

Herein, we first predicted the physicochemical parameters,
secondary structure, tertiary structure, and immune stimulation of
innate/adaptive immune cells induced by the MP3RT vaccine
using computational tools and immunoinformatic techniques. We
found that: 1) MP3RT is a non-sensitizing and non-toxic
hydrophilic vaccine, and its antigenicity and immunogenicity
were 0.88 and 0.61, respectively. The good antigenicity and
immunogenicity of the MP3RT vaccine lay the foundation for
good protective efficiency. 2) The instability index, fat index, and
solubility of the MP3RT vaccine were 29.65, 76.08, and 0.55,
indicating that this vaccine was not easily degraded and was
water-soluble. 3) o-helix accounted for 53.36% of the secondary
structure of the MP3RT vaccine, which increased the recognition
between MP3RT-specific antibodies and the MP3RT vaccine and
promoted a more robust immune response (Corradin et al., 2007).
4) The Ramachandran plot analysis of the 3D model of the
MP3RT vaccine found that the Favored region accounted for
98.22%, indicating that the model was of good quality and could
be used for molecular docking. When the MP3RT vaccine was
docked with the HLA-DRB1*01:01, TLR-2, and TLR-4 receptors,
the binding affinities were -1234.10 kcal/mol, -1066.40 kcal/mol,
and -1250.40 kcal/mol, suggesting that the binding between the
MP3RT vaccine and these three receptors was stable.

These results revealed that the MP3RT vaccine might stimulate
immune responses based on its high antigenicity and
immunogenicity, stable structure, and high affinity. To further
clarify the immunoinformatics characteristics of the MP3RT
vaccine, we used C-IMMsim Server to simulate the cellular
immune response induced by the MP3RT vaccine. The cellular
immune simulation results suggested that the active macrophage
population per state was maintained at 100 cells/mm? from the first
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to the third injection, the population per state of total DCs was
maintained at 200 cells/mm?, and the population per state of active
DCs rapidly secreted at 20 cells/mm”. These data indicated that the
MP3RT vaccine could cause innate immune responses by activating
macrophages and DC cells. Macrophages are susceptible to regulatory
factors in vivo. They can express high levels of IL-10 and IFN-y
receptors and bind with IFN-y from CD4"T cells to regulate the
production of cytokines such as IL-1a, IL-1f, and TNF-o in vivo and
inhibit the growth of M. tuberculosis (Mayer-Barber et al,, 2011). In
addition, DC is the most robust APC, which can activate immature T
cells to produce an adaptive immune response and migrate to
draining lymph nodes (Leepiyasakulchai et al, 2013). These data
demonstrated that these activated APCs could trigger adaptive
immunity and bridge innate and adaptive immunities, confirmed
by our following immune stimulation prediction. Precited results of
the C-ImmSim server found that three doses of immunization with
the MP3RT vaccine significantly activated CD4" T cells to produce
high levels of IFN-y and TNF-ou cytokines to kill M. tuberculosis
(Mayer-Barber and Barber, 2015). Green, A. M. et al. observed that
RAG KO mice reconstructed with a mixture of IFN-y KO CD4" T
cells and WT CD4 depleted spleen cells died earlier than RAG KO
mice rebuilt with WT CD4" T cells and WT CD4 depleted spleen
cells after infected with M. tuberculosis, demonstrating the critical role
of IFN-y" CD4" T cells in fighting against M. tuberculosis infection
(Green et al,, 2013). The results from ELISPOT showed that the
MP3RT vaccine stimulated a high frequency of IFN-y" T
lymphocytes not only in MP3RT-immunized mice but also in
PBS-immunized mice. Interestingly, these predicted results were
consistent with the results from ELISPOT in humanized mice in
this study and our previous study (Gong et al., 2021a). Results from
cytokines detection also indicated that the MP3RT vaccine could
stimulate high levels of INF-y and IL-2 cytokines in MP3RT- and
PBS-immunized mice. Interestingly, immunoinformatics prediction
results showed that the MP3RT could induce significantly high levels
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of IFN-y and IL-2. Together, these data demonstrate that the MP3RT
vaccine could generate high cellular immune responses and provide
new evidence to assess the consistency between immunoinformatics
predictions and real-world experimental results.

The cellular immune response is critical in host resistance to
M. tuberculosis. However, more and more evidence indicates
that the humoral immune response also plays an essential role in
killing M. tuberculosis (Bitencourt et al., 2021; Gong et al., 2022;
Nziza et al., 2022). This study explored the humoral immunity
induced by the MP3RT vaccine. Our animal experiment showed
that after immunizing the humanized mice with three doses of
the MP3RT vaccine, the levels of MP3RT-specific IgG, IgG1, and
IgG2a were significantly higher than those in the control group.
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Furthermore, the levels peaked on the 56th day after the first
immunization, indicating that the MP3RT vaccine can stimulate
B lymphocytes to produce significantly high levels of MP3RT-
specific antibodies. Coincidentally, the results of these animal
experiments are consistent with the results predicted by our
immunoinformatics technology. In our immunoinformatics
prediction, we found that the MP3RT vaccine induced high
levels of IgM, IgGl, and IgG2 antibodies. Furthermore, these
antibodies peaked at a time similar to real animal experiments.
As part of humoral immunity, antibodies have been found to
increase macrophage responses to intracellular M. tuberculosis
(such as phagolysosomal maturation and pyrophosphorylation-
independent inflammasome activation) to control the growth of
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The levels of MP3RT-specific IgG, IgM, IgGl, and IgG2 antibodies predicted by the C-ImmSim server.

M. tuberculosis (Lu et al., 2016). It was also found in animal associated with lower TB risk (Fletcher et al., 2016). This
experiments that mice lacking the ability to secrete antibodies evidence indicates that antibodies play an important role in
were more susceptible to M. tuberculosis infection (Torrado fighting against M. tuberculosis infection. Therefore, the high
et al,, 2013). A post-hoc analysis of the MVAS85A vaccine also levels of antibodies induced by the MP3RT vaccine were
determined that elevated Ag85A-specific antibody titers were beneficial in inhibiting the growth of M. tuberculosis.
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Schematic diagram of mouse immunization and detection of MP3RT-specific antibodies in mice. (A) Time of injection of the MP3RT vaccine and
PBS in humanized mice. (B—E) The levels of the MP3RT-specific I1gG, 1gGy, 1gG,, antibodies, and 19G,./1gGy ratio in mice vaccinated with MP3RT
and PBS. Six serum samples in PBS group or 7 serum samples in MP3RT group were pooled together and tested in quadruplicate for antibody
detection. The results were analyzed with the Unpaired t-test or Mann-Whitney test according to the normality. All data were shown as mean +
SEM (n = 4). P < 0.05 was considered significantly different. **** P < 0.0001.
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The levels of cytokines predicted by the C-ImmSim server.

This study has some limitations: (1) MP3RT vaccines consist
only of HTL epitopes and lack CTL epitopes and B-cell epitopes,
which may reduce the effectiveness of the immune response. (2)
Not all the predictions were verified by wet experiments, such as
CD4+T cells, CD8+T cells, IL-12, etc. (3) Although the level of
IgG1 antibody was higher than that of the IgG2 antibody in
bioinformatics prediction, but the level of IgG2a antibody was
higher than that of IgG1 antibody in animal experiments, and we
still need to conduct more in-depth research to verify this result.

5 Conclusion

In summary, computational tools predicted that MP3RT was
a non-toxic and sensitizing peptide-based vaccine with high
antigenicity and immunogenicity. Immunoinformatics
prediction showed that the MP3RT vaccine bound stably to
the HLA-DRB1*01:01, TLR-2, and TLR-4 receptors and could
effectively stimulate APCs such as macrophages and DCs to
present peptides, thereby activating T lymphocytes and B
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FIGURE 10

considered significantly different.

IFN-y" T lymphocytes detection with ELISPOT in mice. (A) The splenocytes collected from mice immunized with PBS or MP3RT vaccine were
stimulated with MP3RT in vitro, and the SFCs were detected using a mouse ELISPOT kit. (B) The number of IFN-y" T lymphocytes (showed as SI)
stimulated by the MP3RT vaccine in PBS and MP3RT groups were compared. In order to reduce individual differences, the spleens of mice in
each group were mixed to prepare spleen cell suspensions, and then ELISPOT experiments were performed in quadruplicate. The results were
analyzed with the Unpaired t-test or Mann-Whitney test according to the normality. All data were shown as mean + SEM (n = 4). P < 0.05 was
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FIGURE 11
The levels of cytokines induced by the MP3RT vaccine in mice. The levels of IFN-y (A), TNF-a (B), IL-2 (C), IL-4 (D), IL-6 (E), IL-10 (F), and IL-17A
(G) cytokines induced by the MP3RT vaccine in the PBS group and MP3RT group were detected by a Mouse Th1/Th2/Th17 Cytokine Kit. In order
to reduce individual differences, the spleens of mice in each group were mixed to prepare spleen cell suspensions, and then cytokine detection
were performed in quadruplicate. The results were analyzed with the Unpaired t-test or Mann-Whitney test according to the normality. All data
were shown as mean + SEM (n = 4). P < 0.05 was considered significantly different.

lymphocytes to produce high levels of cytokines such as IFN-y
and IL-2 and antibodies. Real-world animal experimental data
revealed that the MP3RT vaccine significantly increased IFN-y*
T lymphocytes to secrete Th1-type cytokines such as IFN-v, IL-2,
and IL-6, and stimulated B lymphocytes to produce high levels of
MP3RT-specific antibodies. Our study demonstrated that
bioinformatics and immunoinformatics tools had exhibited
excellent performance in predicting the physicochemical
properties, molecular structure, and immunological
characteristics of peptide-based vaccines, and the results of
humoral and cellular immune responses predicted by the
computational tool are in high consistent with real-world
animal experimental data, suggesting that immunoinformatic
techniques can be generalized in the field of reverse vaccinology.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories
and accession number(s) can be found in the article/
Supplementary Material.

Frontiers in Cellular and Infection Microbiology

Ethics statement

Protocols on mice were approved by the Animal Ethical
Committee of the 8th Medical Center of PLA General Hospital
(Approved Number: 309201808171015).

Author contributions

Conceptualization: WG and LW; Data curation: PC and YX;
Formal analysis: PC and YX; Funding acquisition: WG;
Methodology: PC, YX, JW, ZJ, and WG; Software: PC, YX,
and WG; Writing - original draft: PC; Writing - review &
editing: WG and LW. All authors contributed to the article
and approved the submitted version.

Funding

This study was funded by the Beijing Municipal Science &
Technology Commission (Grant No. 1912065 and 7212103).

frontiersin.org


https://doi.org/10.3389/fcimb.2022.1047306
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Cheng et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

Andersen, P., and Doherty, T. M. (2005). The success and failure of BCG -
implications for a novel tuberculosis vaccine. Nat. Rev. Microbiol. 3, 656-662. doi:
10.1038/nrmicro1211

Aspatwar, A., Gong, W., Wang, S., Wu, X., and Parkkila, S.. (2021). Tuberculosis
vaccine BCG: the magical effect of the old vaccine in the fight against the COVID-
19 pandemic. Int. Rev. Immunol. 41, 283-296. doi: 10.1080/08830185.2021.
1922685

Bai, C,, He, J., Niu, H., Hu, L., Luo, Y., Liu, X,, et al. (2018). Prolonged intervals
during mycobacterium tuberculosis subunit vaccine boosting contributes to
eliciting immunity mediated by central memory-like T cells. Tuberculosis (Edinb)
110, 104-111. doi: 10.1016/j.tube.2018.04.006

Bijker, M. S., Melief, C. J., Offringa, R., and van der Burg, S. H.. (2007). Design
and development of synthetic peptide vaccines: past, present and future. Expert
Rev. Vaccines 6, 591-603. doi: 10.1586/14760584.6.4.591

Bitencourt, J., Peralta-Alvarez, M. P., Wilkie, M., Jacobs, A., Wright, D., Salman
Almujri, S., et al. (2021). Induction of functional specific antibodies, IgG-secreting
plasmablasts and memory b cells following BCG vaccination. Front. Immunol. 12,
798207. doi: 10.3389/fimmu.2021.798207

Cheng, J., Randall, A. Z., Sweredoski, M. ., and Baldi, P.. (2005). SCRATCH: a
protein structure and structural feature prediction server. Nucleic Acids Res. 33,
W72-W76. doi: 10.1093/nar/gki396

Cheng, P., Wang, L., and Gong, W. (2022). In silico analysis of peptide-based
biomarkers for the diagnosis and prevention of latent tuberculosis infection. Front.
Microbiol. 13, 947852. doi: 10.3389/fmicb.2022.947852

Christy, A. J., Dharman, K., Dhandapaani, G., Palaniyandi, K., Gupta, U. D,
Gupta, P, et al. (2012). Epitope based recombinant BCG vaccine elicits specific Thl
polarized immune responses in BALB/c mice. Vaccine 30, 1364-1370. doi: 10.1016/
j.vaccine.2011.12.059

Ciechanover, A., and Schwartz, A. L. (1989). How are substrates recognized by
the ubiquitin-mediated proteolytic system. Trends Biochem. Sci. 14, 483-488. doi:
10.1016/0968-0004(89)90180-1

Colovos, C., and Yeates, T. O. (1993). Verification of protein structures: patterns
of nonbonded atomic interactions. Protein Sci. 2, 1511-1519. doi: 10.1002/
pro.5560020916

Comas, L., Coscolla, M., Luo, T., Borrell, S., Holt, K. E., Kato-Maeda, M., et al. (2013).
Out-of-Africa migration and neolithic coexpansion of mycobacterium tuberculosis with
modern humans. Nat. Genet. 45, 1176-1182. doi: 10.1038/ng.2744

Corradin, G., Villard, V., and Kajava, A. V. (2007). Protein structure based
strategies for antigen discovery and vaccine development against malaria and other
pathogens. Endocr. Metab. Immune Disord. Drug Targets 7, 259-265. doi: 10.2174/
187153007782794371

De Groot, A. S., Moise, L., Terry, F., Gutierrez, A. H., Hindocha, P., Richard, G.,
et al. (2020). Better epitope discovery, precision immune engineering, and
accelerated vaccine design using immunoinformatics tools. Front. Immunol. 11,
442. doi: 10.3389/fimmu.2020.00442

Dimitrov, I, Bangov, I, Flower, D. R, and Doytchinova, I. (2014). AllerTOP
v.2-a server for in silico prediction of allergens. J. Mol. Model. 20, 2278. doi:
10.1007/s00894-014-2278-5

Dimitrov, I, Naneva, L., Doytchinova, I, et al, Bangov, .. (2014). AllergenFP:
allergenicity prediction by descriptor fingerprints. Bioinformatics 30, 846-851. doi:
10.1093/bioinformatics/btt619

Frontiers in Cellular and Infection Microbiology

16

10.3389/fcimb.2022.1047306

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.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fcimb.2022.1047306/full#supplementary-material

Doytchinova, I. A., and Flower, D. R. (2007). VaxiJen: a server for prediction of
protective antigens, tumour antigens and subunit vaccines. BMC Bioinf. 8, 4. doi:
10.1186/1471-2105-8-4

Dutta, B., Banerjee, A., Chakraborty, P., and Bandopadhyay, R.. (2018). In silico
studies on bacterial xylanase enzyme: Structural and functional insight. J. Genet.
Eng. Biotechnol. 16, 749-756. doi: 10.1016/j.jgeb.2018.05.003

Elhag, M., Mohamed Sati, A. O., Saadaldin, M. M., and Hassan, M. A. (2019).
Immunoinformatics prediction of epitope based peptide vaccine against
mycobacterium tuberculosis PPE65 family protein. bioRxiv. doi: 10.1101/755983

Fletcher, H. A., Snowden, M. A,, Landry, B., Rida, W., Satti, I, and Harris, S. A.
(2016). Corrigendum: T-cell activation is an immune correlate of risk in BCG
vaccinated infants. Nat. Commun. 7, 11633. doi: 10.1038/ncomms11633

Gaseitsiwe, S., Valentini, D., Mahdavifar, S., Reilly, M., Ehrnst, A., and Maeurer,
M.. (2010). Peptide microarray-based identification of mycobacterium tuberculosis
epitope binding to HLA-DRB1*0101, DRB1*1501, and DRB1*0401. Clin. Vaccine
Immunol. 17, 168-175. doi: 10.1128/CV1.00208-09

Gong, W, Liang, Y., Mi, ], Jia, Z., Xue, Y., and Wang, J.. (2021a). Peptides-based
vaccine MP3RT induced protective immunity against mycobacterium tuberculosis
infection in a humanized mouse model. Front. Immunol. 12, 666290. doi: 10.3389/
fimmu.2021.666290

Gong, W, Liang, Y., Mi, J., Xue, Y., Wang, J., Wang, L., et al. (2021b). A peptide-
based vaccine ACP derived from antigens of mycobacterium tuberculosis induced
Th1 response but failed to enhance the protective efficacy of BCG in mice. Indian J.
Tuberculosis In Press.

Gong, W,, Pan, C,, Cheng, P., Wang, J., Zhao, G., and Wy, X.. (2022). Peptide-
based vaccines for tuberculosis. Front. Immunol. 13, 830497. doi: 10.3389/
fimmu.2022.830497

Green, A. M., Difazio, R., and Flynn, J. L. (2013). IFN-y from CD4 T cells is
essential for host survival and enhances CD8 T cell function during
mycobacterium tuberculosis infection. J. Immunol. 190, 270-277. doi: 10.4049/
jimmunol.1200061

Guruprasad, K., Reddy, B. V. B., and Pandit, M. W. (1990). Correlation between
stability of a protein and its dipeptide composition: A novel approach for
predicting in vivo stability of a protein from its primary sequence. Protein
Engineering Design Selection 4, 155-161.

Hanif, S. N., Al-Attiyah, R,, and Mustafa, A. S. (2010). DNA Vaccine constructs
expressing mycobacterium tuberculosis-specific genes induce immune responses.
Scand. ]. Immunol. 72, 408-415. doi: 10.1111/j.1365-3083.2010.02452.x

Hanif, S. N. M., and Mustafa, A. S. (2017). Humoral immune responses in mice
immunized with region of difference DNA vaccine constructs of pUMVC6 and
pUMVC7. Int. J. Mycobacteriol 6, 281-288. doi: 10.4103/ijmy.ijjmy_98_17

Hebditch, M., Carballo-Amador, M. A., Charonis, S., Curtis, R., and Warwicker,
J.. (2017). Protein-sol: a web tool for predicting protein solubility from sequence.
Bioinformatics 33, 3098-3100. doi: 10.1093/bioinformatics/btx345

Hebert, A. M., Talarico, S., Yang, D., Durmaz, R., Marrs, C. F., and Zhang, L..
(2007). DNA Polymorphisms in the pepA and PPE18 genes among clinical strains
of mycobacterium tuberculosis: implications for vaccine efficacy. Infect. Immun. 75,
5798-5805. doi: 10.1128/IA1.00335-07

Heo, L., Park, H., and Seok, C. (2013). GalaxyRefine: Protein structure
refinement driven by side-chain repacking. Nucleic Acids Res. 41, W384-W388.
doi: 10.1093/nar/gkt458

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcimb.2022.1047306/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2022.1047306/full#supplementary-material
https://doi.org/10.1038/nrmicro1211
https://doi.org/10.1080/08830185.2021.1922685
https://doi.org/10.1080/08830185.2021.1922685
https://doi.org/10.1016/j.tube.2018.04.006
https://doi.org/10.1586/14760584.6.4.591
https://doi.org/10.3389/fimmu.2021.798207
https://doi.org/10.1093/nar/gki396
https://doi.org/10.3389/fmicb.2022.947852
https://doi.org/10.1016/j.vaccine.2011.12.059
https://doi.org/10.1016/j.vaccine.2011.12.059
https://doi.org/10.1016/0968-0004(89)90180-1
https://doi.org/10.1002/pro.5560020916
https://doi.org/10.1002/pro.5560020916
https://doi.org/10.1038/ng.2744
https://doi.org/10.2174/187153007782794371
https://doi.org/10.2174/187153007782794371
https://doi.org/10.3389/fimmu.2020.00442
https://doi.org/10.1007/s00894-014-2278-5
https://doi.org/10.1093/bioinformatics/btt619
https://doi.org/10.1186/1471-2105-8-4
https://doi.org/10.1016/j.jgeb.2018.05.003
https://doi.org/10.1101/755983
https://doi.org/10.1038/ncomms11633
https://doi.org/10.1128/CVI.00208-09
https://doi.org/10.3389/fimmu.2021.666290
https://doi.org/10.3389/fimmu.2021.666290
https://doi.org/10.3389/fimmu.2022.830497
https://doi.org/10.3389/fimmu.2022.830497
https://doi.org/10.4049/jimmunol.1200061
https://doi.org/10.4049/jimmunol.1200061
https://doi.org/10.1111/j.1365-3083.2010.02452.x
https://doi.org/10.4103/ijmy.ijmy_98_17
https://doi.org/10.1093/bioinformatics/btx345
https://doi.org/10.1128/IAI.00335-07
https://doi.org/10.1093/nar/gkt458
https://doi.org/10.3389/fcimb.2022.1047306
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Cheng et al.

Hoang, T., Aagaard, C., Dietrich, J., Cassidy, J. P., Dolganov, G., Schoolnik, G.
K., et al. (2013). ESAT-6 (EsxA) and TB10.4 (EsxH) based vaccines for pre- and
post-exposure tuberculosis vaccination. PloS One 8, €80579. doi: 10.1371/
journal.pone.0080579

Homolka, S., Ubben, T., and Niemann, S. (2016). High sequence variability of
the ppE18 gene of clinical mycobacterium tuberculosis complex strains potentially
impacts effectivity of vaccine candidate M72/ASO1E. PloS One 11, €0152200. doi:
10.1371/journal.pone.0152200

Huang, F., and Zhao, Y. (2021) Global control of tuberculosis: Current status
and future prospects. Zoonoses 2, 9. doi: 10.15212/ZO0ONOSES-2021-0021

Tkai, A. (1980). Thermostability and aliphatic index of globular proteins.
J. Biochem. 88, 1895-1898.

Kozakov, D., Hall, D. R, Xia, B., Porter, K. A., Padhorny, D., Yueh, C,, et al.
(2017). The ClusPro web server for protein-protein docking. Nat. Protoc. 12, 255-
278. doi: 10.1038/nprot.2016.169

Kumar, N., Admane, N., Kumari, A., Sood, D., Grover, S., Prajapati, V. K,, et al.
(2021). Cytotoxic T-lymphocyte elicited vaccine against SARS-CoV-2 employing
immunoinformatics framework. Sci. Rep. 11, 7653. doi: 10.1038/s41598-021-86986-6

Kumar, N., Sood, D., Sharma, N., and Chandra, R.. (2020). Multiepitope subunit
vaccine to evoke immune response against acute encephalitis. J. Chem. Inf Model.
60, 421-433. doi: 10.1021/acs.jcim.9b01051

Leepiyasakulchai, C., Taher, C., Chuquimia, O. D., Mazurek, J., Séderberg-Naucler,
C,, Fernandez, C,, et al. (2013). Infection rate and tissue localization of murine IL-12p40-
producing monocyte-derived CD103(+) lung dendritic cells during pulmonary
tuberculosis. PloS One 8, €69287. doi: 10.1371/journal.pone.0069287

Liu, W, Li, J., Niu, H,, Lin, X,, Li, R,, Wang, Y., et al. (2017). Immunogenicity
and protective efficacy of multistage vaccine candidates (Mtb8.4-HspX and HspX-
Mtb8.4) against mycobacterium tuberculosis infection in mice. Int.
Immunopharmacol 53, 83-89. doi: 10.1016/j.intimp.2017.10.015

Liu, X,, Peng, J., Hu, L., Luo, Y., Niu, H., Bai, C,, et al. (2016). A multistage
mycobacterium tuberculosis subunit vaccine LT70 including latency antigen
Rv2626¢ induces long-term protection against tuberculosis. Hum. Vaccin
Immunother. 12, 1670-1677. doi: 10.1080/21645515.2016.1141159

Liu, S. D,, Su, J.,, Zhang, S. M., Dong, H. P., Wang, H., Luo, W., et al. (2016).
Identification of HLA-A*11:01-restricted mycobacterium tuberculosis CD8(+) T
cell epitopes. J. Cell Mol. Med. 20, 1718-1728. doi: 10.1111/jcmm.12867

Lu, L. L., Chung, A. W., Rosebrock, T. R., Ghebremichael, M., Yu, W. H., Grace,
P.S.C,etal. (2016). A functional role for antibodies in tuberculosis. Cell 167, 433
443.e14. doi: 10.1016/j.cell.2016.08.072

Magnan, C. N,, Zeller, M., Kayala, M. A, Vigil, A., Randall, A, Felgner, P. L., et al.

(2010). High-throughput prediction of protein antigenicity using protein microarray
data. Bioinformatics 26, 2936-2943. doi: 10.1093/bioinformatics/btq551

Mangtani, P., Abubakar, I, Ariti, C., Beynon, R, Pimpin, L., Fine, P. E,, et al.
(2014). Protection by BCG vaccine against tuberculosis: a systematic review of
randomized controlled trials. Clin. Infect. Dis. 58, 470-480. doi: 10.1093/cid/cit790

Mayer-Barber, K. D., Andrade, B. B., Barber, D. L., Hieny, S., Feng, C. G., Caspar,
P., etal. (2011). Innate and adaptive interferons suppress IL-1ct and IL-1f production
by distinct pulmonary myeloid subsets during mycobacterium tuberculosis infection.
Immunity 35, 1023-1034. doi: 10.1016/j.immuni.2011.12.002

Mayer-Barber, K. D., and Barber, D. L. (2015). Innate and adaptive cellular
immune responses to mycobacterium tuberculosis infection. Cold Spring Harb.
Perspect. Med. 5 (12), a018424. doi: 10.1101/cshperspect.a018424

McGuftin, L. J., Bryson, K., and Jones, D. T. (2000). The PSIPRED protein structure
prediction server. Bioinformatics 16, 404-405. doi: 10.1093/bioinformatics/16.4.404

Meshkat, Z., Teimourpour, A., Rashidian, S., Arzanlou, M., and Teimourpour,
R.. (2016). Immunogenicity of a DNA vaccine encoding Ag85a-Tb10.4 antigens
from mycobacterium tuberculosis. Iran J. Immunol. 13, 289-295.

Frontiers in Cellular and Infection Microbiology

17

10.3389/fcimb.2022.1047306

Moise, L., Gutiérrez, A. H., Khan, S., Tan, S., Ardito, M., Martin, W. D., et al.
(2020). New immunoinformatics tools for swine: Designing epitope-driven
vaccines, predicting vaccine efficacy, and making vaccines on demand. Front.
Immunol. 11, 563362. doi: 10.3389/fimmu.2020.563362

Moodley, A., Fatoba, A., Okpeku, M., Emmanuel Chiliza, T., Blessing Cedric
Simelane, M., Pooe, O. J., et al. (2022). Reverse vaccinology approach to design a
multi-epitope vaccine construct based on the mycobacterium tuberculosis
biomarker PE_PGRS17. Immunol. Res. 70, 501-517. doi: 10.1007/s12026-022-
09284-x

Moyle, P. M., and Toth, I. (2008). Self-adjuvanting lipopeptide vaccines. Curr.
Med. Chem. 15, 506-516. doi: 10.2174/092986708783503249

Nziza, N., Cizmeci, D., Davies, L., Irvine, E. B, Jung, W., Fenderson, B. A., et al.
(2022). Defining discriminatory antibody fingerprints in active and latent
tuberculosis. Front. Immunol. 13, 856906. doi: 10.3389/fimmu.2022.856906

Pergande, M. R., and Cologna, S. M. (2017). Isoelectric point separations of
peptides and proteins. Proteomes 5, 4. doi: 10.3390/proteomes5010004

Ponomarenko, J., Bui, H. H., Li, W., Fusseder, N., Bourne, P. E., Sette, A, et al.
(2008). ElliPro: a new structure-based tool for the prediction of antibody epitopes.
BMC Bioinf. 9, 514. doi: 10.1186/1471-2105-9-514

Rapin, N., Lund, O., Bernaschi, M., and Castiglione, F.. (2010). Computational
immunology meets bioinformatics: the use of prediction tools for molecular
binding in the simulation of the immune system. PloS One 5, €9862. doi:
10.1371/journal.pone.0009862

Rashidian, S., Teimourpour, R., and Meshkat, Z. (2016). Designing and
construction of a DNA vaccine encoding Tb10.4 gene of mycobacterium
tuberculosis. Iran J. Pathol. 11, 112-119.

Romano, M., Aryan, E., Korf, H,, Bruffaerts, N., Franken, C. L., Ottenhoff, T. H.,
et al. (2012). Potential of mycobacterium tuberculosis resuscitation-promoting
factors as antigens in novel tuberculosis sub-unit vaccines. Microbes Infect. 14, 86—
95. doi: 10.1016/j.micinf.2011.08.011

Tait, D. R, Hatherill, M., van der Meeren, O., Ginsberg, A. M., Van Brakel, E.,
Salaun, B., et al. (2019). Final analysis of a trial of M72/AS01(E) vaccine to prevent
tuberculosis. N Engl. J. Med. 381, 2429-2439. doi: 10.1056/NEJMo0a1909953

Torrado, E., Fountain, J. J., Robinson, R. T., Martino, C. A., Pearl, J. E., Rangel-
Moreno, J, et al. (2013). Differential and site specific impact of b cells in the
protective immune response to mycobacterium tuberculosis in the mouse. PloS
One 8, 61681. doi: 10.1371/journal.pone.0061681

Wang, P., Xiong, X, Jiao, J., Yang, X, Jiang, Y., Wen, B, et al. (2017). Thl
epitope peptides induce protective immunity against rickettsia rickettsii infection
in C3H/HeN mice. Vaccine 35, 7204-7212. doi: 10.1016/j.vaccine.2017.09.068

‘Waterhouse, A., Bertoni, M., Bienert, S., Studer, G., Tauriello, G., Gumienny, R.,
et al. (2018). SWISS-MODEL: homology modelling of protein structures and
complexes. Nucleic Acids Res. 46, W296-w303. doi: 10.1093/nar/gky427

WHO (2020). Global tuberculosis report 2020 (Geneva: Genevapp: World Health
Organization).

WHO (2021). Global tuberculosis report 2021 (Geneva: Genevapp: World Health
Organization).

Wilkie, M. E., and McShane, H. (2015). TB vaccine development: where are we

and why is it so difficult? Thorax 70, 299-301. doi: 10.1136/thoraxjnl-2014-
205202

Wilkins, M. R., Gasteiger, E., Bairoch, A., Sanchez, J. C., Williams, K. L., Appel,
R. D, et al. (1999). Protein identification and analysis tools in the ExPASy server.
Methods Mol. Biol. 112, 531-552.

Zvi, A., Ariel, N., Fulkerson, J., Sadoff, J. C., and Shafferman, A. (2008). Whole
genome identification of mycobacterium tuberculosis vaccine candidates by
comprehensive data mining and bioinformatic analyses. BMC Med. Genomics 1,
18. doi: 10.1186/1755-8794-1-18

frontiersin.org


https://doi.org/10.1371/journal.pone.0080579
https://doi.org/10.1371/journal.pone.0080579
https://doi.org/10.1371/journal.pone.0152200
https://doi.org/10.15212/ZOONOSES-2021-0021
https://doi.org/10.1038/nprot.2016.169
https://doi.org/10.1038/s41598-021-86986-6
https://doi.org/10.1021/acs.jcim.9b01051
https://doi.org/10.1371/journal.pone.0069287
https://doi.org/10.1016/j.intimp.2017.10.015
https://doi.org/10.1080/21645515.2016.1141159
https://doi.org/10.1111/jcmm.12867
https://doi.org/10.1016/j.cell.2016.08.072
https://doi.org/10.1093/bioinformatics/btq551
https://doi.org/10.1093/cid/cit790
https://doi.org/10.1016/j.immuni.2011.12.002
https://doi.org/10.1101/cshperspect.a018424
https://doi.org/10.1093/bioinformatics/16.4.404
https://doi.org/10.3389/fimmu.2020.563362
https://doi.org/10.1007/s12026-022-09284-x
https://doi.org/10.1007/s12026-022-09284-x
https://doi.org/10.2174/092986708783503249
https://doi.org/10.3389/fimmu.2022.856906
https://doi.org/10.3390/proteomes5010004
https://doi.org/10.1186/1471-2105-9-514
https://doi.org/10.1371/journal.pone.0009862
https://doi.org/10.1016/j.micinf.2011.08.011
https://doi.org/10.1056/NEJMoa1909953
https://doi.org/10.1371/journal.pone.0061681
https://doi.org/10.1016/j.vaccine.2017.09.068
https://doi.org/10.1093/nar/gky427
https://doi.org/10.1136/thoraxjnl-2014-205202
https://doi.org/10.1136/thoraxjnl-2014-205202
https://doi.org/10.1186/1755-8794-1-18
https://doi.org/10.3389/fcimb.2022.1047306
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Evaluation of the consistence between the results of immunoinformatics predictions and real-world animal experiments of a new tuberculosis vaccine MP3RT
	1 Introduction
	2 Materials and methods
	2.1 Bioinformatics prediction
	2.1.1 MP3RT molecular sequence
	2.1.2 Immunogenicity, antigenicity, allergenicity, and toxicity prediction of the MP3RT vaccine
	2.1.3 Physiochemical properties and solubility of MP3RT
	2.1.4 Secondary structure and three-dimensional (3D) structure prediction and refinement
	2.1.5 Tertiary structure and molecular docking
	2.1.6 Prediction of conformational B-cell epitopes
	2.1.7 Immune simulation

	2.2 Experimental verification
	2.2.1 Experimental animals
	2.2.2 Mice immunization
	2.2.3 MP3RT-specific antibody detection
	2.2.4 Enzyme-linked immunospot (ELISPOT) array
	2.2.5 Cytokines detection

	2.3 Statistical analysis

	3 Result
	3.1 Immunogenicity, antigenicity, allergenicity, and toxicity of the MP3RT vaccine
	3.2 Physicochemical property and solubility of the MP3RT vaccine
	3.3 Secondary structure, tertiary structure, and tertiary structure validation of MP3RT
	3.4 Validation of tertiary structure and molecular docking
	3.5 Conformational B&minus;cell epitopes
	3.6 Immune stimulation of innate immune cells by the MP3RT vaccine
	3.7 Immune stimulation of adaptive immune cells by the MP3RT vaccine
	3.8 In silico and in vivo comparison of humoral immune responses induced by the MP3RT vaccine
	3.9 In silico and in vivo comparison of cellular immune responses induced by the MP3RT vaccine

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	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 /LeaveColorUnchanged
  /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


