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Pseudomonas aeruginosa is a common pathogen that is responsible for serious hospital-acquired infections, ventilator-associated
pneumonia, and various sepsis syndromes. Also, it is a multidrug-resistant pathogen recognized for its ubiquity and its intrinsically
advanced antibiotic-resistant mechanisms. It usually affects immunocompromised individuals but can also infect
immunocompetent individuals. There is no vaccine against it available till now. This study predicts an effective epitope-based
vaccine against fructose bisphosphate aldolase (FBA) of Pseudomonas aeruginosa using immunoinformatics tools. The protein
sequences were obtained from NCBI, and prediction tests were undertaken to analyze possible epitopes for B and T cells. Three B
cell epitopes passed the antigenicity, accessibility, and hydrophilicity tests. Six MHC I epitopes were found to be promising, while
four MHC II epitopes were found promising from the result set. Nineteen epitopes were shared between MHC I and II results. For
the population coverage, the epitopes covered 95.62% worldwide excluding certain MHC II alleles. We recommend in vivo and

in vitro studies to prove its effectiveness.

1. Introduction

Pseudomonas aeruginosa is a motile, nonfermenting, gram-
negative opportunistic bacterium that is implicated in respi-
ratory infections, urinary tract infections, gastrointestinal
infections, keratitis, otitis media, and bacteremia in patients
with compromised host defences (e.g., cancer, burn, HIV,
and cystic fibrosis) [1]. Intensive care unit (ICU) hospitalized
patients constitute one of the risk groups that are more sus-
ceptible to acquire pseudomonas infections as they may
develop ventilator-associated pneumonia (VAP) and sepsis
[2-4]. This organism is a ubiquitous and metabolically versa-

tile microbe that flourishes in many environments and pos-
sesses many virulence factors that contribute to its
pathogenesis [1]. According to data from Centers for Disease
Control, P. aeruginosa is responsible for millions of infec-
tions each year in the community, 10-15% of all
healthcare-associated infections, with more than 300,000
cases annually in the EU, USA, and Japan [5]. It is a common
nosocomial pathogen [6, 7] that causes infections with a high
mortality rate [8, 9] which is attributable to the organism that
possesses an intrinsic resistance to many antimicrobial
agents [10] and the development of increased, multidrug
resistance in healthcare settings [11-13], both of which
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Amino acid composition
gi|15595752|ref| NP_249246.1| fructose-1, 6-bisphosphate aldolase (Pseudomonas aeruginosa PAO1)

12
11
10

Mol%
(o))
1

Ala Cya Asp Glu Phe Gly His Ile Lya

Met Asn  Pro GIn Arg Ser 'Thr

Amino acid

Val Trp Tyr

FIGURE 1: Amino acid composition for Schistosoma mansoni FBA using BioEdit software.

complicate antipseudomonal chemotherapy. As a result, it
remains difficult to combat P. aeruginosa infections despite
supportive treatments. Vaccines could be an alternative strat-
egy to control P. aeruginosa infections and even reduce anti-
biotic resistance; however, no P. aeruginosa vaccine is
currently available [14]. Doring and Pier represented that
the serious obstacle to the development of a globally effective
anti-P. aeruginosa vaccine is due to the antigenic variability
of a microorganism that enables it to easily adapt to different
growth conditions and escapes host immune recognition and
to the high variability of the proteins among different P. ger-
uginosa strains and within the same strain, grown in diverse
environmental conditions [15].

Contemporary, integrated genomics and proteomics
approaches have been used to predict vaccine candidates
against P. aeruginosa [16]. Although several vaccine formula-
tions have been clinically tested, none has been licensed yet
[15, 17]. The search for new targets or vaccine candidates is of
high paramount. Bioinformatics-based approach is a novel plat-
form to identify drug targets and vaccine candidates in human
pathogens [18, 19]. Thus, the present study is aimed at design-
ing an effective peptide vaccine against P. aeruginosa using
computational approach through prediction of highly con-
served T and B cell epitopes from the highly immunogenic pro-
tein fructose bisphosphate aldolase (FBA). This is the first study
that predicts epitope-based vaccine from this moonlighting pro-
tein of P. aeruginosa. This technique has been successfully used
by many authors to identify target vaccine candidates. These
types of vaccines are easy to produce, specific, capable of keep-
ing away any undesirable immune responses, reasonable, and
safe when compared to the conventional vaccines such as killed
and attenuated vaccines [20].

2. Materials and Methods

2.1. Protein Sequence Retrieval. A total of 20,201 strains of
Pseudomonas aeruginosa FBA were retrieved in FASTA for-

TaBLE 1: Molecular weight and amino acid frequency distribution of
the protein.

Amino acid Number Mol%
Ala 37 10.45
Cys 4 1.13
Asp 22 6.21
Glu 26 7.34
Phe 13 3.67
Gly 31 8.76
His 11 3.11
Tle 24 6.78
Lys 17 48
Leu 23 6.5
Met 12 3.39
Asn 9 2.54
Pro 17 4.8
GIln 13 3.67
Arg 18 5.08
Ser 21 5.93
Thr 18 5.08
Val 26 7.34
Trp 1 0.28
Tyr 11 3.11

mat from the National Center for Biotechnology Information
(NCBI) database (https://ncbi.nlm.nih.gov) on May 2019.
The protein sequence had a length of 354 with the name fruc-
tose-1,6-bisphosphate aldolase.

2.2. Determination of Conserved Regions. The retrieved
sequences of Pseudomonas aeruginosa FBA were subjected
to multiple sequence alignment (MSA) using the ClustalW
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TaBLE 2: List of conserved peptides with their antigenicity, Emini surface accessibility, and Parker hydrophilicity scores (*peptides that

successfully passed the three tests).

Kolaskar & Tongaonkar ~ Emini surface ~ Parker hydrophilicity

Peptide Start ~ End  Length antigenicity score accessibility prediction score
(TH: 1.025) score (TH: 1) (TH: 1.681)

RQMLDHAA 7 14 8 1.008 1.013 1.637
FNVNNLEQMRAIM 23 35 13 0.974 0.432 0.2
AADKTDSPVIVQASAGARK 37 55 19 1.031 0.776 3.3
ADKTDSPVI* 38 46 9 1.027 1.084 3.322
MHQDHGTSPDVCQ 80 92 13 1.035 0.868 3.785
SIQLGFSSVMMDGSL 94 108 15 1.03 0.082 0.38
EDGKTP 110 115 6 0.916 3.211 6.083
YNVRVTQQTVA 120 130 11 1.079 0.972 2.064
YNVRVTQQTV* 120 129 10 1.081 1.229 2.06
AHACGVSVEGELGCLGSLETGM 132 153 22 1.057 0.011 1.818
GEEDG 155 159 5 0.863 1.532 7.4
GAEGVLDHSQ 161 170 10 1.029 0.539 3.3
LTDPEE 172 177 6 0.965 2.317 3.95
DALAIAIGTSHGAY 188 201 14 1.044 0.109 1.179
THLVMHGSSSVPQ 227 239 13 1.073 0.369 1.685
HGSSSVPQ* 232 239 8 1.06 1.016 3.963
WLAII 241 245 1.102 0.134 -6.62
YGGEIKETYG 248 257 10 0.964 1.408 3.3
KVNIDTDLRLAST 273 285 13 1.018 0.843 1.985
AMRD 311 314 4 0.907 1.279 3.025
GTAGN 324 328 5 0.899 0.717 5.14
GEL 347 349 0.992 0.694 1.433

0.65
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0.45
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Position

FIGURE 2: BepiPred linear epitope prediction; yellow areas above the threshold (red line) are proposed to be a part of B cell epitopes, and the

green areas are not.

tool of BioEdit Sequence Alignment Editor Software version
7.2.5 to determine the conserved regions. Also, molecular
weight and amino acid composition of the protein were

obtained [21, 22].

2.3. Sequenced-Based Method. The reference sequence (NP_
249246.1) of Pseudomonas aeruginosa FBA was submitted
to different prediction tools at the Immune Epitope Database
(IEDB) Analysis Resource (http://www.iedb.org/) to predict
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F1GURE 3: Emini surface accessibility prediction; yellow areas above the threshold (red line) are proposed to be a part of B cell epitopes, and the
green areas are not.
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F1GURE 4: Kolaskar and Tongaonkar antigenicity prediction; yellow areas above the threshold (red line) are proposed to be a part of B cell
epitopes, and green areas are not.
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F1GURE 5: Parker hydrophilicity prediction; yellow areas above the threshold (red line) are proposed to be a part of B cell epitopes, and green areas
are not.
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F1GURE 6: B cell epitopes proposed. The arrow shows the position of YNVRVTQQTYV with Magenta colour in a structural level of fructose 1,6-
bisphosphate aldolase. *The 3D structure was obtained using USCF Chimera software.

FIGURE 7: B cell epitopes proposed. The arrow shows the position of HGSSSVPQ with Magenta colour in a structural level of fructose 1,6-
bisphosphate aldolase. *The 3D structure was obtained using USCF Chimera software.

various B and T cell epitopes. Conserved epitopes would be
considered candidate epitopes for B and T cell [23].

2.4. B Cell Epitope Prediction. B cell epitope is the portion of
the vaccine that interacts with B lymphocytes which are a
type of white blood cell of the lymphocyte subtype. Candi-
date epitopes were analyzed using several B cell prediction
methods from the IEDB (http://tools.iedb.org/bcell/) to iden-
tify the surface accessibility, antigenicity, and hydrophilicity
with the aid of random forest algorithm, a form of unsuper-
vised learning. The BepiPred linear prediction 2 was used to
predict linear B cell epitope with the default threshold value
0.533 (http://tools.iedb.org/bcell/result/). The Emini surface
accessibility prediction tool was used to detect the surface
accessibility with the default threshold value 1.00 (http://
tools.iedb.org/bcell/result/). The Kolaskar and Tongaonkar
antigenicity method was used to identify the antigenicity sites
of a candidate epitope with the default threshold value 1.032
(http://tools.iedb.org/beell/result/). The Parker hydrophilic-
ity prediction tool was used to identify the hydrophilic,
accessible, or mobile regions with the default threshold value
1.695 [24-28].

2.5. T Cell Epitope Prediction MHC Class I Binding. T cell epi-
tope is the portion of the vaccine that interacts with T lympho-
cytes. Analysis of peptide binding to the MHC (major
histocompatibility complex) class I molecule was assessed by
the IEDB MHC I prediction tool (http://tools.iedb.org/mhci/
) to predict cytotoxic T cell epitopes (also known as CD8+
cell). The presentation of peptide complex to T lymphocyte
undergoes several steps. The Artificial Neural Network
(ANN) 4.0 prediction method was used to predict the binding

affinity. Before the prediction, all human allele lengths were
selected and set to 9 amino acids. The half-maximal inhibitory
concentration (IC50) value required for all conserved epitopes
to bind was a score less than 500 [29-35].

2.6. T Cell Epitope Prediction MHC Class II Binding. Predic-
tion of T cell epitopes interacting with MHC class II was
assessed by the IEDB MHC II prediction tool (http://tools
.dedb.org/mhcii/) for helper T cell, which is known as CD4+
cell also. Human allele reference set was used to determine
the interaction potentials of T cell epitopes and MHC class
II allele (HLA DR, DP, and DQ). The NN-align method
was used to predict the binding affinity. IC50 score values less
than 100 were selected [36-39].

2.7. Population Coverage. The population coverage tool was
selected to analyze the epitopes in the IEDB. This tool calcu-
lates the fraction of individuals predicted to respond to a
given set of epitopes with known MHC restriction (http://
tools.iedb.org/population/iedbinput). ~ The  appropriate
checkbox for calculation was checked based on MHC 1,
MHC II separately, and a combination of both [40].

2.8. Homology Modelling. The 3D structure was obtained
using RaptorX (http://raptorx.uchicago.edu), ie., a protein
structure prediction server developed by Peng and Xu’s group,
excelling at 3D structure prediction for protein sequences
without close homologs in the Protein Data Bank (PDB).
USCF Chimera (version 1.8) was the program used for visual-
ization and analysis of molecular structure of the promising
epitopes (http://www.cgl.uscf.edu/chimera) [41, 42].
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TaBLE 3: The most promising T cell epitopes and their corresponding MHC T alleles.

Peptide MHC I alleles

AADKTDSPV HLA-C+%05:01, HLA-C%03:03

AAIEEFPHI HLA-A%02:06

AIGTSHGAY HLA-A=%30:02, HLA-B*15:01, HLA-A%29:02

ETYGVPVEE HLA-A#68:02

FNVNNLEQM HLA-C=%12:03

GEIKETYGV HLA-B#40:02, HLA-B*40:01

GELGCLGSL HLA-B#40:01, HLA-B%40:02

GTSHGAYKF HLA-A%29:02, HLA-A*32:01, HLA-B#58

TAIGTSHGA HLA-A%02:06

IEEFPHIPV HLA-B%40:01

IQLGFSSVM HLA-B%15:01, HLA-A%02:06, HLA-Bx15:02

ISLEGMFQR HLA-A%31:01, HLA-A%68:01, HLA-A*11:01

IVQASAGAR HLA-A%31:01, HLA-A*68:01

KPISLEGMF HLA-B%35:01, HLA-B%07:02

KVNIDTDLR HLA-A%31:01

LATAIGTSH HLA-B%35:01, HLA-C%03:03

LVMHGSSSV HLA-A=%02:06, HLA-A*68:02, HLA-C%12:03, HLA-C%14:02, HLA-A%02:01

NVNNLEQMR HLA-A%68:01

NVRVTQQTV HLA-A#30:01

QMLDHAAEF HLA-A%02:06, HLA-A%29:02, HLA-B%15:01, HLA-B=*15:02, HLA-A%32:01

RKVNIDTDL HLA-B%48:01

SIQLGFSSV HLA-A%02:06

SLEGMFQRY HLA-A%29:02, HLA-A%30:02

SPVIVQASA HLA-B+07:02

VIVQASAGA HLA-A%02:06

VPAFNVNNL HLA-B%07:02

YGGEIKETY HLA-C%12:03

YGVPVEEIV HLA-C%12:03

FiGure 8: T cell epitopes proposed that interact with MHC I. The arrow shows the position of LVMHGSSSV with yellow colour in a structural
level of fructose 1,6-bisphopsphate aldolase. *The 3D structure was obtained using USCF Chimera software.

TaBLE 4: The most promising T cell epitopes and their corresponding MHC 1I alleles.

Peptide MHC II alleles

KVNIDTDLRLASTGA HLA-DRB1%03:01, HLA-DRB1%11:01
HLA-DRB1#07:01, HLA-DRB1%13:02, HLA-DQA1%05:01/DQB1%02:01,

GEIRETYGVPVEEIV HLA-DQA1%04:01/DQB104:02, HLA-DQA1%03:01/DQB1%03:02

GGEIKETYGVPVEEI HLA-DRB1%07:01, HLA-DRB1%13:02, HLA-DQA1%04:01/DQB1 %04:02

YGGEIKETYGVPVEE

HLA-DQA1%03:01/DQB1+03:02
HLA-DRB1x07:01, HLA-DRB1x13:02
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Red colour

FIGURE 9: T cell epitopes proposed that interact with MHC II. The arrow shows the position of KVNIDTDLRLASTGA with red colour in a
structural level of fructose 1,6-bisphosphate aldolase. *The 3D structure was obtained using USCF Chimera software.

TasLE 5: The population coverage of the whole world for the most promising epitopes of MHC I, MHC II, and MHC I and II combined.

Country MHC I

MHC II MHC LII (combined)

World 88.75%

61.1%" 95.62%"

*In the population coverage analysis of MHC II; 8 alleles were not included in the calculation; therefore, the above (*) percentages are for epitope sets excluding
these alleles: HLA-DQA1x05:01/DQB1%03:01, HLA-DQA1%01:02/DQB106:02, HLA-DQA1%03:01/DQB1%03:02, HLA-DRB4+01:01, HLA-DRB5%01:01,
HLA-DQA1%05:01/DQB1+02:01, HLA-DPA1%03:01/DPB1+04:02, HLA-DQA1%04:01/DQB1%04:02.
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3. Results

3.1. Amino Acid Composition. The amino acid composition
for the reference sequence of Pseudomonas aeruginosa FBA
is illustrated in Figure 1. Alanine and glycine were the most
frequent amino acids (Table 1).

3.2. B Cell Epitope Prediction. The reference sequence of fruc-
tose 1,6-bisphosphate aldolase was subjected to BepiPred lin-
ear epitope prediction, Emini surface accessibility, Kolaskar
and Tongaonkar antigenicity, and Parker hydrophilicity
methods in the IEDB to test for various immunogenicity
parameters (Table 2 and Figures 2-5). The tertiary structure
of the proposed B cell epitopes is shown (Figures 6 and 7).

TaBLE 6: Population coverage of the proposed peptide interaction
with MHC class 1.

Epitope Coverage (%) Total hits
LVMHGSSSV 60.41 7
QMLDHAAEF 31.70 8
ISLEGMFQR 25.64 3
KPISLEGMF 20.62 2
LAIAIGTSH 15.85 2

3.3. Prediction of Cytotoxic T Lymphocyte Epitopes and
Interaction with MHC Class I. The reference fructose 1,6-
bisphosphate aldolase sequence was analyzed using the
(IEDB) MHC I binding prediction tool to predict T cell
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FIGURE 11: Population coverage for MHC class II epitopes.

epitopes which suggested interacting with different types of
MHC class I alleles, based on Artificial Neural Network
(ANN) with half-maximal inhibitory concentration (IC50)
< 500 nm. 206 peptides were predicted to interact with dif-
ferent MHC I alleles.

The most promising epitopes and their corresponding
MHC I alleles are shown in Table 3 along with the 3D struc-
ture of the proposed one (Figure 8).

3.4. Prediction of the T Cell Epitopes and Interaction with
MHC Class II. The reference fructose 1,6-bisphosphate aldol-
ase sequence was analyzed using the IEDB) MHC II binding
prediction tool based on NN-align with half-maximal inhib-
itory concentration (IC50) < 100 nm; there were 662 pre-
dicted epitopes found to interact with MHC II alleles. The
most promising epitopes and their corresponding alleles are
shown in (Table 4) along with the 3D structure of the pro-
posed one (Figure 9)

3.5. Population Coverage Analysis. All promising MHC I and
MHC II epitopes of fructose 1,6-bisphosphate aldolase were
assessed for population coverage against the whole world
(Table 5).

For MHC I, epitopes with the highest population cover-
age were LVMHGSSSV (60.41%) and QMLDHAAEF
(31.7%) (Figure 10 and Table 6). For MHC class II, the epi-
topes that showed the highest population coverage were
KVNIDTDLRLASTGA (27.37%) and GEIKETYGVP-
VEEIV, GGEIKETYGVPVEE], and YGGEIKETYGVPVEE
(24.27%) (Figure 11 and Table 7). When combined together,
the epitopes that showed the highest population coverage
were LVMHGSSSV (60.41%), QMLDHAAEF (31.7%), and
KVNIDTDLRLASTGA (27.37%) (Figure 12).

TaBLE 7: Population coverage of proposed peptides interaction with
MHC class IL

Epitope Coverage (%) Total hits
KVNIDTDLRLASTGA 27.37% 2
GEIKETYGVPVEEIV 24.27% 5
GGEIKETYGVPVEEI 24.27% 4
YGGEIKETYGVPVEE 24.27% 2
GVRKVNIDTDLRLAS 23.90% 2

4. Discussion

Vaccination against P. aeruginosa is highly accredited due to
the high mortality rates associated with the pathogen that
spreads through healthcare areas. In addition, multidrug
resistance of the pathogen demands the design of vaccine as
an alternative [43]. In this study, immunoinformatics
approaches were used to propose different peptides against
FBA of P. aeruginosa for the first time. These peptides can
be recognized by B cell and T cell to produce antibodies. Pep-
tide vaccines overcome the side effects of conventional vac-
cines through easy production, effective stimulation of
immune response, less allergy, and no potential infection
possibilities [35]. Thus, the combination of humoural and
cellular immunity is more promising at clearing bacterial
infections than humoural or cellular immunity alone.

As B cells play a critical role in adaptive immunity, the
reference sequence of P. Aeruginosa FBA was subjected to
BepiPred linear epitope prediction 2 test to determine the
binding to B cell, Emini surface accessibility test to test the
surface accessibility, Kolaskar and Tongaonkar antigenicity
test for antigenicity, and Parker hydrophilicity test for the
hydrophilicity of the B cell epitope.

Out of the thirteen predicted epitopes using BepiPred 2
test, only three epitopes passed the other three tests
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(ADKTDSPVI, YNVRVTQQTV, and HGSSSVPQ) after
segmentation. BepiPred version 2 test was used because it
implements random forest and therefore predicts large epi-
tope segments.

The reference sequence was analyzed using the IEDB MHC
I and II binding prediction tools to predict T cell epitopes. 28
epitopes were predicted to interact with MHC I alleles with
half-maximal inhibitory concentration (IC50) < 500. Six of
them were most promising and had the affinity to bind to the
highest number of MHC I alleles (LVMHGSSSV,
QMLDHAAEF, AIGTSHGAY, GTSHGAYKF, IQLGESSVM,
and ISLEGMFQR). 19 predicted epitopes were interacted with
MHC I alleles with IC50 < 100. Four of them were most prom-
ising and had the affinity to bind to the highest number of MHC
I alleles (GEIKETYGVPVEEIV, GGEIKETYGVPVEE],
KVNIDTDLRLASTGA, and YGGEIKETYGVPVEE). Nine-
teen epitopes (NVNNLEQMR, IQLGFSSVM, AADKTDSPV,
SIQLGFSSV, GEIKETYGV, AIGTSHGAY, VPAENVNNL,
KVNIDTDLR, LAIAIGTSH, IVQASAGAR, ETYGVPVEE,
GTSHGAYKF, YGGEIKETY, VIVQASAGA, TAIGTSHGA,
RKVNIDTDL, FNVNNLEQM, YGVPVEELV, and SPVIV-
QASA) appeared in both MHC I and I results.

The best epitope with the highest population coverage for
MHC I was LVMHGSSSV (60.41%) with seven HLA hits,
and the coverage of population set for the whole MHC I epi-
topes was 88.75%. Excluding certain alleles for MHC II, the
best epitope was KVNIDTDLRLASTGA scoring 27.37% with
two HLA hits, followed by GEIKETYGVPVEEIV scoring
24.27% with five HLA hits. The population coverage was
61.1% for all conserved MHC II epitopes. These epitopes
have the ability to induce T cell immune response when
interacting strongly with MHC I and MHC 1I alleles effec-
tively generating cellular and humoural immune response
against the invading pathogen. When combined, the epitope
LVMHGSSSV had the highest population coverage percent
60.41% with seven HLA hits for both MHC I and MHC IL

Many studies had predicted peptide vaccines for different
microorganisms such as rubella, Ebola, dengue, Zika, HPV,
Lagos rabies virus, and mycetoma using immunoinformatics
tools [44-51]. Limitations include the exclusion of certain
HLA alleles for MHC I1.

We hope that the world will benefit from these predicted
epitopes in the formulation of the peptide-based vaccine and
recommend further in vivo and in vitro studies to prove its
effectiveness along with formulation of appropriate adju-
vants. Finding another immunogenic target and analyzing
the associated epitopes support the vaccine formula.

5. Conclusion

Vaccination is used to protect and minimize the possibility of
infection leading to an increased life expectancy. The design
of vaccines using immunoinformatics prediction methods is
highly appreciated due to the significant reduction in cost,
time, effort, and resources. Epitope-based vaccines are
expected to be more immunogenic and less allergenic than
traditional biochemical vaccines. We have illustrated differ-
ent epitopes that have the ability to stimulate both B and T
cells against fructose bisphosphate aldolase protein of Pseu-
domonas aeruginosa for the first time. Three B cell epitopes
have successfully passed the required tests. Six MHC I epi-
topes were found to be most promising, while four were
found from MHC II epitope result set. These epitopes cov-
ered 95.62% worldwide excluding certain MHC II alleles.

Data Availability

The data which support our findings in this study are
available from the corresponding author upon reasonable
request.
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Chagas disease is a chronic and potentially lethal disorder caused by the parasite Trypanosoma cruzi, and an effective treatment has
not been developed for chronic Chagas disease. The objective of this study was to determine the effectiveness of a therapeutic DNA
vaccine containing T. cruzi genes in dogs with experimentally induced Chagas disease through clinical, pathological, and
immunological analyses. Infection of Beagle dogs with the H8 T. cruzi strain was performed intraperitoneally with 3500
metacyclic trypomastigotes/kg body weight. Two weeks after infection, plasmid DNA immunotherapy was administered thrice
at 15-day intervals. The clinical (physical and cabinet studies), immunological (antibody and cytokine profiles and
lymphoproliferation), and macro- and microscopic pathological findings were described. A significant increase in IgG and cell
proliferation was recorded after immunotherapy, and the highest stimulation index (3.02) was observed in dogs treated with the
pBCSSP4 plasmid. The second treatment with both plasmids induced an increase in IL-1, and the third treatment with the
pBCSSP4 plasmid induced an increase in IL-6. The pBCSP plasmid had a good Thl response regulated by high levels of IFN-
gamma and TNF-alpha, whereas the combination of the two plasmids did not have a synergistic effect. Electrocardiographic
studies registered lower abnormalities and the lowest number of individuals with abnormalities in each group treated with the
therapeutic vaccine. Echocardiograms showed that the pBCSSP4 plasmid immunotherapy preserved cardiac structure and
function to a greater extent and prevented cardiomegaly. The two plasmids alone controlled the infection moderately by a
reduction in the inflammatory infiltrates in heart tissue. The immunotherapy was able to reduce the magnitude of cardiac
lesions and modulate the cellular immune response; the pBCSP treatment showed a clear Th1 response; and pBCSSP4 induced a
balanced Th1/Th2 immune response that prevented severe cardiac involvement. The pBCSSP4 plasmid had a better effect on
most of the parameters evaluated in this study; therefore, this plasmid can be considered an optional treatment against Chagas
disease in naturally infected dogs.
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1. Introduction

Chagas disease or American trypanosomiasis is a zoonotic
disease caused by the hemoflagellated protozoan Trypano-
soma cruzi. This parasite is transmitted to domestic and
wild mammals through the metacyclic trypomastigote-
contaminated feces of hematophagous hemipteran insects
belonging to the Reduviidae family, Triatominae (triato-
mines) subfamily, and it is known in Mexico as the “kissing
bug.” Chagas disease is endemic to the American continent,
and approximately 6-7 million people are estimated to
suffer from American trypanosomiasis. More than 10,000
people die each year as a result of the disease, which has
an annual incidence of 30,000 cases [1]. The cardiac form is
the most serious and frequent manifestation of chronic
Chagas disease, and it develops in 20%-30% of individuals
and typically leads to conduction system abnormalities,
bradyarrhythmias and tachyarrhythmias, apical aneurysms,
cardiac failure, thromboembolism, and sudden death [2].

According to the World Health Organization classifica-
tion, the endemic countries can be divided into four groups
(I, I1, I1I, and IV). Mexico fits within group II for complying
with the following characteristics: intradomiciliary transmis-
sion evidence with a clear association is observed between T.
cruzi infection and electrocardiographic alterations as well as
other pathologies attributable to Chagas disease, and formal
control programs have not been established [3].

Among the parasite reservoirs, the dog is considered the
most important domestic species in the T. cruzi infection
dynamics because dogs are an important source of food for
triatomine insects, and they can also ingest infected bugs.
Therefore, the risk of transmission within human dwellings
by infected dogs has been proven [4]. Several studies have
reported seroreactive dogs to the parasite in some regions
of Mexico and an important seroprevalence in Morelos,
Estado de México, Puebla, Yucatin, Chiapas, Campeche,
Jalisco, Sonora, and Nuevo Ledn [5, 6].

Chagas disease treatment involves two aspects: the symp-
tomatic or nonspecific and trypanocide or specific. Chronic
Chagas cardiomyopathy is still a challenging disease whose
current and emerging treatment includes drugs, implantable
cardioverter-defibrillators, permanent pacemakers, trans-
catheter ablation, heart transplantation, resynchronization
therapy, and cell therapy focusing mostly on management
of heart failure and arrhythmias [7, 8]. The use of drugs that
eliminate the parasite is indicated for the treatment of acute
symptomatic disease, which is acquired by vector, congenital,
or accidental routes. On the other hand, the effectiveness of
the trypanocidal treatment in chronic cases of the disease is
controversial [9].

In the acute phase, it is necessary to administer the drug as
quickly as possible and the dose is varied according to the
patient’s age and weight. Nifurtimox and benznidazole are
the only two drugs with adequate trypanocide activity whose
effect is against blood and tissue forms. The effectiveness of
conventional chemotherapy is very low. In early infected
children, treatment is successful in 55.8% of cases; however,
in the chronic phase, most patients are resistant to therapy
with conventional drugs and carry a lifelong infection [10, 11].
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The usefulness of these drugs in patients with Chagas
disease in the asymptomatic or symptomatic chronic phases
has not been established. In addition, it has been reported
that a large proportion of subjects treated with benznidazole
experience severe side effects, including digestive manifes-
tations and hematological, skin, and neurological alter-
ations [11]. Experimental toxicity studies with both drugs
evidenced neurotoxicity, testicular damage, ovarian toxicity,
and deleterious effects in the adrenal, colon, esophageal,
and mammary tissue as well as significant mutagenic effects
[12]. Despite recent efforts to discover new treatments for
Chagas disease, such as drug combinations, drug reposi-
tioning, redosing schemes for current drugs, and identifying
new drugs with specified target profiles or additive or syner-
gistic interactions of compounds with different modes of
actions, better safety and greater effectiveness of drug treat-
ment is not yet available [13-15].

DNA vaccines are currently under research, and their
potential use for both the prevention and the treatment of a
variety of infectious diseases has been explored, including
for Chagas disease [16-20]. The vast majority of our knowl-
edge about immune mechanisms and protective response for
T. cruzi infection comes from experimental animal models
[21]. The use of a DNA vaccine as a treatment in Chagas dis-
ease has been partially successful in animal models as demon-
strated by Dumonteil et al., who infected mice with T. cruzi
and then treated them with DNA coding for parasite antigens
and found less parasitemia, reduced cardiac tissue inflamma-
tion, and increased survival [20]. One of the most important
advantages of using canine models in relation to other animal
models is the advanced knowledge and similarity of the car-
diac morphology and physiology of the heart conduction sys-
tem with humans. Several clinical aspects of the disease
similar to those verified in humans have been observed in
dogs, thus leading to the possibility of performing electrocar-
diographic monitoring of the infected animal and verifying
the correlations between these alterations and cardiac con-
duction system lesions and offering good interpretation of
the results [21].

Vaccines against Chagas disease have been previously
tested in dogs by our group [22-24] and by others [25-27].
The results, which focus mainly on the immune response
and cardiac damage evaluated by histology, have been
variable, although in all cases, the infection is not avoided
and the degree of protection ranges from mild to moderate.

The aim of our study is to evaluate the therapeutic effi-
cacy of the administration of plasmid DNA coding for the
TcSPP4 and TcSP antigens of T. cruzi in dogs during the
acute and chronic phases of Chagas disease through clinical,
pathological, and immunological analyses of Beagle dogs
infected with the H8 T. cruzi autochthonous Mexican strain.

2. Materials and Methods

2.1. Experimental Animals. Thirty male and female four-
month-old Beagle puppies from healthy parents were
subjected to a basic calendar of preventive medicine that
included vaccination and deworming. All animals were
tested for the absence of antibodies against T. cruzi using



Journal of Immunology Research

TaBLE 1: Study design for dogs experimentally infected with T. cruzi and treated with DNA vaccine containing the genes encoding a trans-
sialidase protein (pBCSP), an amastigote-specific glycoprotein (pBCSSP4), or both as a mixture.

Group”* Group description (1) Plasmid used as immunotherapy
Healthy Control noninfected/nontreated (n = 5) None
Infected/SS mock-treated Positive control of infection with saline None

solution mock-treated (n = 5)

pBCSSP4 Infected and pBCSSP4 plasmid-treated (n = 5)
pBCSP Infected and pBCSP plasmid-treated (1 =5)
Mixture Infected and treated with both the pBCSSP4
and pBCSP plasmids (1 =5)
PBK-CMV Infected and empty cloning vector

plasmid-treated (n =5)

Construct derived from the pBK-CMV vector with
T. cruzi amastigote-specific glycoprotein TcSSP4 gene

Construct derived from the pBK-CMV vector with
T. cruzi trans-sialidase TcSP gene

pBCSSP4 and pBCSP plasmids carrying both genes

Empty vector control of the plasmid DNA

*The pBCSSP4, pBCSP, mixture, and pBK-CMV groups were treated thrice at 15-day intervals 15 days after the infection; SS was administered under this same

scheme in the infected/SS mock-treated group.

Groups
1) Healthy control
2) SS mock-treated

3) pBCSSP4
4) pBCSP
5) Mixture
6) PBK-CMV Physical
examinations
ECHO
|
EKG EKG EKG
% | | |
| | | | | : |
0d 15d 30d 45d 60d 3m 6 m 9m 12m
IP infection 1st treatment  2nd treatment 3rd treatment Futhanasia

IgM determination

IgG, IgG1, IgG2a and IgG2b determination

Cell proliferation
Organ indices
Histology

IgG, IgG1, IgG2a and IgG2b determination
Cytokine determination

IgG, IgG1, IgG2a and IgG2b determination

FI1GURE 1: Schematic representation of the methodological design. Five groups of dogs were intraperitoneally infected with 3500 metacyclic
trypomastigotes/kg body weight of the H8 T. cruzi strain to evaluate the effectiveness of the therapeutic DNA vaccine containing T. cruzi genes.

the enzyme-linked immunosorbent assay (ELISA). The dogs
were separated in six experimental groups, which are detailed
in Table 1. The healthy group included noninfected/un-
treated dogs as the control; the SS mock-treated group was
used as the positive control of infection; the pPBCSSP4 group
included infected dogs treated with the pBCSSP4 plasmid;
the pBCSP group included infected dogs treated with the
pBCSP plasmid; the mixture group included infected dogs
treated with the pBCSSP4 and pBCSP plasmids; and the
pBK-CMV group included infected dogs treated with the

empty cloning vector plasmid. A representation of the exper-
imental design is shown in Figure 1.

Animal handling followed the established guidelines of
the International Guiding Principles for Biomedical Research
involving Animals and the Norma Oficial Mexicana (NOM-
062-Z0O0 1999) Technical Specifications for the Care and
Use of Laboratory Animals [28], and the experimental proto-
col was approved by the Research and Bioethics Committees
of the Instituto Nacional de Cardiologia, Ignacio Chavez
(Registration number: 11-737).



2.2. Blood Samples. Blood extraction was performed directly
from the cephalic vein. The dorsal area of the foreleg was
constricted at the level of the elbow to raise the vein, and the
puncture was started above the metacarpal joint using dispos-
able 3mL syringes with 21 G x 32 mm needles (PROTEC,
Mexico). The sample was collected and immediately depos-
ited in tubes without anticoagulant. Subsequently, the clot
was removed and the serum was separated by centrifugation
at 3500 rpm for 15 min. Sera were frozen at -20°C until use.

2.3. Diagnostic Serology for Chagas Disease. Before infecting
the dogs, it was determined that they were not naturally
infected with the parasite. After experimental infection, an
enzyme-linked immunosorbent assay (ELISA) and indirect
immunofluorescence (IIF) as a confirmatory test were used
to determine IgM and IgG antibodies against T. cruzi as previ-
ously described [5, 29].

2.4. Physical Examinations. Physiological constants, inspec-
tions, auscultation, palpation, and percussion were performed
during the general physical examinations in all animals.
Parameters such as body weight, rectal temperature, body
condition, mental state, heart rate, respiratory rate, heart
auscultation, lung fields, lung field palm percussion, arterial
pulse, mucous membranes, capillary refill time, lymph node
palpation, dehydration percentage, head and face natural
orifice examinations, cough reflex, swallowing reflex, and
abdominal palpation were evaluated and registered [30].

2.5. Infection. Dogs were infected by intraperitoneal injection
of 3500 metacyclic trypomastigotes of the H8 T. cruzi strain
(MHOM/MX/1992/H8 Yucatan (T. cruzi)) [31]/kg body
weight. The parasites were obtained from the urine and feces
of triatomes and resuspended in saline solution (SS).

2.6. Plasmid Descriptions. Plasmids based on the pBK-CMV
commercial plasmid vector (Stratagene (now Agilent Tech-
nologies), CA, USA) encoding the T. cruzi antigens TcSP
and TcSSP4 have been described previously [22, 32, 33].
Briefly, pBK-CMV has 17 cloning sites flanked by the T3
and T7 promoters and contains the cytomegalovirus early
promoter, which allows for eukaryotic expression and the
polyadenylation sequence of the SV40 virus, thus providing
the signal required for the termination of eukaryotic tran-
scription and polyadenylation. This plasmid has a kanamycin
resistance gene that allows for the selection of positive clones
in bacteria. This plasmid was used for the construction of
those carrying the T. cruzi genes, which will be used for immu-
notherapy against Chagas disease. pBK-CMV was also used as
an empty vector control for the DNA treatment. The pBCSP
plasmid is a construct derived from the pBK-CMV vector that
possesses the gene coding for the TcSP protein of T. cruzi, an
all stages-expressed trans-sialidase that adds sialic acid to the
mucins of the surface cover for host-parasite interactions.
pBCSSP4 is a construct derived from the pBK-CMV vector
that possesses the gene coding for the TcSSP4 protein of T.
cruzi, an acid glycoprotein that is expressed during the trans-
formation of trypomastigotes into amastigotes.
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2.7. Plasmid DNA Purification. Under aseptic conditions, the
transformed Escherichia coli XL1-Blue strain carrying the
pBCSSP4, pBCSP, and pBK-CMV plasmids was cultured in
500mL of Luria Bertani broth with kanamycin by 16h at
37°C/200 rpm incubation. Plasmid DNA was purified by alka-
line lysis and ultrapurified using Qiagen (Hilden, Germany)
columns. DNA used for immunotherapy was resuspended
in lipopolysaccharide-free PBS (Gibco by Thermo Fisher,
MA, USA), and its purity was estimated and quantified [34].
Aliquots of 0.5mg dissolved in 0.5mL of SS were generated
and stored at -20°C until use.

2.8. Plasmid DNA Immunotherapy. At day 15 postinfection,
the dogs were treated thrice at 15-day intervals by intramus-
cular injection of 500ug of each recombinant plasmid
(pBCSP or pBCSSP4) or a combination of 250 ug of each
plasmid or vector DNA (pBK-CMYV) in the semitendinosus
and semimembranosus muscles of the pelvic members. The
SS mock-treated control animals were injected with 500 uL
of sterile SS on the same schedule as the treated dogs.

2.9. Antibodies Determination. Total IgM and IgG immuno-
globulins as well as the IgG1, IgG2a, and IgG2b isotypes were
evaluated 15 days postinfection (IgM) and 15 days after each
treatment (total IgG, IgG1, IgG2a, and IgG2b) by the ELISA
method using a whole protein extract of the T. cruzi INC-9
isolate as the antigen as described previously [5, 29]. Briefly,
96 MaxiSorp plates (Nunc by Thermo Fisher, MA, USA) were
coated with the whole T. cruzi isolate extract (1 ug/mL) over-
night at 4°C in 200 yL of NaCO,/NaHCO, pH 9.6 (carbonate
buffer). The plates were washed seven times with 215 uL PBS
1X-0.05% Tween-20 (PBS-T) and blocked with 200 L 0.5%
BSA in PBS-T (blocking buffer) for at least 30 min at 37°C.
Serum samples were diluted in blocking buffer at a dilution
of 1:200 in 200 uL/well and incubated (1 h, 37°C). Plates were
then washed seven times, and 200uL of peroxidase-
conjugated anti-dog immunoglobulin G (IgG), IgG isotypes
(IgG1, IgG2a, and IgG2b), or immunoglobulin M (IgM)
secondary antibodies (Novus Biologicals, CO, USA) was
added and incubated (1 h, 37°C). The conjugates were diluted
in blocking buffer at 1:10,000. The plates were washed seven
times, and 150 L of peroxidase substrate OPD (ortho-pheny-
lenediamine dihydrochloride, Sigma-Aldrich, MO, USA) in
citrate buffer at pH 4.5-0.03% H,O, was added. The reaction
was stopped 10min later by the addition of 50 uL of 5N
H,SO,. Absorbance values were determined at 495nm in a
Microplate Reader (Bio-Rad, CA, USA). All measurements
were performed twice, and the data presented are the mean
of the values for each dog.

2.10. Cytokine Quantification. The IL-1 alpha, IL-6, IL-12,
IFN-gamma, and TNF-alpha levels in the sera of immune-
treated dogs at 3, 8, 12, and 24 h after the last treatment dose
were measured by ELISA using commercial kits (PeproTech,
NJ, USA) in accordance with the manufacturer’s instructions
as follows. The capture antibody was diluted to 1.0 yg/mL
with PBS, and 100 uL/well was added to the 96 MaxiSorp
plates (Nunc) and incubated overnight at room temperature.
The plates were washed four times with 215uL PBS-T,
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blocked with 200 uL of blocking buffer per well for 1h at
room temperature, and washed four times. The standard
sample was prepared for each cytokine, and 100 uL/well
was added; then, 100 uL of the immune-treated dog serum
was added to each well and incubated 2h at room tempera-
ture. The plates were washed four times, and then, 100 L
of the previously diluted detection antibody was added and
incubated at room temperature for 1.5h. The plates were
washed, and then, 100 4L of previously diluted avidin was
added and incubated 30 min at room temperature. The plates
were washed again, and then, 100 uL of peroxidase substrate
OPD (Sigma-Aldrich) in citrate buffer at pH4.5-0.03% H,0O,
was added. The plates were incubated 15min at room
temperature, and the reaction was stopped with 50 yuL of
5N H,SO, per well. The reading was performed at 490 nm
using a Microplate Reader (Bio-Rad, Model 550).

2.11. Cell Proliferation. At 10.5 months after the last treat-
ment with the plasmid DNA (12 months postinfection), the
proliferative response of spleen cells was studied in vitro.
Splenocytes were obtained by necropsy, washed three times
in Hank’s solution (Sigma-Aldrich), and resuspended in
Dulbecco’s Modified Eagle Medium (DMEM, Gibco)
supplemented with 1 mM nonessential amino acids, 10%
fetal bovine serum, 2mM L-glutamine, and 50 uM beta-
mercaptoethanol at a concentration of 4 x 10° cells/mL.
The viability percentage was obtained by exclusion with Try-
pan blue staining. The cells were cultured in 96-well flat
bottom plates (Corning, NY, USA); and then, 100 uL of cell
suspension and 10 yg/mL antigen (whole protein extract of
epimastigotes of T. cruzi INC-9 isolate) were added into each
well. Concanavalin A (Sigma-Aldrich) was added at a
concentration of 5 and 10 ug/mL as a positive control. Each
determination was performed in triplicate. The plates were
incubated at 37°C in a 5% CO, for 120 h (or 72 h for Conca-
navalin A). At 16 h prior to the end of the incubation, 0.5 uCi
of [3H]—thymidine (Amersham, Buckinghamshire, UK) was
added to each well. The lymphocytes were collected with a
manual cell harvester (Nunc), and the amount of incorpo-
rated radioactive thymidine was measured using liquid
scintillation spectroscopy (Beckman Coulter, CA, USA,
model LS 5801). The stimulation of a specific cellular
immune response is represented by the stimulation index
(S.1.) by the average of the data obtained in triplicate and
estimated as follows: mean counts per minute of stimulated
cultures/mean counts per minute of nonstimulated cultures.
S.I. values above 2.5 were considered positive [35].

2.12. Electrocardiography. To determine whether the treat-
ment with recombinant DNA plasmids has any effect on the
electrical conduction of the heart during the chronic stage of
the disease, electrocardiographic recordings were performed
for all animals at three, six, and 12 months after infection.
The dogs were held by an attendant in right lateral recum-
bency, and no chemical restraint was employed; such
manipulation was achieved via previous training through
daily manipulation on examination tables to maintain the
dogs at the desired position to carry out the study. Peripheral
bipolar standard leads (I, II, and III), augmented unipolar

peripheral leads (aVR, aVL, and aVF), and special leads
(unipolar precordial thoracic leads: CV,RL, CV(LL, CV.LU,
and V) were recorded (Schiller, FL, USA). For each tracing,
the voltage was standardized at 1mV/cm and the paper
speed was 50 mm/s.

2.13. Echocardiography. Transthoracic echocardiography
(Philips, Amsterdam, Netherlands, model IE33) with a 2-5-
3.5 MHz probe was performed in all dogs during the chronic
stage of infection (12 months after inoculation) to detect
and compare morphological changes in the dogs’ hearts. Most
of the animals were positioned in dorsal and right or left
lateral decubitus without any chemical restriction during the
study, which was achieved via previous training through daily
manipulation on examination tables to maintain the dogs in
the desired position to carry out the study. Image acquisition
was performed via a long parasternal axis and two- and
four-chamber apical view in bidimensional mode. The end-
diastolic and end-systolic diameters of the left ventricle were
measured. The left ventricle (LV) septum walls, posterior wall,
left atrium (LA), and aorta root (AR) were also recorded. The
parameters of LV systolic function, i.e., fractional shortening
(FS %), and left ventricular ejection fraction (LVEF %) were
calculated from the end-diastolic and end-systolic volumes
in the standard four-chamber long-axis two-dimension echo
views and following the formula [end-diastolic volume - end
-systolic volume]/end-diastolic volume x 100. The LA size
parameter was calculated from the ratio of LA and AR. The
averages and standard deviations of all parameters were
obtained for each group.

2.14. Euthanasia and Organ Indices. At 12 months postin-
fection, chronic chagasic dogs were euthanized according
to the Norma Oficial Mexicana (NOM-033-SAG/ZOO-
2014) Methods to Bring Death upon Domestic and Wild
Animals [36] by direct intravenous injection of sodium
pentobarbital (Barbithal, Holland Animal Health, Mexico)
at doses of 150 mg/kg into the cephalic vein. Prior to eutha-
nasia, the animal weight was obtained (Bascule Inpros SA
de CV, Mexico), and the heart, the spleen, and the popliteal
lymph nodes were collected during necropsy and were
weighed. Cardiomegaly, splenomegaly, and lymphadenopa-
thy were evaluated by inspecting macroscopic alterations
and determining the heart, spleen, and lymph node indices
(organ weight/total body weight x 100), respectively. The
presence of cardiomegaly and splenomegaly was consid-
ered when the organ index was significantly higher than
that observed in the organs from healthy noninfected
animals [23, 37].

2.15. Histology. Longitudinal and transversal right ventricle
(RV) and LV heart muscle tissues were obtained. Tissue
sections were fixed in 10% buffered formalin for 24h.
Samples were dehydrated in absolute ethanol, rinsed in
xylene, and embedded in paraffin. Noncontiguous sections
at 5um thickness were cut and stained with hematoxylin
and eosin and evaluated by light microscopy (Carl Zeiss,
K7, Germany). Images were obtained through a BioDoc-It
Imaging System image analyzer (UVP, LLC, USA). At least
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20 random microscopic fields (100 and 400x) were analyzed in
each microscopic section using the open-source ImageJ soft-
ware (NIH, USA). The severity of inflammation in the affected
tissue was scored on a scale of 1 to 4. A score of 1 indicated one
or less foci of inflammatory cells/field (400x); 2 indicated more
than one focus of inflammatory cells/field; 3 indicated general-
ized coalescing foci of inflammation or disseminated inflam-
mation with cell necrosis and retention of tissue integrity;
and 4 indicated diffuse inflammation, tissue necrosis, inter-
stitial edema, hemorrhage, and loss of tissue integrity.

2.16. Statistical Analysis. Continuous variables, such as body
temperature, heart rate, antibody, or cytokine presence, and
echocardiographic parameters were analyzed using the one-
way or two-way ANOVA statistical test (SPSS software,
version 17.0) followed by Tukey’s analysis establishing a
correlation between each experimental group and the control
one. Nonparametric data, such as lymph node palpation,
heart and spleen indices, and histological data, were analyzed
by the Kruskal-Wallis test (SPSS software, version 17.0). In
all cases, differences were considered significant at P < 0.05.

3. Results

3.1. Immunotherapy with Recombinant Plasmids Containing
T. cruzi Genes Controlled Some Signs of Chagas Disease in
Infected Dogs. The data from the physical examination were
under the reference values or showed that all the dogs were
healthy before the start of the project. The acute phase presen-
tation of Chagas disease was characterized by fever, swelling of
lymph nodes, pale mucous membranes, slow capillary refill
time, anorexia, and slight weight loss, and it was observed in
100% of the infected/nontreated dogs from days 5 to 35-50
postinfection; however, in the immunotreated groups, only

25% of each group showed a mild fever and lymph node
inflammation from days 22 to 30 postinfection (days 7 to 15
posttreatment).

3.2. T. cruzi Infection in Beagle Dogs Was Confirmed with
Serological Diagnostic Tests. The ELISA serological test
showed that all of the experimental animals were negative
for the diagnosis of Chagas disease, which confirmed that
the dogs were free of T. cruzi infection before any manipula-
tion. Before the first immunotherapy, T. cruzi infection was
demonstrated at day 15 postinfection by the detection of spe-
cific IgM anti-T. cruzi antibodies in all dogs (data not shown)
and at 30 days postinfection by the detection of specific IgG
anti-T. cruzi antibodies in all infected/nontreated groups by
the ELISA method and IIF confirmatory test.

3.3. Immunotherapy Was Not Able to Differentially Modulate
the Humoral Immune Response in Treated or Untreated Dogs
Experimentally Infected by T. cruzi. To determine the effect of
the therapeutic DNA vaccine on specific humoral responses
against T. cruzi infection in chagasic dogs, antibodies were
detected by ELISA. A significant increase in IgG was generated
after 45 and 60 days postinfection in all groups (Figure 2)
regardless of whether the dogs were vaccinated or not. In
addition, a Thl- or Th2-polarized immune response was
not observed after immunotherapy or infection based on
the detection of IgG2a and IgG2b or IgGl, respectively; in
other words, both subclasses remained at similar levels and
there was no difference between them (data not shown).

3.4. pBCSSP4 Plasmid Was Able to Trigger a Balanced Response
(Th1/Th2) by High IL-1 and IL-6 Production, While pBCSP
Induced a Thl Immune Response Profile by High IFN-
Gamma, TNF-Alpha, and IL-1 Levels. To evaluate the
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immunotherapy with the DNA vaccine on specific cellular
immune responses against T. cruzi infection, the IL-1 alpha,
IL-6, IL-12, IFN-gamma, and TNF-alpha cytokine levels were
determined. Kinetics of the serum levels of these cytokines
was quantified at 3, 8, 12, and 24 h after each treatment. The
optimal time for all cytokines was at 3 h posttreatment because
there were detectable levels of all cytokines at this time; there-
fore, only the analysis of the amounts of each cytokine obtained
during the 3 h posttreatment is shown (Figure 3). According to
the expected effect of the infection on cytokine production, it
was possible to demonstrate that the infection itself induces
a significant increase in the production of IL-12 in these dogs
after 30 days of infection without treatment in comparison
with the control group of healthy dogs (Figure 3(c)). As the
infection progressed (at day 45 postinfection), the differences
between these both groups were significant in all cytokines
(Figure 3).

3.4.1. IL-1 Alpha. The separate administration of recombi-
nant plasmids significantly stimulated the production of
IL-1 alpha (Figure 3(a)) after the second treatment dose,
and it was better than that of the pBCSP plasmid with an
increase of approximately 10-fold. After the administration
of the third treatment dose, the production of this cytokine
was significantly increased by the pBCSP and pBK-CMV
plasmids (Figure 3(a)) without exceeding the stimulation by
the infection alone. None of the other treatments had a
significant effect on stimulating the production of this cyto-
kine at either time.

3.4.2. IL-6. The recombinant plasmids and the empty vector
stimulated the production of IL-6 (Figure 3(b)) after the
second dose of treatment. The mixture of both plasmids
and the infection alone had no effect. With the third treat-
ment (45 days after infection), the production of IL-6 in the
group treated with TcSSP4 gene was significantly increased
by 4-fold above the SS mock-treated infected group while
the TcSP gene, the mixture of both plasmids, and the pBK-
CMV empty plasmid induced similar levels of this cytokine
to those of the infected/SS mock-treated group (Figure 3(b)).

3.4.3. IL-12. The serum level of IL-12 (Figure 3(c)) increased
with the second treatment of pBCSP plasmid and was as high
as the infection alone, while the pBCSSP4 plasmid, the
mixture of recombinant plasmids, and the empty vector did
not have a significant effect. The empty vector showed similar
values to those of the infected/SS mock-treated group in the
third treatment, while the two genes separately and the mix-
ture of genes had levels similar to those of the healthy control
group, demonstrating that they did not stimulate IL-12 pro-
duction any more than the infection alone. In fact, the levels
were lower than those of the infected/SS mock-treated group.

3.44. IFN-Gamma. Significant IFN-gamma production
(Figure 3(d)) was induced by both recombinant plasmids
separately. The mixture of both plasmids and the empty
vector and the infection alone had no effect at this time. With
the third treatment, the pBCSP plasmid increased the levels
of this cytokine by approximately 10-fold compared with
those of the infected/SS mock-treated dogs. The mixture of

both plasmids also had a positive effect after the third treat-
ment, although at a smaller proportion.

3.4.5. TNF-Alpha. After the second treatment, only the empty
vector and the pBCSP plasmids increased the production of
TNF-alpha (Figure 3(e)). With the third treatment, a signifi-
cant increase was recorded in all groups compared with the
control healthy group; however, those treated with the
pBCSP plasmid had a 14-fold higher level of this cytokine
than the infected/SS mock-treated group.

To summarize, immunotherapy with the pBCSSP4 plas-
mid was able to trigger a balanced response (Th1/Th2) by
high IL-1 and IL-6 production while the treatment with the
pBCSP plasmid induced a Thl immune response profile
based on the high IFN-gamma, TNF-alpha, and IL-1 levels.

3.5. Cell Proliferation Was Mostly Stimulated by the pBCSSP4
Recombinant Plasmid than by pBCSP. To evaluate the
specific cellular immune response in infected dogs treated
intramuscularly with T. cruzi genes, the lymphoproliferative
response to stimulation with parasite antigens was studied.
The lymphoproliferative responses were observed in the ani-
mals treated with both T. cruzi genes separately (Figure 4).
The highest stimulation index (3.02) was observed in dogs
treated with the pBCSSP4 plasmid, and proliferation of the
splenocytes was also observed in the dogs that received the
immunotherapy with the pBCSP plasmid (stimulation index
2.53). Proliferation occurred when the stimulation index is
above 2.5 [35]. In the control groups and group treated with
the mixture of the two recombinant plasmids, cell prolifera-
tion was not observed and the stimulation index values were
below 2.5. The cultures stimulated with Con A showed a
value of 8.65 + 0.79, thus demonstrating the viability of the
cells in all experimental groups.

3.6. Electrocardiograms (EKG) of Dogs Immunotreated with
Recombinant Plasmids Showed Few Nonserious Abnormalities.
The DNA vaccines used as immunotherapy in the dogs infected
with T. cruzi were moderately effective in preventing cardiac
disturbances or delaying the onset associated with chronic
chagasic cardiomyopathy evaluated by electrocardiography at
three, six, and 12 months after infection (Table 2). In all
groups, sinus arrhythmia was found at least once in the
twelve months, and this condition was likely due to a physi-
ological state associated with the physical restraint proce-
dures related to respiration. The group treated with either
the recombinant plasmids or the mixture had cardiac distur-
bances limited to only one alteration or in combination with
two other abnormalities that did not represent a serious
pathology at three months postinfection. In contrast, those
animals that received treatment with pBK-CMYV or SS showed
a combination of four alterations, such as the mean electrical
axis deviation (MEAD) of less than +40°, QRS complex with
a wide R wave, the absence of T waves in some recordings,
and S-T segment elevation of 0.5mV in II, III, aVF, and
CVLL in 60% of the animals. At six months postinfection,
electrocardiographic abnormalities were only registered in
20% and 40% of the dogs in the groups treated with pBCSP
and pBCSSP4, respectively. The EKG with the greatest
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F1Gure 4: Lymphoproliferation of spleen cells of T. cruzi-infected dogs treated with plasmid DNA. The values represent the stimulation index
and were considered positive (+) if they were equal to or above 2.5 [35].

number of abnormalities occurred in 80% of the individuals
(4/5) in the empty plasmid or infected/SS mock-treated
groups. By 10 months postinfection, an individual from the
pBK-CMV group experienced sudden death; and in its last
EKG, this dog had presented MEAD to the right; right bundle
branch block (RBBB); ventricle enlargement, infarction, and
ischemia; areas of myocardial infarction; adhesions between
pericardium and pleura; and apical aneurysm of approxi-
mately 0.5cm at necropsy. Finally, at 12 months postinfec-
tion, arrhythmia in combination with MEAD to the left,
ventricle enlargement, ischemia, and microscopic intramural
myocardial infarction were found in the pBK-CMV group,
whereas both arrhythmia and ischemia in combination with
MEAD to the left and/or to the right and ventricle enlarge-
ment were found in the SS mock-treated group.

3.7. Therapeutic DNA Vaccine with pBCSSP4 Showed a Better
Protective Effect on Cardiac Function by Echocardiography.
Each average value was compared with the reference values
and the parameters from the dogs of the healthy group
(Table 3). The diastolic and systolic diameters of the groups
that received immunotherapy were not affected since the
values were very similar to those of the healthy group,
whereas significantly lower values were observed in the infec-
ted/SS mock-treated group. The shortening fraction of the LV
was not affected by the infection or modified with immuno-
therapy, which indicates an efficient contractile force in all
groups. The thickness values of the posterior wall and the
septum in the dogs’ hearts did not show significant differ-
ences with respect to the healthy group and were within the
reference values except for the group treated with pBCSSP4,
whose values resembled those of the infected/SS mock-
treated group, suggesting hypertrophic cardiomyopathy.
The pBCSP group had significantly lower LV ejection frac-
tion values (43%) than the rest of the groups (49%-50%)
and the healthy group (53%), which indicates significant
myocardial injury probably due dilated heart disease caused
by T. cruzi infection. This finding is supported by the ratio
of the left atrial diameter and the diameter of the aortic root,
which was 2.02, indicating a left atrial dilation in this group.

The echocardiographic study showed that the therapeutic
vaccine with the pBCSSP4 recombinant plasmid had a better
protective effect since the cardiac function was very similar to
that of the healthy control group, while the pBCSP treatment
showed structural and functional damage.

3.8. Immunotherapy with the pBCSSP4 Recombinant Plasmid
Prevented Cardiomegaly. After euthanasia, the heart, spleen,
and lymph node indices were calculated to determine whether
cardiomegaly, splenomegaly, and lymphadenopathy had
occurred, respectively. The H8 T. cruzi strain produced cardi-
omegaly in all infected dogs; however, the treatment with the
pBCSSP4 recombinant plasmid prevented cardiomegaly in
the chronic stage of Chagas disease by showing a similar heart
index than the healthy group (Figure 5(a)). A significant
splenomegaly was registered in the pBCSSP4 and mixture
groups in the chronic phase of Chagas disease (Figure 5(b)).
Neither immunotherapy nor chronic infection caused lymph
node enlargement (data not shown).

3.9. Both Recombinant Plasmids Separately Showed Moderate
Control of the T. cruzi Infection by Reducing Cardiac
Inflammatory Infiltrates. No evidence of amastigote nests,
fibrosis, or edema was observed in any of the analyzed tissue
sections. The healthy control group did not show histologi-
cal myocardial abnormalities (Figure 6(a)). Eosinophilic
lymphoplasmacytic interstitial ventricular myocarditis was
observed in all infected groups at varying severity, with the
SS mock-treated group showing severe multifocal coalescent
inflammation (score: 3.5+ 0.5) (Figures 6(a, B) and 6(b)),
with both the pBCSSP4 (Figure 6(a, C)) and pBCSP
(Figure 6 (a, D)) groups showing mild multifocal myocardi-
tis (scores: 1+0.4 and 2.2 + 0.4, respectively (Figure 6(b)),
and with the pBCSP group also showing moderate myofi-
brillar degeneration. The group treated with the mixture of
both plasmids (Figure 6(a, E)) and with the empty cloning
vector (Figure 6 (a, F)) showed inflammation foci similar
to that found in those of the SS mock-treated group (scores:
3.2+0.7 and 3.8+ 0.4, respectively) (Figure 6(b)). These
findings suggest that the immunotherapy with both plasmids
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TaBLE 2: Abnormal electrocardiographic features in dogs experimentally infected with T. cruzi and treated with the DNA vaccine at 3, 6, and

12 months postinfection (mpi).

Suggested pathological conditions by

Group EKG recordings [78, 79]

Affected dogs
(dogs/n) at 12 mpi

Affected dogs
(dogs/n) at 3 mpi

Affected dogs
(dogs/n) at 6 mpi

AV block+infarction

Ischemia

20% (1/5)
20% (1/5)

MEAD to the left+ LBBB+infarction+ventricle

enlargement

Inf/SS mock-treated
enlargement

Arrhythmia+MEAD to the left+ventricle

enlargement

Ischemia+MEAD to the right+ventricle

MEAD to the right+RBBB+infarction+ventricle

20% (1/5)
60% (3/5)
20% (1/5)

60% (3/5)

enlargement
AV block 20% (1/5)
LBBB 20% (1/5)
PBCSSPA MEAD to the right+RBBB+infarction 20% (1/5)
MEAD to the left+LBBB+AV block 20% (1/5)
LBBB-+infarction+ischemia 40% (2/5) 20% (1/5)
RBBB+ischemia 40% (2/5)
AV block 20% (1/5)
Infarction 20% (1/5)
pBCSP Infarction+ischemia 20% (1/5) 20% (1/5)
Arrhythmia+AV block 20% (1/5)
AV block+infarction+RBBB 20% (1/5)
Mixture Ischemia 20% (1/5) 20% (1/5)
Arrhythmia-+ischemia 20% (1/5)
AV block+ischemia 20% (1/5) 20% (1/5)
Arrhythmia-+ischemia 20% (1/5)
MEAD to the left+ventricle enlargement 40% (2/5)
MEAD to the left+ LBBB+infarction+ventricle 20% (1/5)
enlargement
Arrhythmia+MEAD to _the rig1_1t+ventricle 20% (1/5)
pBK-CMV enlargement-+ischemia

MEAD to the right+RBBB+ventricle
enlargement-+infarction+ischemia

Ventricle enlargement

Arrhythmia+MEAD to the left+ventricle enlargement
Arrhythmia-+ventricle enlargement-+ischemia+MIMI

40% (2/5)

20% (1/5)
20% (1/5)
20% (1/5)

*Group descriptions are shown in Table 1. mpi = months postinfection; Inf = infected; AV = atrioventricular; LBBB = left bundle branch block; RBBB = right
bundle branch block; MEAD = mean electrical axis deviation; MIMI = microscopic intramural myocardial infarction.

separately moderately controlled the infection and conse-
quently reduced the inflammatory infiltrate responsible for
cardiomyopathy.

4. Discussion

DNA vaccines provide a new alternative for both the preven-
tion and the treatment of a variety of infectious diseases,
including Chagas disease [16]. In the development of vac-
cines against Trypanosoma cruzi, it has been suggested that
to effectively control the parasite, a complete and complex

immune response involving lytic antibodies and cytotoxic T
cells and the production of Thl cytokines is required [38].

The control of parasitism of T. cruzi depends on both
innate and acquired immune responses, which are triggered
during early infection and considered critical for host
survival, and they both involve the participation of macro-
phages, natural killer (NK) cells, and T and B lymphocytes
and the production of Th1 proinflammatory cytokines, such
as IFN-gamma, TNF-alpha, and IL-12 [39].

In the present study, the therapeutic efficacy of two
plasmids, pBCSSP4 and pBCSP, was evaluated with regard
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TaBLE 3: Cardiovascular parameters based on echocardiography in dogs experimentally infected with T. cruzi and treated with the DNA
vaccine containing genes encoding a trans-sialidase protein (pBCSP), an amastigote-specific glycoprotein (pBCSSP4), or both as a mixture.

Left Ven‘tricul'ar Left ventricqlar Fractiorllal Left vventricu'lar Posterior Septum 'Left atrium (LA)
Group* (.LV) diastolic FLV) systolic ~ shortening ejection fraction wall (mm) (mm) dlamet.er/aorta rogt

diameter (mm) diameter (mm)  (FS) (%) (LVEF) (%) (AR) diameter ratio
Healthy 30.25+3.89 18.46 £2.07 42.12+4.98 53.20+3.83 586+0.21 6.35+0.21 1.73 £ 0.095
Inf/SS mock-treated  28.33 +3.32" 15.60 + 1.57  44.75+3.97 50.31 £6.31 6.81+£0.40" 8.00+1.19" 2.23+0.19"
pBCSSP4 30.63 +4.88 20.00+4.55 38.33+£5.90 50.15+8.99 6.85+0.84" 7.00+0.94 1.92+0.28
pBCSP 32.45+5.89 20.00+2.92 29.24+3.36 43.25+3.78" 5.65+0.45 6.30+0.78 2.02+0.18"
Mixture 35.60 +2.74 23.85+4.09 38.37+9.36 49.75 + 8.66 6.34+0.92 7.08+0.50 1.79 £ 0.40
pBK-CMV 30.18 + 3.66 17.85+1.57 38.05+6.70 50.50 £6.10 6.40+049 6.74+0.71 1.78 £0.33

*Group descriptions are shown in Table 1. Inf = infected. All data are expressed as the means and standard deviations. *Significant difference (P < 0.05) between

the treatment groups and the healthy dogs and/or with reference values [80].

to the modulation of the immune response from the plasmid
DNA vaccines in a canine model. The effect of the treatment
relative to the infected/SS mock-treated dogs was analyzed to
evaluate both the humoral and cellular immune responses
through antibody production, cytokine production, and cell
proliferation. On the other hand, the analysis of the general
physical state, electrocardiographic and echocardiographic
studies, and macroscopic findings during necropsy evaluated
the degree of protection provided by this immunotherapy.
Immunotherapy with these plasmids could provide a
survival advantage by reducing the clinical signs of infection
and ameliorating the cardiac damage of Chagas disease by
avoiding disease progression as seen with other immunother-
apeutic agents against various pathologies, such as allergies,
herpes, cancer, viral diseases, mycosis, Chagas disease, and
leishmaniosis [40-45]. For example, in dogs naturally
infected with herpesvirus, early mucosal administration of
liposome-TLR complexes generated a significant reduction
in the clinical signs (e.g., conjunctivitis) of canine herpesvirus
infection [43]. Fever and lymph node inflammation, which
were the main clinical manifestations of the acute phase in
Chagas disease in dogs [46-48], were ameliorated 7-15 days
after immunotherapy in 25% of DNA-treated animals.
Vaccines based on transialidases and cruzipain as either
DNA vaccines, recombinant proteins, or combinations as
booster or in recombinant viral vectors have shown effective
prophylactic and therapeutic effects against T. cruzi infection
in mice [20, 46-50]. In the present study, we tested two plas-
mids that code for two different surface proteins of T. cruzi:
TcSSP4, an amastigote-specific glycoprotein, and TcSP, a
protein of the transialidase family present in all parasitic
stages [51]. Other authors found that the production of IL-6
in endothelial cells and the increased expression of mRNA
of TNF-alpha and IL-1 beta in infected cardiac myocytes were
induced by a transialidase, suggesting that myocytes also
respond to T. cruzi by the production of inflammatory cyto-
kines [39]. Consistent with studies referenced by Machado
et al. [39], our pBCSP plasmid stimulated the production of
IL-1 alpha and IFN-gamma better than pBCSSP4, the mixture
of both plasmids, and the infection itself. It would be very
convenient to correlate the cardiomyocyte integrity of vacci-
nated and infected dogs with their levels of these cytokines

because cardiomegaly, a characteristic of Chagas disease, is
attributable to local inflammatory processes related to the
activation of nuclear factor kappa B (NF-kappa B) induced
by Toll-like receptor 2 (TLR2) and IL-1 local production [52].

In our study, immunotherapy with the empty vector also
induced similar levels of IL-12 relative to those produced by
stimulation with T. cruzi infection and was also able to
increase the levels of IFN-gamma and TNF-alpha and
obtained a nonspecific response to the T. cruzi antigens that
can be attributed to the immunomodulatory effect of the
plasmid DNA as previously reported [53]. This finding is
consistent with the study reported by Duan et al. [54], who
immunized mice with the recombinant Sendai virus that
expresses the ASP2 or UASP2 antigens of T. cruzi showing
a protective response attributable to CD8+ T cells against
T. cruzi infection, thus confirming the adjuvant effect of the
viral vector on the activation of these cells.

CD4+ T cells play an important role in fighting patho-
gens via the secretion of IFN-gamma, which increases the
production of nitric oxide, a substance that is toxic to
intracellular parasites, and via the expression of major histo-
compatibility complex (MHC) class I molecules in infected
cells, which allows for easier recognition by CD8+ T cells.
CD8+ T cells also contribute to the elimination of intracellu-
lar pathogens by exhibiting cytotoxic activity against infected
cell as well as by producing IFN-gamma after recognition of
antigenic epitopes presented in combination with MHC class
I molecules [54]. In this study, we found that treatment with
both recombinant plasmids separately induced the expres-
sion of IFN-gamma in the acute stage of the disease, which
is consistent with the findings reported by Zapata-Estrella
et al. [55], who observed that immunotherapy with a plasmid
encoding the TSA-1 antigen stimulated the immune system
of infected mice and particularly activated IFN-gamma-
producing CD4+ and CD8+ T cells in the acute and chronic
phases of the experimental disease, suggesting a reorienta-
tion of the nonprotective immune response to a protective
response throughout the treatment. Our recombinant
plasmids used in the present study were also used in a pro-
phylactic vaccination scheme for Chagas disease in canine
models in previous studies [24], where the results indicated
that vaccination with pBCSSP4 significantly increased the
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Ficure 5: Cardiomegaly and splenomegaly during the chronic stage of infection with H8 T. cruzi strain in Beagle dogs treated with DNA
vaccines. The enlargement of organs was calculated by the mean heart (a) and spleen (b) indices (+S.D.). Differences were considered
significant at *P < 0.05 by the Kruskal-Wallis test among the healthy group versus the SS mock-treated, pBCSSP4, pBCSP, mixture, and

pBK-CMYV groups.

IFN-gamma and IL-10 levels at 9 months postinfection. In
the present study, a therapeutic effect was evaluated with
visible results at 45 days postinfection in the elevation of
some evaluated cytokines, demonstrating that immunothera-
peutic vaccines are able to redirect the immune response of
infected hosts, which is consistent with Autran et al. [56]. This
elevation of IFN-gamma after the second treatment when
plasmids pBCSP, pBCSSP4, and the empty vector were used
and the increase of more than 10 times when immunotherapy
was performed with the plasmid encoding the TcSP protein
after the third treatment are partially consistent with Duan
etal. [54], who showed that the main target cell of their vacci-
nation strategy was infected cells since the best immune
response vaccine antigen was the ASP2 protein, which is
expressed exclusively on amastigotes, an intracellular prolifer-
ative parasitic form, and expressed at higher levels compared
with that in trypomastigotes, which are found in the blood-

stream. The two antigens used in our study are expressed in
the intracellular form of amastigotes.

Gupta and Garg used the multicomponent DNA vaccine
TcVac2 and found that it stimulated a substantial response
of CD8+ T cells associated with type 1 cytokines (IFN-gamma
and TNF-alpha) that together resulted in acute parasitic load
control. During the chronic stage, splenic activation of CD8+
T cells and these same cytokines decreased, with a predomi-
nance of IL-4/IL-10 in vaccinated mice. The role of Th1 cyto-
kines in the immune control of T. cruzi has been addressed by
these authors, who showed that overproduction of type 2
cytokines or blockage of type 1 cytokine production correlates
with increased susceptibility to T. cruzi infection [57]. In our
study, the concentrations of IL-4 or IL-10 were not deter-
mined; thus, we could not determine whether a certain level
of susceptibility to T. cruzi infection could be established in
infected and treated dogs due to polarization towards a certain
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FIGURE 6: Histological ventricular myocardium findings of T. cruzi-infected dogs treated with DNA vaccines. (a) Representative
micrographs of the heart tissue from all groups are shown. (A) Transverse section of the LV myocardium showing healthy tissue. (B) LV
myocardial cross section of the SS mock-treated infected control group showing severe multifocal coalescent lymphoplasmacytic
myocarditis (score: 4). (C) Longitudinal section of the LV myocardium of the pBCSSP4 plasmid-treated group showing mild multifocal
interstitial lymphoplasmacytic myocarditis (score: 2). (D) Longitudinal section of the LV myocardium of the pBCSP plasmid-treated
group showing mild multifocal interstitial lymphoplasmacytic myocarditis (score: 2) and moderate degeneration of muscle fibers. (E) RV
myocardial longitudinal section of the plasmid mixture-treated group showing lymphocytic moderate multifocal coalescent myocarditis
(score: 3). (F) Longitudinal section of the LV myocardium of the empty vector plasmid-treated group showing moderate to severe
multifocal coalescent myocarditis (score: 4). Hematoxylin and eosin staining. (b) Inflammatory lesion (inflammatory cell infiltrates)
scores. Data are expressed as the mean + S.D., and differences were considered significant when *P < 0.05 by the Kruskal-Wallis test for

the healthy group versus the SS mock-treated, pBCSSP4, pBCSP, mixture, and pBK-CMV groups.

type of immune response. Such susceptibility was reported by
other studies on the development of vaccines against the
parasite of the genus Leishmania, where the Th1/Th2 para-
digm was further studied with L. major in mice, and the results
indicated that the activation of Thl cells producing IFN-
gamma could lead to protection while Th2 cells producing
IL-4 could lead to susceptibility [58].

IL-12 production was stimulated both by the infection
alone and by the second injection of pBCSP plasmid as immu-
notherapy in infected dogs, which indicates that this plasmid
is a good candidate for prophylactic and therapeutic vaccina-
tion. These effects are consistent with that described by others,
who affirmed that the persistence of the Leishmania parasite,
another trypanosomatid protozoan, and the continuous
production of IL-12 are important factors for the mainte-

nance of memory cells and long-term protective immunity
[59, 60]. In contrast, immunotherapy with the plasmid
pBCSSP4 induced a decrease of this cytokine in the acute stage
of the infection, which is consistent with the findings reported
by Ramos-Ligonio et al., who saw very low systemic and local
(spleen) levels of IL-12 in immunized and infected mice when
they used a recombinant SSP4 protein [61].

The elevated levels of IL-1 alpha and IL-6 produced by
immunotherapy with the plasmid pBCSSP4 during the early
acute stage of infection are also in accordance with Ramos-
Ligonio et al., who demonstrated that the T. cruzi recombi-
nant SSP4 protein is a humoral and cellular immune response
modulator capable of inducing high levels of the IgG1, IgG2a,
and IgG2b isotypes, the expression of inducible nitric oxide
synthase, and the production of nitric oxide by macrophages
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as well as mRNA expression for the IL-1 alpha, IL-6, IL-12,
IFN-gamma, and TNF-alpha in control infected mice and
IL-10 in immunized/infected mice [61]. The results in the
present study also agree with other previous reports [32],
where high levels of IL-6 and TNF-alpha at 3 h and 12 h post-
immunization in the sera of mice vaccinated with adjuvant
with the recombinant SSP4 protein, with the empty vector,
and with the pBCSSP4 were detected, suggesting that animals
immunized with this gene are able to develop a Th1 response.

Gao and Pereira reported that T. cruzi infection in animal
models and humans produces a high level of IL-6 in serum
and tissue, and it is induced during the ascending phase of
parasitemia in the acute stage of Chagas disease [62]. In our
study, this cytokine increased with the different treatments
during the early phase of the acute infection and was four
times higher at the end of the acute stage (after the third
treatment) with the pBCSSP4 plasmid immunotherapy. Con-
versely, IL-6 levels decreased with the pBCSP plasmid. IL-6 is
related to B cell proliferation; however, IgG levels did not
show differential production among the experimental groups
because B lymphocyte proliferation occurred by another
route different from that induced by IL-6, such as by IL-4,
IL-5, and IL-7 [63].

Transforming growth factor beta and IL-6 are cytokines
that differ significantly between cardiac patients with different
stages of chagasic heart disease progression. IL-6 is a key
inflammatory factor whose secretion is activated by the C-
reactive protein and has been implicated in the pathogenesis
and clinical evolution of cardiovascular diseases. In patients
with heart failure, high serum IL-6 concentrations have been
detected, which correlates with left ventricular dysfunction
severity [64]. In the same way, the increased IL-6 expression
by cardiac tissue has been associated with the progression of
heart failure [62, 64]. Other cytokines (TNF-alpha, IL-4, IL-
17, IFN-gamma, CCL2, and IL-10) have shown differences
between severe chagasic heart disease and the undetermined
stage but not between the different stages of chagasic heart
disease progression [64]. In this regard, a difference in IL-6
and IFN-gamma production patterns was seen when immu-
notherapy with the different plasmid DNA was performed,
which could indicate different stages of progression of heart
disease as demonstrated by electrocardiography and echocar-
diography as well as by macro- and microscopic findings from
cardiac tissue at the time of euthanasia.

Compared to the main findings on EKG reported in the
chronic phase of canine Chagas disease, such as right bundle
branch block, left fascicular block, ventricular premature
complex, ST-T segment changes, abnormal Q waves, low-
voltage QRS complex, and electric axis deviation [9, 65, 66],
it is possible to assert that immunotherapy does not prevent
the presentation of these alterations since most of them were
found in some individuals of the experimental groups; how-
ever, the reduction in the number of abnormalities and the
number of individuals treated with the pBCSSP4 and pBCSP
plasmids separately was evident. The alterations found in the
EKG are consistent with those reported in other studies,
where the most common findings in both dogs and humans
are RBBB associated with left anterior-superior fascicular
block followed by various degrees of atrioventricular block
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[67, 68]. Respiratory sinus arrhythmia was the predominant
rhythm during the assay period [68]. Sudden death was
recorded in an individual who did not receive immunother-
apy with recombinant plasmids which presented arrhythmia
in combination with other alterations. This result is consis-
tent with Quijano-Hernandez et al., who reported severe
life-threatening cardiac arrhythmias in chagasic dogs [69].

The cardiac anatomophysiology results evaluated by
echocardiography indicated that hypertrophic cardiomyopa-
thy, characterized by the posterior wall and septum thickness
[70], was the only alteration that pBCSSP4 immunotherapy
was not able to prevent; however, the treatment was able
to prevent other abnormalities that compromise not only
the anatomy of the heart but also its functionality. Despite
the presence of hypertrophic cardiomyopathy, fibrosis in
myocardial tissue was not observed when performing the his-
tological analysis, which is characteristic of many chronic
diseases, including Chagas disease [70]. There were differ-
ences in the diastolic and systolic diameters when comparing
the infected/SS mock-treated group and healthy group; and
these results are not consistent with similar measurements
performed by others who used young mongrel dogs infected
with VL-10 strain of T. cruzi and did not find differences in
the end-diastolic and end-systolic volumes when comparing
infected and noninfected dogs [71]. On the other hand,
diastolic and systolic diameters were in accordance with
our previous study, in which the use of these recombinant
plasmids used as a prophylactic treatment also had a protec-
tive effect based on similar parameter values found in both
vaccinated and healthy control dogs with the exception of
the empty vector (unpublished data).

A marked difference in the clinical and pathological
conditions in the dogs infected with different T. cruzi strains
has been described for decades. Cardiomegaly is the result of
heart dysfunction in the chronic phase of Chagas disease [37,
72]. In this study, it was demonstrated that the pBCSSP4
plasmid used as therapeutic vaccine was able to prevent
cardiomegaly in Beagle dogs infected with the H8 strain,
and all experimental dogs that were not treated with this
recombinant plasmid had a higher heart rate than the
infected/SS mock-treated group, indicating the development
of cardiomegaly. This pathological condition is in accordance
with Guedes et al., who found that 20% of Beagle dogs
infected with the Berenice-78 strain showed cardiomegaly,
right ventricle flaccidity, inflammation, and fibrosis while
80% of the animals infected with the Y strain presented these
alterations [37].

All animals showed normal popliteal node size and
persistence of splenomegaly in the chronic phase of Chagas
disease. These findings agree with the results reported by
Guedes et al, who found similar lymphadenopathy and
splenomegaly despite using different T. cruzi strains [73].

In this study, the therapeutic DNA vaccines carrying
T. cruzi genes reduced multifocal myocarditis in a canine
model of Chagas disease compared to unvaccinated dogs.
These results are comparable to those reported in various
immunoprotection studies using murine models. Using
immunotherapy with the recombinant Tc24 protein reduced
cardiac fibrosis by 50% [74]. In a study using a DNA vaccine
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containing the cruzipain gene and a plasmid encoding the
granulocyte-macrophage colony-stimulating factor with T.
cruzi-infected mice, the effects on cardiac tissue included
reduced inflammatory lymphocytic foci in muscle tissue,
minimal perivascular infiltrate, scarcely infiltrated and
dystrophic calcifications, and absence of interfiber infiltra-
tion [75]. In another study with chagasic mice using DNA
immunization with the TcG2/TcG4 glutathione peroxidase
genes and recombinant proteins as reinforcement, a relative
decrease in the levels of inflammatory infiltrate in the myo-
cardium (score: 0-2, average: 0.75) was reported [76]. All
these examples are in accordance with the results obtained
in the present study. It has been reported that chronic Chagas
cardiomyopathy is characterized by inflammatory infiltrate
and extensive reactive fibrosis [77]; therefore, the results of
this study are encouraging and show that immunotherapy
with recombinant DNA vaccines is moderately effective since
it minimizes cardiac histological damage.

5. Conclusions

The studied therapeutic DNA vaccines were moderately
effective in preventing cardiac complications associated with
chronic chagasic cardiomyopathy or in delaying their occur-
rence as indicated by electrocardiography. TcSSP4 and TcSP
genes might be candidates for future study because they may
represent a new therapeutic tool against Chagas disease,
which has garnered considerable interest by researchers
and physicians from several countries, not only in Latin
America. Immunotherapy with T. cruzi genes limited the
severity of heart damage in experimental chagasic dogs as
evaluated by electrocardiography and macroscopic findings
at necropsy.

The H8 strain of T. cruzi used in the experimental canine
infection produced splenomegaly and cardiomegaly; how-
ever, treatment with both the TcSP and TcSSP4 genes
prevented splenic damage but not cardiac damage during
chronic Chagas disease.

In addition, treatment with the pBCSSP4 plasmid had a
partial protective effect in preventing cardiomegaly and
microscopic damage in cardiac tissue since dogs in this group
showed cardiac indexes similar to those of the control healthy
dogs and microscopic lesions covered only subepicardial
tissue. All these results support the promising novel thera-
peutic application of DNA using the Tc¢SSP4 and TcSP genes
against Chagas disease.
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Background. Nipah belongs to the genus Henipavirus and the Paramyxoviridae family. It is an endemic most commonly found
at South Asia and has first emerged in Malaysia in 1998. Bats are found to be the main reservoir for this virus, causing disease in
both humans and animals. The last outbreak has occurred in May 2018 in Kerala. It is characterized by high pathogenicity and
fatality rates which varies from 40% to 70% depending on the severity of the disease and on the availability of adequate
healthcare facilities. Currently, there are no antiviral drugs available for NiV disease and the treatment is just supportive.
Clinical presentations for this virus range from asymptomatic infection to fatal encephalitis. Objective. This study is aimed at
predicting an effective epitope-based vaccine against glycoprotein G of Nipah henipavirus, using immunoinformatics
approaches. Methods and Materials. Glycoprotein G of the Nipah virus sequence was retrieved from NCBI. Different
prediction tools were used to analyze the epitopes, namely, BepiPred-2.0: Sequential B Cell Epitope Predictor for B cell and
T cell MHC classes I and I. Then, the proposed peptides were docked using Autodock 4.0 software program. Results and
Conclusions. The two peptides TVYHCSAVY and FLIDRINWI have showed a very strong binding affinity to MHC class I
and MHC class II alleles. Furthermore, considering the conservancy, the affinity, and the population coverage, the peptide
FLIDRINWIT is highly suitable to be utilized to formulate a new vaccine against glycoprotein G of Nipah henipavirus. An
in vivo study for the proposed peptides is also highly recommended.


https://orcid.org/0000-0001-5237-7828
https://orcid.org/0000-0002-2543-0248
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/2567957

1. Introduction

Nipah virus (NiV) is an RNA virus that belongs to the genus
Henipavirus within the family Paramyxoviridae and has first
emerged in Malaysia in 1998, gaining its name from a village
called Sungai Nipah where it was isolated from the cerebro-
spinal fluid (CSF) of one of the patients [1-4]. NiV is trans-
mitted zoonotically (from bats to humans, or from bats to
pigs, and then to humans) as well as human-to-human
routes. Its clinical presentation varies from asymptomatic
(subclinical) infection to acute respiratory illnesses and fatal
encephalitis in most of the patients who has been in direct
contact with infected pigs. It has also been found that the
virus causes central nervous system illnesses in pigs and
respiratory illnesses in horses resulting in a significant eco-
nomic loss for farmers [1, 5-9]. Large fruit bats of the genus
Pteropus seem to act as a natural reservoir of NiV based on
the isolation of Hendra virus which has showed the presence
of neutralizing antibodies to the Hendra virus on the bats [10,
11]. Although, there are no more cases of NiV in Malaysia,
several outbreaks have been frequently occurring in India,
Bangladesh, Thailand, and Cambodia [12]. The case fatality
rate ranges from 50% to 100%, making it one of the deadliest
viruses known to infect humans [3, 13, 14].

Laboratory diagnosis of Nipah virus infection is made
using reverse transcriptase polymerase chain reaction (RT-
PCR) from throat swabs, cerebrospinal fluid, urine, and
blood analysis during acute and convalescent stages of the
disease. IgG and IgM antibody detection can be done after
recovery to confirm Nipah virus infection. Immunohisto-
chemistry on tissues collected during an autopsy can also
confirm the disease [15, 16]. Currently, there are no effective
treatments for the Nipah virus infection. Therefore, a few
precautions should be followed such as practicing standard
infection control, barrier nursing to avoid the spread of the
infection from person to person, and the isolation of those
suspected to have the infection [7, 8, 17]. Recent computa-
tional approaches have provided further information about
viruses, including the study conducted by Badawi M et al.
on Zika virus, where the envelope glycoprotein was obtained
using protein databases. The most immunogenic epitope for
the T and B cells involved in cell-mediated immunity was
previously analyzed [18]. The main focus of the analysis
was the MHC class I potential peptides using in silico analysis
techniques [19, 20]. In this study, the same techniques were
applied to keep MHC classes I and II along with the world
population coverage as our main focus. Furthermore, in this
study, we aimed to design an epitope-based peptide vaccine
against Nipah virus using peptides of its glycoprotein G as
an immunogenic part to stimulate a protective immune
response [3].

Nipah virus invades host cells by the fusion of the host
cell membranes at an optimal physiological pH for cleavage
without requiring viral endocytosis. Cell-cell fusion is a path-
ological lineament of Nipah virus infections, resulting in a
cell-to-cell spread, inflammation, and destruction of endo-
thelial cells and neurons [21]. Both Nipah virus entry and
cell-cell fusion require concerted efforts of the attachment
of glycoprotein G and fusion (F) glycoprotein. Upon receptor
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binding, Nipah virus glycoprotein G triggers a conforma-
tional cascade in Nipah virus glycoprotein F that executes a
viral and/or a cell membrane fusion [22]. Due to the potency
of glycoprotein G over F, we have considered this incident to
be the target of this study. There are a lot of challenges
regarding the development of peptide-based vaccines, and
therefore, we have decided to study and propose a new vac-
cine against the Nipah virus, since they make a helpful alter-
native strategy that relies on the usage of short peptide
fragments to induce immune responses [23-26]. Antigenic
epitopes from single proteins may not be really necessary,
whereas some of these epitopes may even be detrimental to
the induction of protective immunity. This logic has created
an interest in peptide vaccines and especially those contain-
ing only epitopes that are capable of inducing desirable T
cell- and B cell-mediated immune responses. Less than 20
amino acid sequences make up the peptides used in such vac-
cines, which are then synthesized to form an immunogenic
peptide molecule. These molecules represent a specific epi-
tope of an antigen. These vaccines are also capable of induc-
ing immunity against different strains of a specific pathogen
by forming noncontiguous and immunodominant epitopes
that are usually conserved in the strains of the pathogen [27].

The production of peptide vaccines is extremely safe and
cost-effective, especially when they are compared to conven-
tional vaccines. Traditional vaccines that prevent emerging
infectious diseases (EIDs) are very difficult to produce
because they require the need to culture pathogenic viruses
in vitro. However, epitope-based peptide vaccines do not
require any means of in vitro culturing which makes them
biologically safe, allowing a large scale of bioprocessing to
be carried out rapidly and economically. Finally, their selec-
tivity allows a precise activation of the immunological
responses by means of selecting immunodominant and con-
served epitopes [25, 28]. The complexity of an epitope-based
peptide vaccines’ design depends largely on the properties of
its carrier molecules’ reactogenicity as well as its allergenicity
[29, 30]. When it comes to the selection of epitopes, it is
based on the analysis of the B cells, cytotoxic T cells, and
the induction of the helper T cells. Then, it is important to
identify the epitopes capable of activating T cells vital for
stimulating a protective immunity. One of the issues con-
cerning peptide vaccines representing T cells in a human
population and that are highly MHC-heterogeneous is to
identify the highly conserved immunodominant epitopes
that are considered to be among a broad spectrum of vaccines
due to their ability to work against multiple serovars of path-
ogens [30]. In this study, we have used a variety of bioinfor-
matics tools for the prediction of epitopes along with the
population coverage and epitope selection algorithms,
including the translocation of peptides into MHC class I
and MHC class II.

2. Materials and Methods

2.1. Sequence Retrieval. The amino acid sequences of glyco-
protein G (Glycoside hydrolase family) for a total of 21
strains of Nipah virus were retrieved from the NCBI database
(https://www.ncbi.nlm.nih.gov/protein) [31] in a FASTA
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format on July 2018. Different prediction tools of Immune
Epitope Database (IEDB) Analysis Resource (http://www
dedb.org/) [32] were then used to analyze the candidate
epitopes.

2.2. Conservation Region and Physicochemical Properties.
Conservation regions were determined using multiple
sequence alignments with the help of Clustal-W in the
BioEdit software version 7.2.5 [33]. Epitope conservancy
prediction for individual epitopes was then calculated
using the IEDB Analysis Resource. Conservancy can be
defined as the portion of a protein sequence that restrains
in which an epitope is measured at or which that is
exceeding a specific level of identity [34]. The physico-
chemical properties of the retrieved sequence, molecular
weight, and amino acid composition were also determined
by using BioEdit software.

2.3. B Cell Epitope Prediction Tools. Candidate epitopes were
analyzed using several B cell prediction methods to deter-
mine their antigenicity, flexibility, hydrophilicity, and surface
accessibility. The predicted linear epitopes were obtained
from the Immune Epitope Database (http://tools.iedb.org/
beell/result/) [35] using a BepiPred test with a threshold
value of 0.149 and a window size of 6.0. Moreover, surface
accessible epitopes were predicated with a threshold value
of 1.0 and a window size of 6.0 using the Emini surface
accessibility prediction tool [35]. Kolaskar and Tongaonkar
antigenicity methods  (http://tools.iedb.org/bcell/result/)
were also proposed to determine the sites of antigenic epi-
topes with a default threshold value of 1.030 and a win-
dow size 6.0 [36].

2.4. T Cell Epitope Prediction Tools

2.4.1. Peptide Binding to MHC Class I Molecules. The binding
peptide was assessed by the IEDB MHC I prediction tool at
http://tools.iedb.org/mhcl. This tool employs different
methods to determine the ability of the submitted sequence
to bind to a specific MHC class I molecule. The artificial neu-
ral network (ANN) method was used to calculate IC50 values
of the peptide binding to MHC class I molecules. For both
frequent and nonfrequent alleles, the peptide length was set
to 9 amino acids prior to the prediction. The alleles having
a binding affinity of IC50 that are equal to or less than
500 nM were considered for further analysis [37].

2.4.2. Peptide Binding to MHC Class II Molecules. To predict
the peptide binding to MHC class II molecules, the MHC
IT prediction tool http://tools.iedb.org/mhcIl provided by
the Immune Epitope Database (IEDB) Analysis Resource
consisting of human allele references sets was used [38].
The artificial neural network prediction method was cho-
sen to identify the binding affinity of MHC II grooves
and MHC II binding core epitopes. All epitopes that bind
to many alleles at a score equal to or less than 1000, half-
maximal inhibitory concentration (IC50), were selected for
further analysis.

2.5. Population Coverage. The population coverage of each
epitope was calculated by the IEDB population coverage tool
at (http://tools.iedb.org/tools/population/iedb_input). This
tool was used in order to determine the fraction of individ-
uals predicted to respond to a given set of epitopes, with
known MHC restrictions [39]. For every single population
coverage, the tool computed the following information:
(1) predicted population coverage, (2) HLA combinations
recognized by the population, and (3) HLA combinations
recognized by 90% of the population (PC90). All the epi-
topes and their MHC I and MHC II molecules were
assessed against the population coverage area selected
before submission.

2.6. Homology Modeling. The 3D structure of glycoprotein G
of Nipah virus was predicted using the RaptorX web portal
(http://raptorx.uchicago.edu/), where the reference sequence
was submitted in a FASTA format on 14/9/2018 and the
structure was received on 15/9/2018 [40]. This structure
was then treated with UCSF Chimera 1.10.2 to visualize the
position of the proposed peptides [41].

2.7. In Silico Molecular Docking

2.7.1. Ligand Preparation. In order to estimate the binding
affinities between the epitopes and molecular structures of
MHC I and MHC II, we have carried out an in silico
molecular docking. Sequences of proposed epitopes were
then selected from the Nipah virus reference sequence
using Chimera 1.10 and saved as a (pdb) file. The
obtained files were then optimized and energy minimized.
The HLA-A*02:01 was selected as the macromolecule for
docking. Its crystal structure (4UQ3) was downloaded
from the RCSB Protein Data Bank (http://www.rcsb.org/
pdb/home/home.do), which was in a complex with an
azobenzene-containing peptide [42].

All water molecules and heteroatoms in the retrieved tar-
get file 4UQ3 were then removed. The target structure was
further optimized and energy minimized using Swiss PDB
viewer V.4.1.0 software [43].

Molecular docking was performed using AutoDock 4.0
software, based on the Lamarckian genetic algorithm, which
combines energy evaluation through grids of affinity poten-
tial to find the suitable binding position for a ligand on a
given protein [44, 45]. Polar hydrogen atoms were added to
the protein targets, and Kollman united atomic charges were
computed. The targets’ grid map was calculated and set to
60 x 60 x 60 points with a grid spacing of 0.375 A. The grid
box was then allocated properly in the target to include the
active residue in the center. The genetic algorithm and its
run were set to 100 as the docking algorithms were set on
default. Finally, results were retrieved as binding energies
and poses that showed the lowest binding energies in which
they were visualized using UCSF Chimera.

3. Results

3.1. Nipah Virus Glycoprotein G Physical and Chemical
Parameters. The physicochemical properties of the Nipah
virus glycoprotein G protein was assessed using BioEdit
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TaBLE 1: Number and Mol% of amino acids that constituted Nipah
virus glycoprotein G using BioEdit software version 7.2.5.

Amino acid Number Mol% Amino acid Number Mol%
Ala A 23 3.82 Met M 11 1.83
Cys C 17 2.82 Asn N 45 7.48
Asp D 27 4.49 Pro P 36 5.98
Glu E 26 4.32 Gln Q 25 4.15
Phe F 21 3.49 Arg R 22 3.65
Gly G 40 6.64 Ser S 51 8.47
His H 5 0.83 Thr T 37 6.15
Ile I 55 9.14 Val vV 41 6.81
Lys K 39 6.48 Trp W 7 1.16
Leu L 49 8.14 TyrY 25 4.15

software version 7.0.9.0. The protein length was found to be
602 amino acids, and the molecular weight was at 67035.54
Daltons. The amino acids that form the Nipah virus glyco-
protein G protein are shown in Table 1 along with their num-
bers and molar percentages in (Mol%).

3.2. B Cell Epitope Prediction. The ref sequence of the
Nipah virus glycoprotein G was subjected to a Bepipred
linear epitope prediction. Emini surface accessibility and
Kolaskar and Tongaonkar antigenicity methods in IEDB
were used to determine bindings to the B cell and in test-
ing its surface and immunogenicity. The results are shown
in Figures 1-3.

3.3. Prediction of T Helper Cell Epitopes and Interaction with
MHC Class I Alleles. The Nipah virus glycoprotein G
sequence was analyzed using the IEDB MHC class I binding
prediction tool based on ANN-align with half-maximal
inhibitory concentration (ICs,) < 500; the least most promis-
ing epitopes that had a binding affinity with the class I alleles
along with their positions in the Nipah virus glycoprotein G
are shown in Table 2.

3.4. Prediction of T Helper Cell Epitopes and Interaction with
MHC Class II Alleles. The Nipah virus glycoprotein G
sequence was analyzed using the IEDB MHC class II binding
prediction tool based on NN-align with half-maximal inhib-
itory concentration (ICs,) < 1000. The list of the epitopes
and their correspondent bindings to MHC class II alleles,
along with their positions in the Nipah virus glycoprotein
G, while the list of the most promising epitopes that had a
strong binding affinity to MHC class II alleles and depending
on the number of their binding alleles is shown in Table 3.

3.5. Population Coverage. A population coverage test was
performed to detect all the epitopes that bind to MHC class
I alleles and MHC class II alleles available in the database
in relation to the world, South Asia, Southeast Asia, Sudan,
and North Africa.

3.6. 3D Structure

3.7. Molecular Docking
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4. Discussion

Traditional vaccination approaches depend on the total
amount of pathogens that are either live—constricted or
inactivated. Among the significant issues, these vaccines
have brought along pivotal security concerns. In light of
the fact that they are being utilized for vaccination, this
may have caused them to become actuated and may also
cause contamination. Additionally, due to the varied
hereditary pathogen strains found in the world, vaccines
are probably going to lose their viability in various areas
or even in certain populations.

However, novel vaccine approaches such as DNA- and
epitope-based immunizations may possibly conquer
obstructions for this type of immunization approaches,
making them increasingly successful, explicit, and long-
lasting in vulnerable reactions with insignificant structures
and without any undesired impacts [46]. Moreover, many
peptide-based vaccines have been effectively proposed
through utilizing in silico approaches against Madurella
mycetomatis, Mokola rabies virus, Lagos rabies virus, and
others [47-52]. Such investigations, in regard to those
viruses, have built up immunoinformatics in the computa-
tional analysis field.

In our present work, potential peptides were suggested to
design an epitope-based vaccine for Nipah virus, using the
latest amino acid sequences of glycoprotein G (glycoside
hydrolase family) for a total of 21 strains of Nipah virus that
were retrieved from the NCBI database (https://www.ncbi
.nlm.nih.gov/protein) [31] on July 2018 after the last out-
break at the end of May 2018 in Kerala-India according to
the WHO report [53]. Figure 4 summarizes the method of
the present work.

Various literatures were surveyed to define the anti-
genic part of the virus. Glycoprotein G was found to be
on the outer surface of the virus which was chosen as
our target. Initially, we have evaluated the binding affinity
of the virus to MHC alleles. This was done by submitting
the protein reference sequence to IEDB MHC, a binding
prediction tool, based on the ANN align method with I
Cs, <500 [37] for MHC class I molecules. 191 peptides
were found to bind to MHC class I with different affini-
ties. It is well known that a better immune response
depends on whether or not the recognition of epitopes
by HLA molecules with significant affinity is successful.
Therefore, a peptide recognized by its highest number of
HLA alleles has the best potential to induce a strong
immune response, leading us to take into account the only
three peptides found with a 100% conservancy. The con-
served peptide FLIDRINWI was found to interact with 8
alleles (HLA-A*02:01, HLA-A*02:03, HLA-A*02:06, HLA-
A*68:02, HLA-C*03:03, HLA-C*06:02, HLA-C*07:01, and
HLA-C*12:03), while FSWDTMIKEF with 8 alleles (HLA-A*
02:06, HLA-A*29:02, HLA-B*35:01, HLA-B*46:01, HLA-
B*53:01, HLA-B*57:01, HLA-B*58:01, and HLA-C*12:03)
and TVYHCSAVY with 11 alleles (HLA-A*03:01, HLA-A*
11:01, HLA-A"26:01, HLA-A*29:02, HLA-A*30:02, HLA-
A*68:01, HLA-B*15:01, HLA-B*15:02, HLA-B*35:01,
HLA-C*12:03, and HLA-C*14:02).
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The reference sequence of Nipah virus glycoprotein G the prediction of 398 peptides from which FSWDTMIKF,
was reanalyzed using the IEDB MHC II binding prediction =~ FLIDRINWI, and ILSAENTVI were potentially proposed
tool based on NN-align with half-maximal inhibitory  according to their high number of binding alleles (15, 12,
concentration (IC50) <1000 [38]. The analysis resulted in ~ and 15 alleles, respectively). Additionally, the sequence of
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Nipah virus glycoprotein G was subjected to BepiPred linear
epitope prediction, Emini surface accessibility, and Kolaskar
and Tongaonkar antigenicity methods in IEDB. Unfortu-
nately, the peptides with the strongest binding affinities, uti-
lizing the three mentioned tests, were absent.

Population coverage results for the total peptides found
and the proposed peptides binding to MHC classes I and II
alleles are summarized in Tables 4 and 5. Obtained results
from the bindings to MHC I alleles revealed a 99.84% pro-
jected population coverage in the world, 98.55% in Southeast
Asia, 98.40% in South Asia, 99.23% in North Africa, and
99.36% in Sudan while the population coverage results for
the total number of peptides binding to MHC 1II alleles
showed only a 56.84% projected population coverage in the
world, 48.63% in Southeast Asia, 56.00% in South Asia,
62.37% in North Africa, and 55.75% in Sudan.

The selected peptides were further subjected to both
MHC I- and MHC II-based population coverage analysis in
the whole world, Southeast Asia, South Asia, North Africa,
and Sudan as shown in Table 5. Among the six primarily
selected epitopes, the obtained results showed a very strong
potential in proposing the epitope FLIDRINWTI as a vaccine
candidate compared to the rest, taking into consideration
its overall epitope conservancy, population coverage, and its
affinity for the highest number of HLA molecules. Further-
more, in silico docking was carried out to measure the bind-
ing efficacy between the proposed peptides and HLA-A*
02:01, in which it has been specifically chosen in relation to
their contribution to several immunological and pathological
diseases [54-56], although numerous investigations have
shown a relationship between HLA alleles and disease sus-
ceptibility, which defines defensive HLA allelic associations

that possibly permit a recognizable proof that pathogen epi-
topes are limited by particular HLA alleles. These epitopes
may then be fused into a vaccine design in the expectation
that the immunization will be reproduced naturally [55, 56].

Calculations of the root mean square deviation (RMSD)
between coordinates of the atoms and formation of clusters
based on RMSD values have computed the resemblance of
the docked structures. The most favorable docking is consid-
ered to be the conformation of the lowest binding energy.
The least energy predictions of the peptide FLIDRINWI
(-6.95 Kcal/mol) and the 3D structure of the allele and its
peptide are shown in Figure 5. Furthermore, the monoisoto-
pic mass, sum formula, and molecular weight of the three
highly proposed peptides are shown in Table 6.

As a result of these interesting outcomes, formulating a
vaccine using the suggested peptide is highly promising and
encouraging to be highly proposed as a universal epitope-
based peptide vaccine against Nipah virus.

5. Conclusions

The present study proposed a very promising epitope-based
peptide vaccine against glycoprotein G of Nipah virus. It is
expected to be highly antigenic with a minimum allergic
effect. The proposed peptide FLIDRINWI has a strong
binding affinity to both MHC class I and MHC class II
alleles. Moreover, it shows an exceptional population cover-
age result for both MHC class I and MHC class II alleles in
the whole world, Southeast Asia, South Asia, North Africa,
and Sudan.

Despite having to validate the findings of the current
study, an in vivo assessment of the most promising peptides,
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TaBLE 2: Most potential T cell epitopes interacting with MHC class I alleles, their positions, IC50, rank, and conservancy.

Peptide Start End Allele IC50 Rank Conservancy

229 237 HLA-A*02:01 376.44 2.5

229 237 HLA-A*02:03 19.03 0.37

229 237 HLA-A*02:06 23.3 0.28 76.19

229 237 HLA-A*68:02 104.31 0.63

229 237 HLA-B*51:01 133.03 0.02
FAYSHLERI 229 237 HLA-B*53:01 222.39 0.21

229 237 HLA-C*03:03 57.38 0.22

229 237 HLA-C*06:02 112.27 0.05

229 237 HLA-C*07:01 151.15 0.05

229 237 HLA-C*12:03 13.37 0.03

229 237 HLA-C*15:02 207.16 0.12

512 520 HLA-A*02:01 3.65 0.02

512 520 HLA-A*02:03 2.32 0.02

512 520 HLA-A*02:06 4.71 0.04 100
FLIDRINWI 512 520 HLA-A"68:02 488.4 1.8

512 520 HLA-C*03:03 366.48 0.63

512 520 HLA-C*06:02 163.19 0.07

512 520 HLA-C*07:01 416.5 0.12

512 520 HLA-C*12:03 55.27 0.13

458 466 HLA-A*02:06 131.35 1.3

458 466 HLA-A*29:02 328.77 1.2

458 466 HLA-B*35:01 70.16 0.24 100
FSWDTMIKE 458 466 HLA-B*46:01 470.72 0.09

458 466 HLA-B*53:01 95.8 0.12

458 466 HLA-B*57:01 380.38 0.93

458 466 HLA-B*58:01 313.77 0.77

458 466 HLA-C*12:03 35.09 0.09

201 209 HLA-A*02:01 2.36 0.02

201 209 HLA-A*02:03 24 0.02

201 209 HLA-A*02:06 3.77 0.02 100
KLISYTLPV 201 209 HLA-A*30:01 146.34 0.44

201 209 HLA-A*32:01 21.39 0.04

201 209 HLA-B*15:01 303.74 1.3

201 209 HLA-C*14:02 187.05 0.28

201 209 HLA-C*15:02 364.98 0.2

278 286 HLA-A*03:01 84.04 0.35

278 286 HLA-A*11:01 263.53 1.6

278 286 HLA-A*26:01 363.08 0.19

278 286 HLA-A*29:02 10.13 0.08 100

278 286 HLA-A*30:02 32.49 0.07
TVYHCSAVY 278 286 HLA-A"68:01 310.51 1.7

278 286 HLA-B*15:01 71.72 0.41

278 286 HLA-B*15:02 353.64 0.13

278 286 HLA-B*35:01 27.98 0.12

278 286 HLA-C*12:03 45.95 0.11

278 286 HLA-C*14:02 103.08 0.18
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TaBLE 3: The most potential T cell epitopes (core sequence) and the number of their binding alleles.

Core sequence Alleles Number of alleles

HLA-DPA1*01/DPB1*04:01 12
HLA-DPA1*01:03/DPB1*02:01
HLA-DPA1*02:01/DPB1*01:01
HLA-DPA1*02:01/DPB1*05:01
HLA-DPA1%03:01/DPB1*04:02
HLA-DQA1%01:01/DQB1*05:01
HLA-DQA1*05:01/DQB1*02:01

HLA-DRB1*01:01
HLA-DRB1*03:01
HLA-DRB1*04:01
HLA-DRB1*04:04
HLA-DRB1*04:05

FLIDRINWI

HLA-DPA1*01:03/DPB1*02:01 13
HLA-DPA1*02:01/DPB1*01:01
HLA-DPA1*02:01/DPB1*05:01
HLA-DPA1*03:01/DPB1*04:02
HLA-DQA1*05:01/DQB1*02:01
HLA-DQA1%05:01/DQB1*03:01
FAYSHLERI HLA-DRB1*01:01
HLA-DRB1*04:04
HLA-DRB1*04:05
HLA-DRB1*07:01
HLA-DRB1*09:01
HLA-DRB3*01:01
HLA-DRB5*01:01

HLA-DPA1%01:03/DPB1702:01 17
HLA-DPA1%02:01/DPB1701:01
HLA-DPA1703:01/DPB1*04:02
HLA-DQA1%05:01/DQB1%02:01
HLA-DRB1*01:01
HLA-DRB1*04:05
HLA-DRB1*07:01
HLA-DRB1%08:02
FIEISDQRL HLA-DRB1%13:02
HLA-DRB1"15:01
HLA-DRB4"01:01
HLA-DRB5*01:01
HLA-DRB1*04:01
HLA-DRB1707:01
HLA-DRB1709:01
HLA-DRB1"11:01
HLA-DRB1*13:02

HLA-DPA1*03:01/DPB1*04:02 13
HLA-DQA1*05:01/DQB1*03:01
ILSAENTVI HLA-DRBI1*01:01
HLA-DRBI1*04:01
HLA-DRB1*04:05
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TaBLE 3: Continued.

Core sequence

Alleles

Number of alleles

HLA-DRB1*07:01
HLA-DRB1"08:02
HLA-DRB1*09:01
HLA-DRB1*11:01
HLA-DRB1%13:02
HLA-DRB1"15:01
HLA-DRB4%01:01
HLA-DRB5*01:01

HLA-DQA1705:01/DQB1*03:01 4
HLA-DRB1*07:01
TVYHCSAVY
HLA-DRB1*13:02
HLA-DRB1*15:01
( Pre-processing
B-cell epitope prediction MHC class I binding MHC class II binding
(i) BepiPred test from immune predictions predictions
epitope database (i) IEDB MHC prediction tool (i) IEDB MHC II prediction tool
(ii) Antigenicity methods of (i) Artificial neural networks (ii) Artificial neural networks Phase 1
Kolaskar and Tongaonkar (ANN) method (NN-align) method
(iii) BepiPred-2.0: Sequential B-
Cell Epitope Predictor
‘ Processing ’
The physicochemical properties Homology modeling
(i) BioEdit sequence alignment editor software (i) RaptorX web portal
Version 7.2.5 (ii) UCSF Chimera version 1.10.2 Phase 2
[ Post-processing and results ]
Protein structure retrieval and In silico molecular docking
preparation (i) Autodock 4.0 software (Lamarckian Phase 3

(i) RCSB Protein Data Bank

Genetic Algorithm)

FIGURE 4: The three phases of Materials and Methods.
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TABLE 4: A population coverage for all epitopes that bind to MHC classes I and II alleles from different parts of the world.
MHC classes Population World South Asia Southeast Asia Sudan North Africa
Coverage® 99.84% 98.40% 98.55% 99.36% 99.23%
Class I Average_hit” 36.62 30.60 28.42 34.02 3243
PC90° 16.87 9.29 8.61 13.40 12.95
Coverage® 56.84% 56.0% 48.63% 55.75% 62.37%
Class II Average_hit” 54.88 50.50 36.27 36.89 50.09
PC90° -24.24 -10.09 1.65 4.60 -3.31

*Projected population coverage; "average number of epitope hits/HLA combinations recognized by the population; “minimum number of epitope hits/HLA

combinations recognized by 90% of the population.

TaBLE 5: Population coverage of the three highly proposed peptides in MHC classes I and II in five different parts of the world.

Population coverage %/area

Peptide World Southeast Asia South Asia North Africa Sudan
P MHC MHC MHC MHC MHC MHC MHC MHC MHC MHC MHC MHC MHC MHC MHC
I II I &II I 11 I &II I II I &II I II I &II I 11 I &II
FLIDRINWI 704% 43.7% 83.3% 445% 19.8% 555% 51.4% 29.8% 659% 71.0% 33.8% 80.8% 854% 30.7% 89.9%
FAYSHLERI 749% 40.2% 85.0% 50.6% 31.8% 66.3% 60.9% 405% 76.7% 77.5% 355% 85.5% 89.2% 19.5% 91.3%
TVYHCSAVY 61.3% 40.1% 76.8% 54.5% 184% 62.9% 63.7% 45.0% 80.0% 50.4% 43.5% 72.0% 50.2% 20.9% 60.6%

FLIDRINWI
FLIDRINWI

FIGURE 5: Molecular docking of FLIDRINWI peptide of Nipah
virus docked in HLA-A*02:01 and visualized by UCSF Chimera
X version 0.1.0.

TABLE 6: Monoisotopic mass, sum formula, and molecular weight of
the three highly proposed peptides.

Sequence Sum formula Monoisot. Mol.
(N:H/C:0H) mass weight
FLIDRINWI CggHggN,,O,5  1188.66551 1189.40532
TVYHCSAVY C,Hy;N,,O,,S 104145896  1042.16518
FAYSHLERI Cy3H 6N, Oy, 1134.58218  1135.27182

namely, FLIDRINWI, TVYHCSAVY, and FAYSHLER], is
highly recommended and will serve as the ground data for
such work as shown in Figures 5-9.

TVYHCSAVY FAYSHLERI

FiGure 6: The four potential peptides bound to MHC class I and
MHC class II visualized by Chimera X version 0.1.0.

FIGURE 7: Molecular docking of TVYHCSAVY peptide of Nipah
virus docked in HLA-A*02:01 and visualized by UCSF Chimera X
version 0.1.0.
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FAYSHLERI
D.S-1

F1GURE 8: Molecular docking of FAYSHLERI peptide of Nipah virus
docked in HLA-A*02:01 and visualized by UCSF Chimera X version
0.1.0. *D.S: Docking Side No.1.

FAYSHLERI
D.D-2

F1GURE 9: Molecular docking of FAYSHLERI peptide of Nipah virus
docked in HLA-A*02:01 and visualized by UCSF Chimera X version
0.1.0. *D.S: Docking Side No.2.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.
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Background. We previously reported attenuation of serum OV A-specific IgE levels and of lymphocyte-derived IL-4, both nominal
markers of allergic immunity, following injection of a combination of homologous (mouse) polyclonal anti-idiotypic
immunoglobulin (Ig) and immune Ig in BALB/c mice. We predicted this might generalize to other species and using
heterologous mixtures of Igs. This was assessed in mice using OVA sensitization in the presence of human Igs as a source of
both anti-idiotype Ig and immune Ig and in dogs with peanut butter-induced allergic responses. Methods. Eight-week-old
BALB/c mice received OVA immunization and 5 weekly injections of immune Ig or anti-idiotype Ig from either homologous
(mouse) or heterologous (human) sources. Five-month-old Beagles received weekly topical exposure (on the abdomen) to
peanut butter and treatment with pooled dog Ig and dog antirabies immune Ig, or a combination of human IMIG and human
anti-Tet. All mice/dogs thereafter received a final allergen challenge, and serum IgG, IgE, and allergen-induced IL-2/IL-4 and
IL-31 production in 72hr cultures was measured. Results. In mice attenuation of OVA-induced allergy (IgE-specific Ig and
OVA-induced IL-4) was seen using both mouse and human Ig mixtures, without effect on OVA serum IgG or OVA-induced
IL-2. Attenuation of concanavalin A- (ConA-) induced IL-4:IL-2 production and of peanut butter-induced IL-4 and IL-31 was
seen in dogs receiving combinations of both heterologous and homologous immune Igs and anti-idiotype Igs, with no decline in
IL-2 production. Allergen-specific IgE/IgG was not detectable in dog serum, but there was a trend to lower total serum IgE
levels (and decreased IgE:IgG ratios). Conclusion. Homologous and heterologous combinations of polyclonal IMIG and
immune Ig attenuate allergic responses in mice and dogs. This treatment protocol represents a novel approach which can be
adapted for allergic desensitization in veterinary and human use.

1. Introduction

Allergic rhinitis, asthma, and atopic eczema are among the
commonest causes of chronic ill health, with a combined
prevalence of 10-20% [1-3]. All such diseases are increasing
in prevalence, with considerable burden to total health care
costs. While the tendency to develop allergic reactions is
lifelong, the actual manifestations of disease change over
time. As an example, children often develop eczema early,
followed by allergic rhinitis and asthma. All allergic diseases

impact quality of life and, in more extreme cases, morbidity
and even mortality.

Currently, treatment for these diseases follows several
major guiding principles [1], including allergen avoidance,
drug therapy (including oral and topical potent anti-
inflammatory medications (steroids), antihistamines, and in
severe cases with anaphylaxis, adrenalin), and finally, where
the allergen is identifiable, desensitization therapy [4]. The
latter uses controlled exposure to escalating doses of purified
allergen to alter the body’s reaction to allergen exposure.
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In general, desensitization therapy treatment is given long
term and often still in association with conventional allergy-
relieving medications. There remains an unmet need to
develop novel therapies.

Given concerns regarding extrapolation of allergy stud-
ies from mouse to man [5], there has been a growing
interest in the analysis of allergic reactivity in other animal
species. Humans and their most important domestic animals,
namely, cats and dogs, have a similar IgE receptor repertoire
and expression pattern, with essentially similar cell types
known to be implicated in the triggering and/or regulation
of allergic responses, including mast cells, eosinophils, and
regulatory T cells. Such animals have thus been favoured
for preclinical research studies.

Skin, respiratory, and food allergies are not uncommon
in dogs, and the immune mechanisms involved are more like
humans than in rodents [5, 6], making them a favoured spe-
cies for study [7-11]. Dust mite allergens are thought to be
highly relevant to canine allergic responses [12], although
skin reactivity and dust mite-specific serum IgE have also
been detected in several dogs without clinical signs of allergy,
suggesting that sensitization can occur without necessarily
inducing clinically significant reactivity [13]. Dogs develop
atopic dermatitis as a result of sensitization to storage mites
[14] and plant-derived allergens [15], as well as to flea aller-
gens [16] —though less so to other insects—and even moulds
[17]. In all cases, IgE responses to several identified protein
allergens have been documented. Induction of IL-31 is a
prominent factor in the development of atopic dermatitis in
dogs [18].

We reported on the use of a combined injection of poly-
clonal anti-idiotype antibodies, along with polyclonal immune
antibodies, on resetting immune regulatory networks in
rodents [19]. This treatment regulated many immune reac-
tivities, with decreased inflammatory cytokines in inflamma-
tory colitis, decreased skin graft rejection in a transplant
model, and decreased IgE and IL-4 sensitization in a rodent
allergy model (to ovalbumin (OVA)). The antigen-specific
regulation seen was independent of the specific antigens used
to prepare the polyclonal immune Ig. One mechanism
responsible for these effects involved perturbation of regula-
tory T cell networks, consistent with other data favouring a
role for Tregs in control of allergic reactivity [20]. We have
used the Beagle model described earlier [7] to assess
whether a mixture of homologous antibodies (pooled dog
Ig as a source of anti-idiotype; pooled dog rabies immune
globulin as a source of immune Ig) would attenuate allergic
responses in dogs. In this model, application of peanut but-
ter paste caused enhanced serum IgE and when animals
were then challenged orally, pruritic dermatitis, eosino-
philic dermatitis, and IgE-positive cells in skin were seen
in atopic dogs [7]. We asked whether the treatment proto-
col used to attenuate allergic responses in mice decreased
allergen-induced IL-4 and IL-31 production in sensitized
dogs, without diminishing an IL-2 (nonatopic) response
in the same animals. We also explored whether heterolo-
gous serum Ig mixtures (pooled polyclonal human Ig and
pooled polyclonal human anti-tetanus Ig) would lead to
similar allergic desensitization.

Journal of Immunology Research

2. Materials and Methods

2.1. Preliminary Studies in Mice

2.1.1. Mice and Ethics Review. All mice were bred at Cedar-
lane labs from Jax founder stock. All studies were approved
by a local institutional review board, certified by the Cana-
dian Council on Animal Care. Animals were maintained
under SPF conditions throughout the study.

Immunization of BALB/c mice to produce IgE against
OVA was described elsewhere [19]. Eight mice per group
received 10 uyg OVA emulsified in alum at day 0 and day
10. One control group received no OVA immunization. All
but one OVA-immunized group and the no OVA control
received ongoing exposure to egg white solution in the drink-
ing water for 10d until sacrifice—the other control group
received OVA immunization only (no EWS). Beginning on
day 7, groups of mice given OVA and EWS received 5 weekly
10 ug intramuscular (IM) injections of pooled polyclonal
BL/6 anti-C3H immune Ig, polyclonal C3H anti-anti-C3H
Ig (C3H anti-BL/6 absorbed with BL/6: anti-idiotype Ig), or
a combination of these latter 2 Ig preparations (estimated
~0.5mg/kg/dose). At 42 d, all mice received a booster injec-
tion of OVA in alum, with sacrifice 7d later. In a separate
study, mice received OVA stimulation in the same fashion,
but the Ig preparations used for treatment were heterologous
in nature (pooled human IVIG, given intramuscularly, hence
IMIG) and pooled human anti-Tet immune Ig (both pur-
chased from Grifols, USA). In trial studies, we have found that
optimal dosing for this heterologous Ig used as anti-idiotype
(IMIG) was ~3x higher than the purified mouse polyclonal
C3H anti-anti-C3H Ig, and accordingly, IMIG was used at a
dose of ~1.5mg/kg/dose. It should be noted that in separate
studies (not shown), we have assessed different routes of deliv-
ery of immunomodulatory Igs, including intravenous (iv),
intraperitoneal (ip), and subcutaneous (sq), without signifi-
cant variation in efficacy, although anti-idiotype and immune
Igs must be given by separate routes for optimal effects.

Serum was obtained from mice at sacrifice by cardiac
puncture [19]. At the same time, single-cell splenocyte prep-
arations from individual animals were resuspended after
washing (800g x 5min at 4°C) in RPMI with 10% fetal calf
serum (RPMI,,). 5% 10° splenocytes from individual ani-
mals were incubated in duplicate in vitro in 2 ml RPMI, , with
0.1 mg/ml OVA for 72 hr, and culture supernatants assayed
by ELISA for IL-2 and IL-4 production.

OV A-specific IgE or IgG was measured in all serum sam-
ples by ELISA using plates coated with 100 ng/well of OVA
and developed with HRP-anti-mouse IgE or HRP anti-IgG,
followed by appropriate substrate.

2.2. Dogs. Beagle dogs, aged 5 months at initiation of use,
were purchased by CARE research (Fort Collins, Colorado)
and housed in their facility, under supervision by approved
veterinary services, and in accordance with a registered ani-
mal protocol committee. Animals were fed approved dog
chow ad libitum, with daily exercise. Weights were followed
3x/week, with veterinary inspections weekly. Dogs were
released for companion pets at the termination of the study.
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There were no significant differences in weights pre-/post-
treatment for any of the groups of dogs used in the study.

2.2.1. Ig Preparations for Injection. Pooled human IVIG and
anti-Tet Ig were purchased from Grifols, USA. Pooled Beagle
serum was purchased from BioIVT (Westbury, NY), and Ig
was isolated following ammonium sulphate precipitation.
Polyclonal dog rabies immune Ig was pooled from the serum
(3ml/animal) obtained, with the owner’s consent, from 12
outbred dogs, 8-24 months of age, boosted with rabies vac-
cine 4 weeks before.

Groups of 5 Beagle dogs received IM gluteal injections in
0.5 ml sterile PBS of 12 mg/dose of pooled polyclonal Ig (dog
IMIG-group 2, or human IMIG-group 3) and 4 mg IM in the
opposite limb of 0.5 ml sterile PBS of polyclonal immune Ig
(dog antirabies-group 2 or human anti-Tet-group 3). Control
dogs (group 1) received only dog IMIG (total Ig used
16 mg/dose). Animals received weekly injections x5 weeks,
followed by 3 further injections at 2-week intervals. Begin-
ning on the first day of injection, all animals received
~15gm peanut butter paste weekly smeared on their abdo-
mens. A collar was applied for ~6-8 hours after peanut butter
application to prevent dogs from removing the peanut butter.
Five days following the last IM injection, all animals received
an oral challenge with peanut butter (~15gm). Photographic
images of the abdomen were taken daily for 3 days after oral
challenge. Samples of heparinized blood (4 ml/dog) were har-
vested at the outset of the study, 3 days after oral challenge,
and flown (FEDEX) at room temperature to Cedarlane Labs,
Ontario, Canada, for analysis. All samples were received and
harvested for serum/PBMC:s for culture, within 24 hr of col-
lection. All individuals at CARE were blinded to which treat-
ment contained which individual dogs. During the study, 3
dogs (1 in each group) developed, at different times in the
study, a minor skin irritation at the site of injection. In each
case, the dogs were monitored by a CARE veterinarian, and
the irritation resolved without treatment within 7-10 days,
with no recurrence.

2.3. Dog Serum IgG and IgE Assays and IL-4, IL-2, and IL-31
Cytokine Assays. PBL harvested in heparinized tubes was
diluted 1:1 with PBS, layered over 4ml Ficoll/Hypaque,
and centrifuged for 20 min at 1600 rpm at room temperature
(rt). The diluted serum (1 : 1) overlaying the cell interface was
collected with a Pasteur pipette, and the cells (PBMCs) were
diluted into 10 ml RPMI with 5% fetal calf serum+5% dog
serum (both sera heat inactivated 30 min at 56°C: hereafter
RPMI,...). This sample was centrifuged at 1600 rpm for
10 min at rt. The cell pellet was resuspended in 2 ml RPMI,.,
and cells were diluted in RPMI, , to a concentration of
2.5%10%/ml. Serum samples were stored at -80°C for later
Ig analysis (ELISA). 1.5 x 10° PBMCs were stimulated in
duplicate in 1.5ml RPMI,,, in 24-well culture plates with
either 5ug/ml ConA (time zero and end of study) or with
20ul of DMSO extract of peanut butter (1gm in 10ml
DMSO: final concentration in culture ~2mg/ml); control
samples were incubated with 1.5ml RPMI_ , and 20ul
DMS only. Supernatants were harvested from culture at
72 hr for IL-2/IL-4 detection by ELISA.

IgG and IgE concentrations in all sera were determined
by ELISA as follows. Goat anti-dog IgG was purchased from
Thermo Scientific, Fisher, Canada (Cat # 18763). Goat anti-
dog IgE was from Bio-Rad, Canada (Cat # AHP946). Donkey
anti-goat HRP was obtained from R&D Systems Canada.
High-binding ELISA plates were from SARSTEDT (Cat #
82.1581.200) and ELISA substrate solution from Thermo Sci-
entific (Cat #34028). 100 yul aliquots of the experimental sera
were diluted 1:100, 1:1000, and 1:10,000 and added in qua-
druplicate to microtiter plates in 100 pl. All microtiter plates
were coated overnight (37°C), along with duplicate control
wells containing known concentrations of standard amounts
of dog IgG or dog IgE (both purchased from R&D Systems).
Thereafter, a routine ELISA was performed using steps
including addition of anti-dog IgG or anti-dog IgE, followed
by donkey anti-goat HRP and later addition of a substrate,
with ultimate reading in an ELISA plate reader. IgG and
IgE levels in test sera were determined from a standard curve
using purified IgG and IgE.

IL-2 and IL-4 levels in ConA-activated or peanut butter-
stimulated PBMCs were determined using commercial kits
provided by R&D (Duo Set IL-2: Cat # 1815; Duo Set IL-4:
Cat # DY754), along with auxiliary reagent kits (R&D Cat #
DY 008). IL-31 was similarly assayed using a commercial kit
with reagents/standards, from NeoScientific (Cat #C10041).

2.4. Statistics. All data from mouse experiments reported
below are summed over at least two studies, with a minimum
of 16 mice in all groups for all experiments. In general, for
studies with multiple groups, a multivariate analysis of vari-
ance (MANOVA) test was first applied to assess for any sig-
nificant differences between groups, and subsequently, where
indicated, paired t-tests were used to compare individual
groups with the documented control.

Dog studies were performed using the 3 groups
described. Five animals/group were randomly assigned to
the different treatments. Comparisons between groups were
by MANOVA.

3. Results

3.1. OVA-Specific IgE, but Not IgG, Is Attenuated in OVA-
Primed Mice by Combined Treatment with Pooled Anti-
idiotype and Immune Ig, Even with a Heterologous Source of
Igs. Our first studies repeated the findings previously
reported [19]. BALB/c mice were immunized with OVA in
alum and given EWS in the drinking supply as a source of
persistent allergen exposure. Groups of mice also received 5
weekly IM injections of anti-idiotype and/or immune Igs as
indicated in Materials and Methods. Following a final boost
with OVA after these 5 Ig injections, mice were sacrificed
7d after OVA, and serum IgG/IgE to OVA was detected by
ELISA, with IL-2 and IL-4 levels detected at 72hr from
OVA-stimulated splenocytes. Data pooled from two such
studies, using 8 mice/group, are shown in Figures 1 and 2.
Comparison of Figures 1(a) and 1(b) shows clearly
that mice exposed to EWS following OVA immunization
developed a greater IgG and IgE response than mice given
OVA immunization only. Mice exposed to EWS alone (no



4
Attenuation of anti-OVA IgE response by combined
infusion of anti-C3H+anti-anti-C3H

0.8 50 -
g £ s E
s ) 4
5 06 T4 -*|‘—
z E
?:? 2‘2 30 —
= 04 E —
CY Q —
C % 20 =
< *5k = —
> < —
O 02 N % —
g \ Iz 10 e
< Z =

0.0 - \\ 0 —

EWS g1

Minimal attenuation of anti-OVAIgG response by combined
infusion of anti-C3H+anti-anti-C3H

< 2 e} e} jes) < 1% 1%
>

g & % % g e & 2
] ] ] +
£ &8 E E £
o & ] ] o

=z g g

= + +

+ 4 jon}

< = @

= m QO

o 2 &

= 5

o +

w

=

0

4

>

o

Treatment of mice

(a) (®)

Journal of Immunology Research

Comparison of attenuation of anti-OVA IgG and IgE responses
by combined infusion of anti-C3H+anti-anti-C3H

0.03

0.02 +

0.01

Ratio anti-OVA IgE:IgG in serum

as] o] o] < 2 2 T o) s
g % 3 N
& = = © 3 = =
= 5 5 g 0§ §
=] + + i & +
g 2 B = 2 05
= =] &) % i Q
o + = - &
;‘ g = 3
o 5 o &
z Z
Ll +
b =<
g g

°©

()
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immunized mice except for the control group (far left) drank EWS. (c) The ratio of *p < 0.05 compared with OV A only; ** p < 0.05 compared

with OVA+EWS.
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F1GURE 2: OV A-induced IL-4 production ((a) mean + SD) or IL-2 production (b) at 72hr in OVA-stimulated splenocytes from mice of
Figure 1. Data in (c) show changes in the induced IL-4:IL-2 ratios in supernatants harvested from OVA-stimulated cells of the different
groups. *p < 0.05 compared with OVA only; **p < 0.05 compared with OVA+EWS.

OVA immunization) produced little OVA-specific Ig.
Treatment of mice with the combined Ig preparations,
but not either Ig preparation alone, led to the attenuation
of the IgE response (Figure 1(a)), but not the IgG response
(Figure 1(b)). The effect produced by the combined Ig prep-
arations is emphasized by comparison of the OVA-specific
IgE:IgG ratios in all groups (Figure 1(c))—attenuation
occurred only in the group receiving combined Ig treatment.

OVA-induced IL-4 and IL-2 production looked like the
IgE/IgG levels in all groups. Treatment with the combined
Ig preparations led to the attenuation of IL-4 levels after
OVA stimulation (Figure 2(a)), but not IL-2 levels
(Figure 2(b)), an effect emphasized by assessment of IL-
4:1L-2 ratios in these groups (Figure 2(c)).

We had predicted that in vertebrates with a shared ances-
tral immune system, even heterologous Igs (immune-+anti-
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Figure 3. Data in (c) show changes in the calculated induced IL-4:IL-2 ratios in supernatants harvested from OVA-stimulated cells of the
different groups. All data show mean + SD of triplicate cultures using splenocytes harvested from 8 mice/group.

idiotype) might produce the same effects as mixtures of
homologous Igs [19, 21, 22]. Accordingly, OVA-immunized
mice were treated with polyclonal immune human Ig (anti-
Tet Ig) and/or polyclonal human anti-idiotype Ig (using
IVIG as a source of this [22, 23]—since delivery was intra-
muscular, this is henceforth referred to as IMIG). Data in
Figures 3 and 4 are pooled from 2 such studies.

Comparison of Figures 1-4 shows that the effects seen
using homologous (mouse) combinations of immune Ig
and anti-idiotype Ig were recapitulated using heterologous
(human) reagents as the antibody source.

3.2. Effect of Combinations of Immune Ig and Anti-idiotype
Ig on Peanut Butter-Induced Sensitization in Beagle Dogs.
Groups of 5/group 8 kg Beagle dogs receiving topical expo-
sure to peanut butter were given 5 weekly injections of dog
immunoglobulins (pooled IMIG and antirabies immune
Ig) or human immunoglobulins (pooled IMIG or anti-Tet
immune Ig) as described in Materials and Methods. After
one final oral challenge with peanut butter, serum and
PBMCs were harvested and total dog serum IgE and IgG
levels were determined by ELISA (Figure 5)—for technical
reasons, we were unable to detect the presence of peanut
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The ratio of IgG: IgE in all groups. *p < 0.05 compared with posttreatment IMIG controls.

butter specific dog IgE or IgG. In addition, we measured
ConA-induced IL-2 and IL-4 levels assayed from PBMC
cultures of both pre- and posttreatment dog samples stim-
ulated (see Materials and Methods) with 5ug/ml ConA
(Figure 6). Peanut butter-induced IL-2, IL-4, and IL-31
levels were measurable only on posttreatment dog samples,
using PBMCs stimulated with 2 mg/ml (estimated) DMSO
peanut butter extract.

In Figure 7, no IL-2/IL-4/IL-31 production was seen in
these samples after culture with DMSO vehicle alone.

Firstly, there were no significant differences in overall
IgE or IgG levels in any groups before/after treatment
(Figures 5(a)-5(d)). There was a trend to an increased IgG
to IgE ratio after peanut butter sensitization in dogs treated
with the combined dog or human Igs, which reached signifi-
cance for the group treated with human Igs (Figure 5(e)),
implying a relative decrease in IgE levels (to IgG) in this
group. We suspect purely for technical reasons we were
unable to detect any dog-specific IgE or IgG levels in any
groups after sensitization. A generalized decrease in allergic
reactivity in the groups treated with combined Ig infusions
was suggested by analysis of IL-2 and IL-4 release in

response to ConA in various groups. While there was no
significant difference in IL-2 production in the various
groups before or after treatment, with a generalized trend
to increased IL-2 production in all groups after prolonged
peanut butter exposure (Figure 6(b) vs. Figure 6(a)), there
was a trend to decreased IL-4 production after treatment
with combined dog or human Igs (Figure 6(d)), which again
reached significance for the group treated with human Ig.
Comparison of IL-2:1L-4 ratios in all groups before/after
treatment (Figure 6(e)) confirmed a relative decrease in IL-4
production in sensitized groups treated with either dog or
human Igs. Finally, analysis of allergen-induced IL-2, IL-4,
and IL-31 production in sensitized dogs showed significant
differences only in IL-4/IL-31 production (not IL-2 levels) in
dogs treated with dog or human Igs (Figure 7(a)), which again
translated to a highly significant increase in IL-2:IL-4 and IL-
2:1L-31 ratios in the same groups (Figure 7(b)).

4. Discussion

Exploration of novel therapies for treatment of allergic dis-
eases has highlighted measures which decrease IgE levels
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FIGURE 6: Levels of ConA-induced IL-2 and IL-4 (mean + SD) in 72 hr cultures of PBMCs from groups dogs from Figure 5. PBMCs were
cultured at pretreatment (a, c) and posttreatment (b, d). (e) The ratio of IL-2:IL-4 in all groups. *p <0.05 compared with equivalent

IMIG controls.

and target cytokines (e.g., IL-4, IL-5, and IL-31) thought to be
implicated in control of those levels and other cell popula-
tions (eosinophils/basophils) implicated in allergic disease
[18,24-30]. We reported on the use of a novel therapy aimed
at manipulating self-reactive immune regulatory networks
through deliberate perturbation of idiotype:anti-idiotype
interactions, as a potential mechanism to attenuate several
pathological immune reactions in rodents, including allergic
sensitization to ovalbumin [19]. To date, no investigations of
the effects of these treatments in larger animals or humans
have been performed.

We hypothesized that attenuation of mouse allergic
responses to ovalbumin following repeated injection with
immune Ig and anti-anti-self Ig (Figures 1 and 2) was best
understood in terms of an effect mediated by a resetting of
both B cell and T regulatory (Treg) cell immune networks
in mice receiving combined immune Ig and anti-idiotype
Ig [19, 22]. We have shown furthermore that in rodents,
the mechanism(s) implicated in the attenuation of allergic

responses after such treatment critically involves augmenta-
tion of Treg activity induced by combinations of immune
Ig and anti-idiotype Ig [22, 31]. We had predicted that
in vertebrates with a shared ancestral immune system,
even heterologous Igs (immune-+anti-idiotype) would pro-
duce the same effects [21, 22]. Testing this hypothesis initially
in a mouse model using BALB/c mice sensitized with ovalbu-
min showed that attenuation of allergic responses was seen in
mice receiving commercial immune Ig and anti-idiotype Ig
of human origin, see Figures 3 and 4. These important obser-
vations justified a pilot preclinical trial of this same therapy in
a dog model (Beagles) of atopic dermatitis, the most common
allergic skin disease in dogs [5-10].

Dogs sensitized to peanut butter [7] showed evidence
for a generalized relative decrease in serum IgE:IgG levels
following combined treatment with the two Ig prepara-
tions, along with a similar attenuation of the IL-4:IL-2
ratio from ConA-stimulated PBMCs (Figures 5 and 6). More
dramatically, allergen-induced IL-4 and IL-31 production
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FIGURE 7: Peanut butter-induced IL-2, IL-4, and IL-31 (a—c) in stimulated PBMCs from Figures 5 and 6. No IL-2/IL-4/IL-31 production
was detected from stimulated PBMCs from dogs pretreated with peanut butter or from posttreatment PBMCs stimulated with DMSO
vehicle only (not shown). (d) The ratio of IL-2:IL-4 and IL-2:IL-31, respectively, in all groups. *p < 0.05 compared with equivalent

IMIG controls.

and IL-4:IL-2 and IL-31:IL-2 levels were decreased in
treated animals (Figure 7). The attenuation of IL-31 pro-
duction following this treatment is particularly interesting
given the evidence that IL-31 is a key cytokine implicated
in itching in allergic dogs and that mAb directed to IL-31
has been licenced for use in the treatment of allergic der-
matitis [18], while vaccination against IL-31 has also been
proposed as a novel therapy in such animals [30]. Some-
what surprisingly, the effects we saw on the attenuation
of IL-4/IL-31 production were most pronounced using
combinations of human immune Ig and anti-idiotype Ig
(commercial anti-Tet and IMIG) rather than combinations
of dog reagents (antirabies IgG and pooled IMIG). We
suspect this may simply reflect an unexplored dose-
response effect, which is already under investigation. It is
important to note that we were unable to detect any

allergen-specific IgE or IgG in peanut butter-sensitized
dogs, although this failure is hypothesized to be more
technical than real, particularly given evidence for
allergen-induced IL-2 and IL-4 in the same animals
(Figure 7). We are in the process of assessing responses in
dogs treated with a purified allergen (dust mite) to clarify this
issue further. Our data are consistent with the notion that the
attenuation of allergen-induced IL-4/IL-31 responses by the
therapy used is instrumental in the effects seen, as suggested
elsewhere [18, 19, 26, 28, 30].

In summary, we have extended our previous studies
which reported on a novel therapy which could attenuate
allergic immunity in rodents, to show that the same approach
is efficacious in suppressing such immunity in large animals
(dogs), a result which has important implications for the vet-
erinary community.
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The success of peptide-based dendritic cell (DC) cancer vaccines mainly depends on the utilized peptides and selection of an
appropriate adjuvant. Herein, we aimed to evoke a broad immune response against multiple epitopes concurrently in the
presence of immunoadjuvant. Three synthetic HLA-A%0201-restricted peptides were separately linked with HMGB1-derived
peptide (SAFFLFCSE, denoted as HB,,, ,0s) @ immunoadjuvant via double arginine (RR) linker and loaded onto human
monocyte-derived DCs. Peptide uptake was detected by immunofluorescence microscopy and flow cytometry. The maturation
and activation status of pulsed DCs were monitored by detection of the expression of specific markers and released cytokines.
The ability of peptide-pulsed DCs to activate allogeneic T cells has been assessed by a degranulation assay and detection of
secreted cytokines. The lytic activity of effector T cells against cancer cells in vitro was analyzed by a lactate dehydrogenase
(LDH) assay. Results revealed that DCs efficiently take up peptides+HB,,, ;45 and expressed higher levels of surface markers
(HLA-ABC, HLA-DR, CD80, CD86, CD83, CD40, and CCR7) and proinflammatory cytokines (IL-6, IFN-y, TNF-a, and IL-12)
than control DCs, free peptide-pulsed DCs, and free HB, . ;o5-pulsed DC groups. Moreover, peptides+HB,,_10s/pulsed DCs
were capable of activating allogeneic T cells and enhance their lytic activity against a pancreatic cancer cell line (PANC-1)
in vitro. These findings suggest that antigenic peptides covalently linked with HB,,_ ;q¢/pulsed DCs could be a promising
strategy to improve the current DC-based cancer vaccines.

1. Introduction

The unique characteristics of dendritic cells (DCs) as the
most potent antigen-presenting cells (APCs) lead them to
be considered as a promising tool for cancer immunotherapy
[1]. In the last few years, there has been a growing interest in
peptide-, RNA-, and DNA-based DC vaccines as an effective
approach for cancer immunotherapy due to its promising
results in achieving significance and durable treatment
responses with mild adverse events [2, 3]. Peptide-based vac-
cines provide several advantages in comparison to other

types of cancer vaccines. They are easily synthesized, stable
in many storage conditions, and safe, and they could enhance
an effective CD4 and CD8 immune response. However, the
success of the peptide-based vaccine strategy mainly depends
on the utilized peptides and selection of an appropriate
adjuvant [4].

High mobility group box 1 (HMGB1) is highly conserved
protein in mammals that translocates to the nucleus to
regulate the gene expression and released during cell injury
and inflammation [5]. HMGBI is composed of two DNA-
binding motifs, box A and box B, in addition to C tail
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[6]. It has been found that HP91, a short peptide corre-
sponding to amino acids 91-108 in the B box, has the
ability to enhance the maturation and activation of DCs,
induce the secretion of proinflammatory cytokines such as
IL-6 and IL-12, and trigger the polarization of Thl cells
[7-9]. Saenz and his group demonstrated that HP91 could
function as adjuvant in vivo through potentiating cellular
and humoral immune responses [10]. Further studies
showed that the region of HP91 which is responsible for
its immunostimulatory function is located in the C-termi-
nal, a peptide corresponding to amino acids 100-108 of
HMGBI [10, 11]. In this study, we denoted this short pep-
tide as HB, 0 10s-

It is well known that no single antigenic peptide might be
adequate to achieve an efficient antitumor immune response.
Thus, multiple epitopes are required to elicit a broad immune
response [12]. Consequently, combining multiple tumor-
associated antigens (TAA) could be a preferable strategy to
elicit strong antitumor immunity.

A large number of studies confirmed that the following
tumor-associated antigens, survivin, human epidermal growth
factor receptor 2 (Her2), and carcinoembryonic antigen
(CEA), are overexpressed in a variety of tumors, by which sur-
vivin is overexpressed in the lung, breast, pancreatic, and mel-
anoma [13-16]; Her2 is overexpressed in the breast, stomach,
ovary, uterine serous endometrial carcinoma, colon, pancre-
atic, bladder, lung, uterine cervix, head and neck, and esopha-
gus cancer [17, 18]; and CEA is overexpressed in gastric,
colorectal, breast, ovarian, lung, and pancreatic cancer [19].

In this study, human monocyte-derived DCs (moDCs)
were pulsed with three antigenic peptides, survivin, Her2,
and CEA, which are covalently linked with HB,,, ,0¢ Via
protease-sensitive linker (double arginine (RR)). Results
revealed that peptides covalently linked with HB, g ;08
(denoted as peptides+HB,, 105) Were efficiently taken up
by immature DCs and significantly induced their maturation
and activation compared with free peptides without
HB o105 (denoted as peptides-HB,q, 105). Moreover,
peptides+HB, o 0g/pulsed DCs greatly induced the activa-
tion and lytic activity of allogeneic T cells by which they exhib-
ited a potent cytotoxicity against tumor cells in vitro.

2. Materials and Methods

2.1. DC Generation. Monocyte-derived DCs were generated
from peripheral blood monocyte (PBMC) by standard Ficoll
density centrifugation (GE Healthcare, Uppsala, Sweden) to
isolate PBMCs from patient leukapheresis samples. PBMCs
were plated in serum-free AIM-V media (Life Technologies,
Grand Island, NY) and allowed to adhere to 0.22 ym filter-
capped culture flasks (TPP, Germany). After 2 hours, the
nonadherent cells were removed, and adherent monocytes
were subsequently cultured for 6 days in AIM-V containing
50ng/ml rhIL-4 (R&D Systems, Minneapolis, MN) and
100 ng/ml rhGM-CSF (Sanofi, Bridgewater, NJ). On day 3,
half of the medium was replaced with fresh medium contain-
ing GM-CSF and IL-4. In some experiments, a maturation
cocktail containing 100IU/ml IFN-y, 30 ug/ml poly(I:C),
and 5 ug/ml R848 was used to mature the generated DCs.
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2.2. Synthetic Peptides. The following synthetic HLA-Ax*
0201-restricted peptides, survivin (LTLGEFLKL), Her2
(RLLQETELV), CEA (YLSGANLNL), and HB,gy s
(SAFFLFCSE), were synthesized with purity greater than
95%. Following their synthesis, the first three peptides were
linked with HB,, ;0 Via a protease-sensitive linker (double
arginine (RR) residue sequence). It is expected that once
DCs internalize a peptide-RR-HB, _; 5 construct, the intra-
cellular proteases would cleave at the RR site and separate
peptide from HB,,, ;05 and thus could enhance the process-
ing and presentation of engulfed peptides [20]. Peptides were
purchased from Shanghai Top-peptide Bio Co., Ltd. (Shang-
hai, China). To examine their phagocytosis by DCs, peptides
+HB, 105 Were labeled with FITC fluorochrome at their N-
terminus. All peptides were dissolved in PBS.

2.3. Peptide Uptake Assay. Immature moDCs, generated as
described above, were seeded in a 24-well plate and pulsed
separately with synthetic peptides+HB,, ;,s-coupled FITC
(40 pg/ml for each peptide) for 1 hour at 37°C, 5% CO,. After
a triple wash with PBS, cells were examined by fluorescent
microscopy and the uptake was quantified by FACS analysis.
To quench the extracellular FITC signal, 50 yg/ml of trypan
blue was added to the cell suspension prior to flow cytometry
analysis. Unpulsed DCs were used as the negative control.
Cells that were found positive for FITC were considered as
cells that had successfully engulfed peptides.

2.4. Flow Cytometry. The purity of generated DCs was
assessed as CD14'CD11C" by staining 1x 10° cells with
anti-CD11C-APC and anti-CD14-FITC (BD Biosciences,
San Diego, CA, USA).

Immature moDCs were resuspended to 1 x 10° cells/ml
and loaded with peptidestHB,, ;o5 (40 pg/ml for each pep-
tide) or 40 ug/ml of free HB, ;05 at 37°C, 5% CO,. After one
hour, pulsed DCs were washed and cultured overnight. The
following monoclonal antibodies (mAbs) were used to
characterize the maturation and activation status of DCs:
anti-HLA-ABC-PE, anti-HLA-DR-PE/Cy7, anti-CD80-PE,
anti-CD86-APC, anti-CD83-APC, anti-CD40-Alexa Fluor
700, and anti-CCR7-PE/Cy7 (BioLegend, San Diego, CA,
USA). Isotype-matched fluorescent antibodies were used as
negative controls. Cells were incubated with antibodies at
4°C for 30 minutes. After washing, samples were detected
by a FACSCalibur analyzer (BD Biosciences, San Jose, CA,
USA). The data were analyzed by Flow]Jo software (TreeStar).

2.5. Enzyme-Linked Immunosorbent Assay (ELISA). Imma-
ture moDCs were resuspended to 1 x 10° cells/ml and loaded
with peptidestHB, , ;05 (40 pg/ml for each peptide) or only
40 pug/ml of free HB 05 at 37°C, 5% CO,. After one hour,
pulsed DCs were washed and cultured for 48 hours. The
secreted IL-12 was detected by a IL-12 ELISA kit (Sino Bio-
logical, China) according to the manufacturer’s protocol.
The optical density (OD) of samples was assessed at 550 nm
using a microtiter plate spectrophotometer (Beckman Coul-
ter detection platform, USA).

2.6. Degranulation Assay and Cytokine Detection. Peptides
+HB, yo.10s/pulsed DCs were cultured in the presence of a
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maturation cocktail (100IU/ml IFN-y, 30 ug/ml poly(I:C),
and 5 pug/ml R848) for 24 hours. Cells were washed exten-
sively and seeded with responder allogeneic T cells at a DC
: T cell ratio of 1:10 for 18 hours. Supernatants were col-
lected at the end of culture, and cytokine production was
detected using a cytometric bead array (CBA) kit (BD Biosci-
ences), following the manufacturer’s instructions.

For the CD107a degranulation assay, allogeneic T cells
were stimulated with empty DCs or peptidestHB,,.
10s/Pulsed DCs (ataDC : T cell ratio of 1: 10) in the presence
of GolgiStop (monensin, BD) and anti-CD107a-APC mAb
(BD Pharmingen). After incubation for 12 hours at 37°C,
cells were collected and stained with anti-CD8-PE mAb
(BD Pharmingen) and analyzed by flow cytometry.

2.7. Cancer Cells. The human pancreatic cancer PANC-1 cell
line (ATCC® CRL-1469™) was cultured in DMEM supple-
mented with 10% FBS and penicillin/streptomycin at 37°C
in a humidified 5% CO, atmosphere.

2.8. Cytotoxicity Assays. PeptidestHB,, 10s-pulsed DCs
were matured in the presence of a maturation cocktail,
followed by coculturing with allogeneic T cells at DC : T cell
ratios of 1:10 for 24 hours. Then, T cells were collected as
effector cells, and Panc-1 cells were used as the target cells.
Effector cells included the negative control group (T cells
without precoculturing with DCs), empty DC group (T cells
stimulated with nonpulsed DCs), peptides-HB, ;45 group
(T cells stimulated with free peptides/pulsed DCs), and
peptides+HB ;105 group (T cells stimulated with peptides
covalently linked with HB,, ,,s/pulsed DCs). Effector cells
and target cells (PANC-1 cancer cell line) were incubated at
ratios of 5:1 for 4h at 37°C in 96-well plates. The activity
of T cells against the target tumor cells was measured by an
LDH cytotoxicity assay kit (Beyotime, China) following the
manufacturer’s instructions. The cytotoxicity of the T cells
was calculated as a percentage of specific lysis using the
following formula: %specific lysis = (effector/target release —
spontaneous release)/(maximal release — spontaneous release)
x100%. Data are presented as the means + standard
deviation.

2.9. Statistical Analysis. Statistical analyses were carried out
using GraphPad Prism 5.0 (GraphPad Software, San Diego,
CA). The mean + SD was determined for each treatment
group in the individual experiments. Differences among
groups were analyzed using Student’s t-test, and P < 0.05
was considered statistically significant.

3. Results

3.1. Immature moDCs Efficiently Take Up Peptides Covalently
Linked with HB,,,_;0s In this study, three antigenic synthetic
peptides (survivin, Her2, and CEA) were covalently linked
with HB,y ;45 (as immunoadjuvant) via double arginine
(RR) residues as a protease-sensitive linker (Figure 1(a)).
To detect whether the covalent linking of synthetic peptides
with HB, 4y 105 Via RR linker could accelerate their acquisi-
tion by DCs, cells were incubated with survivin+HB, ;s
Her2+HB, 105, 0f CEA+HB, ), ;45 in culture medium for

1 hour at 37°C. All peptides were conjugated with FITC. Flow
cytometry results showed that DCs more efficiently take up
peptides covalently linked with HB,,, ;44 than single free
peptides (Figure 1(b)). The high efficiency of DCs to engulf
peptides+HB, ;10 Was also confirmed by immunofluores-
cence microscopy (Figure 1(c)). These findings indicate that
HB,.10s could play an important role in the acceleration
of peptide phagocytosis by immature DCs.

3.2. Maturation and Activation of DCs Were Induced by
Peptides Covalently Linked with HB,,, ;,s- T0 determine the
optimum concentration of peptides covalently linked with
HB; 105 that promote the highest level of DC maturation
and activation, cells were loaded with different concentra-
tions of peptides+HB;y, 105 (0, 20, 40, and 60 ug/ml for each
peptide) for 1 hour. Then, cells were collected, washed, and
cultured overnight followed by detection of surface markers
by flow cytometry. Data revealed that peptides+HB,q, 105
induced the expression levels of HLA-ABC, HLA-DR,
CD80, CD83, CD40, and CCR?7 in a dose-dependent manner
without a significant difference between 40 and 60 ug/ml
(Supplementary Figure 1). Based on these findings,
40 pug/ml of peptides+HB,, ,,s Was used as a preferable
concentration in the next experiments.

To detect whether peptides+HB,, ;45 could induce the
maturation and activation of DCs, immature DCs were
divided into four groups: group (1) cells left untreated; group
(2) cells incubated with free peptides: survivin, Her2, and
CEA; group (3) cells incubated with survivin+HB,,, 4
Her2+HB, oy ;05> and CEA+HB, ;. and group (4) cells
incubated with free HB,,, ;0. After 1 hour, cells were col-
lected, washed, and cultured overnight followed by detection
of surface markers by flow cytometry. Results showed that
peptides+HB, ;. ;0s/Pulsed DCs  exhibited remarkably
increased expression of HLA-ABC, HLA-DR, CD80, CD86,
CD83, CD40, and CCR7 compared to the other three groups.
Importantly, free HB,, 05 failed to upregulate the expres-
sion of those markers on pulsed DCs (except HLA-DR and
CD86) compared with the control and peptides-HB,,
10s/pulsed DC groups (Figure 2). These data suggest that cou-
pling of antigenic peptides with HB,, ;4 could serve as an
efficient strategy to enhance the maturation and activation
of DCs.

3.3. Peptides Covalently Linked with HB,,, ;,s/Pulsed DCs
Secreted Abundant Levels of Proinflammatory Cytokines. To
investigate the ability of peptides covalently linked with
HB, .15 to enhance the secretion of proinflammatory cyto-
kines by DCs, cells were divided into four groups and treated
as mentioned in the previous section. After 1 hour of incuba-
tion, cells were collected, washed, and cultured for 48 hours
to detect IL-12 by ELISA and for 24 hours to detect other
cytokines. Supernatants were collected, and the level of IL-
12 was detected by a CBA kit using flow cytometry. Data
revealed that peptides+HB,,_;os/pulsed DCs secreted abun-
dant levels of IL-6 (Figure 3(a)), IFN-y (Figure 3(b)), TNF-«
(Figure 3(c)), and IL-12 (Figure 3(d)) compared to the other
three groups. Consistent with the results of surface markers,
the levels of those cytokines were comparable between the
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peptides+HB, 105 by immature moDCs.

control DCs, peptides-HB,y, 105> and HB;y 105 groups.
These results demonstrate that peptides+HB,,, ;05 have a
considerable potential to promote DCs to secrete proinflam-
matory cytokines, by which they are important in skewing of
T cell responses.

3.4. Peptides Linked with HB,, os/Pulsed DCs Elicited
Allogeneic T Cells to Produce Several Cytokines and Induced
the Lytic Activity of CD8" T Cells. To investigate the lytic
activity of CD8" T cells, allogeneic T cells were cocultured
with empty DCs or peptidestHB,, ;0¢/pulsed DCs for 12
hours in the presence of anti-CD107a-APC mAb; then, cells
were stained with anti-CD8-PE mAb and analyzed by flow
cytometry. As shown in Figure 4(a), only peptides+HB, .
10s/pulsed DCs were able to induce a robust degranulation

of CD8" T cells, as identified by the expression of surface
marker CD107a, indicating that those T cells could secrete
cytotoxic effector molecules upon encountering DC-loaded
peptides+HB, ;05> Whereas empty DCs and DC-loaded
peptides-HB, ,, ;¢ failed to enhance the degranulation of
CD8" T cells.

To evaluate the effect of DC-loaded peptides on the cyto-
kine secretion by T lymphocytes, allogeneic T cells were cul-
tured alone as a negative control (group 1) or cocultured
with empty DCs (group 2), peptides-HB,,_;,s/pulsed DCs
(group 3), or peptides+HB, o 0s/pulsed DCs (group 4) at
DC : T cell ratios of 1:10. 18 hours later, secreted cytokines
were detected in the supernatant by the CBA kit. Data showed
that the levels of secreted IL-4, IL-6, TNF-«, and IFN-y in
group 4 (peptides+HB,, o¢/pulsed DCs/T cells) were
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FIGURE 2: Peptides+HB, ;05 enhanced the maturation and activation of immature DCs. Immature moDCs were left untreated or pulsed
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expression of HLA-ABC, HLA-DR, CD80, CD86, CD83, CD40, and CCR7 was measured by flow cytometry. Results represent the mean

+ SEM of three independent experiments.

significantly higher than those of the other three groups.
Importantly, the levels of secreted IL-10 in group 4 were
obviously lower than those in group 2 (empty DCs/T cells)
and group 3 (peptides-HB,, ,o¢/pulsed DCs/T cells)
(Figure 4(b)). Collectively, these results suggest that peptides
covalently linked with HB,,_;os/pulsed DCs are potent to
promote the lytic activity of T cells, as well as enhance the
secretion of type 1 and type 2 cytokines and diminish the
secretion of the inhibitory cytokine IL-10.

3.5. Peptides Linked with HB,, ;,s/Pulsed DCs Induced the
Cytolytic Activity of T Cells against PANC-1 Cell Line In
Vitro. It has been documented that pancreatic tumor cells
expressed high levels of survivin, Her2, and CEA antigenic
peptides [21]. To test whether the peptidestHB, , ,s/pulsed

DCs could induce the cytolytic activity of T cells against
tumor cells in vitro, allogeneic T cells were firstly cocultured
with empty DCs (group 2), peptides-HB,, ;os/pulsed DCs
(group 3), or peptides+HB,y, 10s/pulsed DCs (group 4).
Untreated T cells served as the negative control (group 1).
After 24 hours, T cells were collected as effector cells and
cocultured with PANC-1 cancer cells as target cells at a ratio
of 5:1 (E : T). The activity of T cells against the target tumor
cells was measured by the LDH cytotoxicity assays kit. As
demonstrated in Figure 5, the percentage of tumor lysis in
the peptides/HB, o ;05 group was higher than that in the neg-
ative control and empty DC groups. More importantly, T
cells in the peptides+HB,, ;o5 group significantly induced
the lysis of tumor cells in comparison with the other three
groups, indicating that peptides+HB, , ;0s/pulsed DCs could



IL-6
400 - =
3k
ES
300
E
S 200
=W
100
0 .
3 g g g
5 3 i 3
o =) =) )
2 an oy ey
5] I + X
R S
= = -
) )
A a
(a)
TNF-«
*
250 I S

Pg/ml

w
Q
[a)
S
=
=]
3
)

DCs/+HB y_,0s

DCs/Pep.-HB y_,0s
DCs/Pep.+HB )_108

—~
O
—

Pg/ml

Pg/ml

Journal of Immunology Research

IFN-y

100
80
60
40

20

Control DCs
DCs/+HBy_108

= DCs/Pep.-HB ;44
DCs/Pep.+HB | y_10s

=

IL-12

600 —

400

200

Control DCs
DCS/+HB|004108

DCs/Pep.-HB, _;0s
DCs/Pep.+HB, ,_10g

—~
o,
=

FIGURE 3: Peptides+HB, ,_;g/pulsed DCs secreted abundant levels of proinflammatory cytokines. Immature moDCs were left untreated or
pulsed with peptidestHB, o 105 OF free HB(o.105 (each with 40 pg/ml) for 1 hour at 37°C. Then, cells were washed and cultured for 24 hours,
followed by detection of the secreted IL-6 (a), IFN-y (b), and TNF-a (c) in the culture media by a cytometric bead array (CBA) kit. (d) IL-12
was detected by ELISA after 48 hours. Results represent the mean + SEM of three independent experiments.

stimulate high cytolytic activity of the T cells against PANC-1
in vitro.

4. Discussion

Immunotherapy based on peptides possesses numerous
advantages including easy synthesis, low molecular weight,
low toxicity, and the specific targeting of cancer cells. How-
ever, peptide-based anti-cancer vaccines encountered several
limitations in the clinical setting due to several reasons
including the following: (1) there is lack of CD4" T cell help,
(2) peptides are prone to degradation, (3) they may induce
tolerance, (4) they induce low magnitude or transient

immune response, and (5) there is dysfunction of DCs upon
cancer [4, 22].

In the recent years, there has been a growing interest in
cancer DC-based vaccines due to their promising results in
achieving meaningful treatment responses with safety profile
[23]. It has been documented that compared with synthetic
short peptides (SSPs), the synthetic long peptides (SLPs) are
efficiently processed and crosspresented by DCs in vivo,
resulting in the priming of both CD4" and CD8" T cell
responses [24, 25]. Several studies indicated that the direct
vaccination with short peptides may lead to tolerance and
anergy and promote the growth of tumor cells [26, 27]. In
contrast, ex vivo-differentiated DCs loaded with short pep-
tides could elicit potent antitumor immune response
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Ficure 5: T cells stimulated by peptides+HB,,_,q¢/pulsed DCs
exert considerable lysis of the PANC-1 cell line in vitro. After
stimulation with empty DCs or peptides+tHB,, ;os/pulsed DCs
for 24 hours or no stimulation, allogeneic T cells were collected as
the effector cells and the PANC-1 cancer cell line was used as
target cells. The target cells were cocultured with the effector cells
at a T :E ratio of 1:5. The cytolytic activity was assessed by
measurement of lactate dehydrogenase (LDH) release. This
experiment has been performed in triplicate and repeated three
times with similar results.

in vitro and in vivo [28, 29]. Thus, DCs appear to be a pow-
erful carrier for the peptide-based vaccines.

As mentioned previously, the success of peptide-based
vaccines mainly depends on the utilized peptides and selec-
tion of an appropriate adjuvant. Herein, it has been found
that the covalent linking of adjuvant to tumor-associated
antigens (TAAs) could result in the maturation and activa-
tion of DCs in vitro and induced a potent antitumor immune
response in vivo compared to TAAs which they physically
mixed with adjuvant [30, 31].

It is well known that Toll-like receptor (TLR) ligands
have a potent activity to enhance the maturation of DCs
and promote them to express proinflaimmatory cytokines
and costimulatory molecules [32]. Later studies demon-
strated that TLR ligands can efficiently increase the capacity
of antigen crosspresentation in DCs [33]. HMGBI1 protein
has been shown to activate immune cells and induce
signalling via interacting with different TLRs [34]. Thus, the
addition of HMGBI protein or its derivative peptides to the
peptide-based subunit vaccines could be a promising strategy
to enhance crosspresentation and crosspriming in DCs.

In this study, three antigenic synthetic peptides, which
are overexpressed in several cancer types, were covalently
linked with HMGB1-derived peptide (HB,_;05) as immu-
noadjuvant via double R linker and loaded into immature
DCs. This design includes three main advantages: (1) long
synthetic peptides, (2) the covalent linking of immunoadju-
vant, and (3) RR linker, which is cleaved by the protease of
DCs, and thus could facilitate and enhance the processing
and presentation of loaded peptides.

Journal of Immunology Research

It is well established that only mature DCs can costimu-
late and activate naive T cells and thus requiring the recogni-
tion of peptide-MHC complexes by T cell receptor and
interactions between costimulatory molecules (CDA40,
CD80, and CD86) on the DCs and CD28 receptors on target
T cells [35]. Our data showed that peptides+HB,, 105 (but
not peptides-HB, .05 OF free HB, o ;05)/pulsed DCs exhib-
ited high levels of several surface molecules (HLA-DR,
HLA-ABC, CD83, CD80, CD86, and CD40), indicating that
peptides+HB ;05 could efficiently trigger the maturation
and activation of immature DCs. Furthermore, peptides
+HB, y_10s/Pulsed DCs expressed a high level of CCR7,
which plays an important role in the migration of DCs to
lymph nodes where they activate naive T cells and elicit spe-
cific immune response [36].

It is well known that the secretion of inflammatory cyto-
kines by DC-loaded antigen plays a crucial role in the induc-
tion of antigen-specific antitumor immune responses [37]. In
this study, peptides+HB, ;05 (but not peptides-HB, ;05 OF
free HB, _195)/pulsed DCs secreted high levels of IL-6, TNF-
o, IFN-y, and IL-12p70 and low levels of IL-10. The high level
and low level of IL-12p70 and IL-10, respectively, indicate
that peptides+HB, ,_;os/pulsed DCs could induce the differ-
entiation of T cells toward Th2 phenotype [38].

These findings are consistent with previous studies indi-
cating that the free HMGB-1-derived peptide has almost no
effect on the maturation and activation of DCs [31]. They
are also consistent with results of studies showing that the
adjuvant covalently linked to the short peptides could stimu-
late higher epitope recognition than the physically mixed
formulation of the same molecules [39, 40]. To achieve maxi-
mum immunostimulatory effect, immunoadjuvant should be
in close proximity with antigen [41]. Our data revealed that
peptides+HB, 5 105, but not free HB,y ;e effectively
enhanced the maturation and activation of DCs after rapid
phagocytosis. The potential reason is that linking epitopes
with HB, o 105 might promote the peptide multimerization
and lead to an efficient binding to the receptor of DCs via
cross-linking [10]. It is important to mention that in case of
direct vaccination, rather than ex vivo DC loading, peptides
+HB, 50105 Will be taken up and presented by the same APCs
by which can prevent the nonspecific DC stimulation. In con-
clusion, HB, ;o5 might exhibit a synergistic effect when cova-
lently linked with antigenic peptides and thus could lead to
maximizing the antitumor immune response.

Several studies indicated that the efficient DC vaccine
should finally activate antigen-specific T cell responses. Thus,
the ability of cytokine secretion is critical to confirm the acti-
vation status of T cells upon encountering the presented anti-
gen by DCs [42]. In the present study, we found that the
expression of IL-4, IL-6, TNF-«, and IFN-y but not IL-10
dramatically increased after T cell interaction with peptides
+HB, y0.10s/Pulsed DCs, indicating that this vaccine design
has the ability to activate allogeneic T cells against tumor
antigen.

The ultimate goal of cancer vaccine is to drive the
activated T cells toward the tumor site and selectively kill
cancer cells. In this study, T cells which were activated by
(survivin, Her2, and CEA)+HB, ,_;0s/pulsed DCs showed a
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significantly high cytolytic activity against the PANC-1 cell
line in vitro. This suggests that T cell stimulated by pep-
tides+HB, y,_;os-pulsed DCs could exert significant antigen-
specific lysis on pancreatic cancer cells which express survi-
vin, Her2, and CEA peptides.

In conclusion, our findings provide evidence that the
covalently linked antigenic peptides with immunoadjuvant
HB, .15 are efficiently phagocytized by DCs and induce
their full maturation and activation. Those activated DCs
have the ability to activate allogeneic T cells and enhance
their cytolytic activity against cancer cells. This work suggests
a potent strategy to improve DC-based peptide immunother-
apy and supports further studies to test the efficacy of this
vaccine in clinical trials.
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The immune response elicited by the protective whole-cell pertussis (WP) versus the less-protective acellular pertussis (aP) vaccine
has been well characterized; however, important clinical problems remain unsolved, as the inability of the currently administered
aP vaccine is resulting in the reemergence of clinical disease (i.e., whooping cough). Strong evidence has shown that original,
childhood aP and wP priming vaccines provide a long-lasting imprint on the CD4+ T cells that impacts protective immunity.
However, aP vaccination might prevent disease but not infection, which might also affect the breadth of responses to Bordetella
pertussis (BP) antigens. Thus, characterizing and defining novel targets associated with T cell reactivity are of considerable
interest. Here, we compare the T cell reactivity of original aP and wP priming for different antigens contained or not contained
in the aP vaccine and define the basis of a full-scale genomic map of memory T cell reactivity to BP antigens in humans. Our
data show that the original priming after birth with aP vaccines has higher T cell reactivity than originally expected against a
variety of BP antigens and that the genome-wide mapping of BP using an ex vivo screening methodology is feasible, unbiased,
and reproducible. This could provide invaluable knowledge towards the direction of a new and improved pertussis vaccine design.

1. Introduction

Several studies and epidemiological evidence suggest that the
immunity induced by Bordetella pertussis (BP) acellular vac-
cines (aP) wanes more rapidly as compared to the immunity
elicited by vaccines based on whole BP cells (wP) [1-8]. In
previous studies [9, 10], we have investigated potential
immune correlates of this waning immunity, by dissecting
immune responses in young adults, originally primed with
either aP or wP vaccines. These studies were enabled by the
definition of the T cell epitopes contained in the BP antigens
contained in the aP vaccines (pertussis toxin, PtTox; two
serotypes of fimbriae, Fim2/3; filamentous hemagglutinin,

FHA; and pertactin, PRN), which was achieved following
the systematic analysis of responses following the expansion
of antigen-specific T cells in short-term in vitro culture [9],
and the development of the activation-induced marker
(AIM) assays, which allowed measurement of responses
directly ex vivo without any further manipulation [11, 12].
When immune responses to aP boosters in individuals
who received their initial doses with either wP or aP vaccines
were compared, BP-specific memory CD4" T cell responses
were associated with Th1/Th17 versus Th2 differential polar-
ization as a function of childhood vaccination [10]. Strik-
ingly, after aP booster, donors originally primed with aP
were associated with lower responses ex vivo and lower
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in vitro proliferation. These observations led to the hypoth-
esis that lower proliferative capacity of aP might be linked
to a regulatory cell population, since no difference between
cohorts was noted when purified T cell subpopulations
were assayed.

As mentioned above, the available data demonstrates that
the BP wP vaccine is effective and prevents infection, but the
total breath of responses is not known. Based on these obser-
vations, it could be expected that broad responses are elicited
upon vaccination, directed against a variety of different BP
antigens. These responses could be possibly blunted over
time with repeated aP boosters. The data present in the liter-
ature also demonstrate that the aP vaccine despite waning
over time is also effective in initial protection against whoop-
ing cough [3, 13-15], but by comparison to the wP vaccine, it
could be expected that this vaccine would elicit a narrow
response directed mostly against the four vaccine antigens.
As a result, little or no response against non-aP vaccine BP
antigens would be detected. Several lines of evidence argue
against this simplistic view, which are related to the possible
interplay between vaccination and natural BP exposure/in-
fection [16]. Specifically, recent data from both baboon and
mouse models [15, 17-21] suggests that aP vaccination might
prevent disease but not infection or in particular nasopha-
ryngeal subclinical colonization. This might paradoxically
result in broad responses in aP and is of greater magnitude
than wP because of heavier and more frequent exposure.

To specifically address this, we set out to study T cell
responses from BP antigens not contained in the aP vaccine,
as function of either aP or wP priming vaccination, as well as
to address the feasibility of using a large-scale ex vivo meth-
odology for T cell epitope identification specific for BP.

2. Materials and Methods

2.1. Study Subjects. We recruited 31 healthy adults from San
Diego, USA (Supplementary Table 1). All participants
provided a written informed consent for participation, and
clinical medical history was collected and evaluated by the
clinical coordinators through questionnaires, recording dates
and numbers of vaccination, including the information that
no boost was administered in at least the previous four years
prior to this study. All donors were from the San Diego area
and originally vaccinated with either DTwP or DTaP
priming vaccines in infancy (three doses at 2, 4, and 6
months and then two doses between 15-18 months and 4-6
years) and followed the recommended vaccination regimen
(which is also necessary for enrollment in the California
school system), which entails immunization with the
acellular booster vaccine Tdap at 11-12 years and then every
10 vyears and during pregnancy. The pertussis (P)
compounds in these vaccines (“w” for whole-cell, also wP for
short, and “a” for acellular, also aP for short) are
coadministered with diphtheria toxoid (D) and tetanus
toxoid (T). Also, the capital and lowercase letters denote
higher or lower proportions of the overall components
between vaccines. Individuals who had been diagnosed with
BP infection at any given time in their life were excluded. In
all groups, male and female subjects were included equally.
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2.2. Study Approval. This study was performed with
approvals from the Institutional Review Board at La Jolla
Institute for Immunology (protocols: VD-101-0513 and
VD-059-0813). All participants provided a written informed
consent for participation, and clinical medical history was
collected and evaluated.

2.3. Peptides. Peptide selection was derived either from Bor-
detella pertussis (BP) whole-genome predictions from the
Tohama I strain or from experimentally validated antigens
included in the aP vaccines (FHA, Fim2/3, PRN, and PtTox).
Experimentally validated peptides were selected from a total
of 785 peptides tested from the BP strain Tohama I, encom-
passing 16-mers overlapping by eight residues of the full-
length coverage of all antigens. The top epitopes recognized
by >5% donors corresponding to 132 peptides were chosen,
and the megapool (MG) of all combined peptides is described
as PT (MG) hereafter [9, 10]. BP genome-wide identification
was performed by scanning for the presence of predicted
HLA class II promiscuous binding peptides. MHC-peptide
binding predictions were performed using publicly available
tools hosted by the Immune Epitope Database (IEDB) Anal-
ysis Resource [22]. Specifically, the prediction of peptides was
established by the 7-allele HLA class II restricted method and
by using peptides 15 residues in length and overlapping by 10
residues [23, 24]. Additional filtering using an epitope cluster
analysis tool [25] was performed. Briefly, the peptides from
each ORF were created in an overlapping fashion, which
due to a shared 9-amino acid core prediction base often
had similar binding affinities (percentile score). A modified
algorithm from IEDB clustering tool to remove redundant
peptides sharing a stretch of 9-amino acids in 15-mers was
performed. In case of peptides sharing a core, the peptides
with highest binding affinities were picked. At least 2 pep-
tides per open reading frame (ORF) were selected. The
selected peptides were pooled together and underwent
sequential lyophilization as described elsewhere [10] and
arranged in “megapools” (MGs) of approximately 200 pep-
tides each further divided into groups of 8 “mesopools”
(MSs) of 24 individual peptides. For BP adenylate cyclase
toxin (ACT), the full length of the antigen was covered and
the top 20% predicted epitopes were selected to originate a
54 peptide ACT MGs. All individual peptides (Supplemen-
tary Table 2) were synthesized by Mimotopes (Victoria,
Australia) and resuspended to a final concentration of
1 mg/mL in DMSO.

2.4. PBMC Isolation. Peripheral blood mononuclear cells
(PBMCs) were isolated from whole blood or leukapheresis
by density gradient centrifugation according to the manufac-
turer’s instructions (Ficoll-Paque Plus, Amersham Biosci-
ences, Uppsala, Sweden) as previously described [26]. The
cells were cryopreserved in liquid nitrogen and suspended
in fetal bovine serum (FBS) containing 10% (vol/vol)
dimethyl sulfoxide (DMSO).

2.5. Bordetella pertussis Lysate Production. BP lysates were
prepared from iron-starved bacteria (to simulate growth
conditions in the natural mammalian host environment)
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[27-29], provided by Drs. Sandra Armstrong and Timothy
Brickman (University of Minnesota Medical School, USA).
Specifically, the bacteria were cultured in the iron-deficient
chemically defined Stainer-Scholte medium [30, 31]. The
bacterial cells were harvested at mid- to late-exponential
growth phase and suspended in phosphate-buffered saline.
The lysate was generated by mechanical shearing at low
temperature (French press), frozen in liquid nitrogen,
and then shipped to the La Jolla Institute for Immunology
(CA, USA). Growth was monitored by optical density
readings, and the iron starvation status of the bacteria
was confirmed using siderophore detection assays [32, 33]
and SDS-PAGE analysis of proteins.

2.6. AIM Assay. The activation-induced marker (AIM) assay
was previously described [12]. This assay detects cells that are
activated as a result of antigen-specific stimulation by stain-
ing antigen-experienced CD4+ T cells for TCR-dependent
upregulation of OX40 and CD25 (AIM25) and/or PD-L1
(AIMPD) after an optimal time of 18-24 h of culture. Briefly,
cryopreserved PBMCs were thawed, and 1 x 10° cells/condi-
tion were immediately cultured together with PT and ACT
peptide pools (2 pg/mL), selected MS (1 pg/mL), individual
peptides (10 ug/mL), or PHA (10 pg/mL; Roche) and DMSO
as positive and negative controls, respectively, in 5% human
serum (Gemini Bio-Products) for 24h. To determine the
memory phenotype of responding T cells, staining for
CD45RA and CCR7 markers was performed and subpopu-
lations were defined as follows: naive T cells (Tn):
CD45RA+CCR7+; effector memory RA T cells (Temra):
CD45RA+CCR7-; T central memory (Tcm): CD45RA-
CCR7+; and T effector memory (Tem): CD45RA-CCR7-.
The samples were acquired using a BD LSR II flow cytometer
(BD Biosciences) and analyzed using the FlowJo X software.
Specific signals were all subtracted to the DMSO control dis-
played as % of CD4 T cells and normalized and displayed as
the number of cells per 1 x 10° CD4 T cells. All flow cytom-
etry mAb reagents for surface staining are listed in Supple-
mentary Table 3.

2.7. ELISpot and FluoroSpot Assays. Culturing of PBMCs for
in vitro expansion was performed by incubating in RPMI
(Omega Scientific) supplemented with 5% human AB serum,
GlutaMAX (Gibco), and penicillin/streptomycin (Omega
Scientific) at 2 x 10® per mL in the presence of BP lysates at
10 ug/mL. Every 3 days, 10 U/mL IL-2 in RPMI medium
was added to the cultures. After 14 days in culture with the
BP lysate, the expanded T cells were tested for the recognition
of the epitope pools or individual peptides as described
above. As readout, the standard IFNy/IL-5 and IL-17/IL-9
cytokine combination for ELISpot assay or IFNy/IL-5/IL-13
cytokine combination for FluoroSpot assay was performed
as described [9, 34]. For ex vivo determinations, the same
combination of cytokines was used after 20 h incubation with
lysate (10 ug/mL), epitope pools (2ug/mL), or individual
peptides (10 ug/mL) besides PHA (2 ug/mL) and DMSO as
positive and negative controls, respectively. Consistent with
these previous studies in order to be considered positive, a
response in both in vitro or ex vivo modalities had to match

all three different criteria: (1) eliciting at least 20 spot-
forming cells (SFC) per 10° PBMCs; (2) p < 0.05 by Student’s
t-test or by the Poisson distribution test; and (3)
stimulation index (SI) > 2.

2.8. Statistical Analysis. Comparisons between groups were
made using the nonparametric two-tailed, unpaired Mann-
Whitney U or Spearman’s rank correlation coefficient tests.
Prism 8.0.1 (GraphPad) was used for all these calculations.
All figure data in which error bars are shown are presented
as median + interquartile range when each dot represents an
individual donor or as mean + SEM when each dot repre-
sents a technical replicate. A p value < 0.05 was considered
statistically significant.

3. Results and Discussion

3.1. Original aP and wP Primes Are Associated with High T
Cell Reactivity for All Antigens Contained and Not
Contained in aP Vaccine. There are emerging proofs of BP
subclinical colonization in vaccinated individuals, including
indirect evidences of asymptomatic transmission [35-38],
as observed in animal models [19, 21], which could affect T
cell responses against BP antigens to a greater extent than
originally expected.

To address this issue, we examined memory CD4
responses to a previously defined peptide pool of BP epi-
topes encompassing the 4 antigens (FHA, Fim2/3, PRN,
and PtTox) contained in the aP vaccine [10] in a set of
PBMCs derived from 31 donors either originally vaccinated
with aP (n=16) or originally vaccinated with wP (n=15).
We used two assay formats, one is an ex vivo AIM assay
that measures the antigen-specific upregulation of OX40
and CD25 markers and the other is a lysate expansion
followed by an ELISpot assay. Using the lysate expansion,
we found that responses in the two groups were equivalent
(with a small trend towards higher response in the aP
group) (Figure 1(a), top). In the same experiments, we also
measured responses against a pool of BP epitopes from the
adenylate cyclase toxin (ACT) antigen, a virulence factor
that is not contained in the aP vaccine [39]. Interestingly,
we found that aP donors also exhibited equivalent memory
T cell reactivity against the ACT antigen (Figure 1(a), bot-
tom). Importantly, the same results were corroborated
when assaying responses in a different subset of donors
and using the ex vivo AIM modality (Figure 1(b)). Finally,
responses against the set of antigens present in the aP vac-
cine showed differential polarization as a function of the
original priming vaccination consistent with literature [9,
10, 40, 41], but surprisingly, responses against ACT did
not (Figure 1(c)). Overall, aP-vaccinated subjects are associ-
ated with immune responses against a variety of BP anti-
gens, including antigens not present in the aP vaccine,
consistent with the notion that aP prevents disease but
not colonization/exposure, and this result is apparent using
two different assay modalities.

3.2. A Genome-Wide Reactivity Screen of T Cell Reactivity to
BP with Different Assay Modalities Considered. The data
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F1GURE 1: Original childhood aP priming is associated with high reactivity to pertussis antigens. (a) Cytokine production was measured by
ELISpot following in vitro restimulation with BP lysate. Magnitude of responses expressed by spot-forming cells (SFC) is shown for the
sum of T cell responses (IFNy, IL-5, IL-17, and IL-9) for all aP antigens (PT) or ACT between wP- and aP-primed donors (n =12 for aP
and n =12 for wP cohorts). (b) % of BP-specific CD4+ memory T cells for PT or ACT antigens by AIM assay for donors originally
primed with wP or aP vaccine (n =15 for aP and n=9 for wP cohorts). (c) Differential polarization of T cell responses for PT but not
ACT. Each data point represents the ratio of IFNy/IL-5 SFCs from each donor (n=12 for aP and n=12 for wP cohorts). Data are
expressed as median + interquartile range for each cohort with the Mann-Whitney U test comparison value.

discussed in the previous section suggests that the definition
of a full-scale genomic map of memory T cell reactivity to BP
antigens in humans should be both feasible and of consider-
able interest [42]. Indeed, a similar genome-wide mapping of
T cell responses to Mycobacterial tuberculosis antigens has
been recently accomplished [43].

To explore the feasibility of a similar screen in the case of
BP antigens, bioinformatic epitope predictions [42, 44] for
the whole BP genome indicated the synthesis of approxi-
mately 25,000 peptides, spanning over 3300 BP putative
ORFs. Here, we wanted to specifically test the practicality of
a potential large-scale screening strategy, by testing a selected
set of these 25,000 peptides, which would be initially
arranged in approximately 130 “megapools” (MGs) of
approximately 200 peptides each. Additionally, we envi-
sioned that each MG would be further divided into 8 “meso-
pools” (MSs) of about 24 individual peptides. These various
pools and peptides would be tested using PBMCs derived
from apheresis from 20 young adults originally vaccinated
with either wP or aP vaccines.

Below, we report the results of a pilot study using the
selected wP and aP donors to define the screening method-
ology. We tested 8 MSs containing peptides that have been
mapped in the whole BP genome to include the 4 antigens
contained in the aP vaccine (PRN, PtTox, Fim2/3, and
FHA), but also novel ORFs, not yet assayed for T cell reac-
tivity (Supplementary Table 2). As a positive control, we
tested the previously described PT MG [10], produced
with the previously identified vaccine-reactive epitopes and
containing 132 peptides. The purpose of the experiments was
to specifically compare the results obtained with different
screening modalities, including the ex vivo ELISpot/FluoroSpot
[43], the 14-day restimulation ELISpot/FluoroSpot [9], and
the ex vivo AIM assay [12] (Figure 2).

3.3. In Vitro Lysate Stimulation Allows Identification of BP-
Specific Responses. In the first series of experiments, we eval-
uated the FluoroSpot assay platform ex vivo. When we tested
IFNy, IL-5, IL-13, IL-17, IL-9, and TNF-«a production in
response to the 8 MSs, no positive responses were detected.
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The PT MG composed of known epitopes and used as a pos-
itive control also did not elicit any detectable responses (not
shown). These results show that, in the case of BP, direct
ex vivo screening is not feasible with the FluoroSpot platform
as reported for mycobacterial tuberculosis [43].

As an alternative, and similar to the assay shown in
Figure 1(a), we considered an in vitro restimulation step, to
expand antigen-specific T cells. In fact, this assay modality
has been successfully utilized in numerous studies where
allergen extracts were employed to expand allergen-specific
T cells [45-48]. In this context, we wanted to determine
whether a BP lysate could be also utilized to expand BP-
specific T cells and measure BP-specific responses. Accord-
ingly, we produced a lysate prepared from iron-starved BP
cultures. PBMCs were stimulated in vitro for 14 days with
10 ug/mL of the lysate, and the expanded T cells were tested
in a 24 h FluoroSpot assay, where the number of cells secret-
ing the various cytokines was recorded. The results of a pilot
study utilizing PBMCs from 12 aP and 12 wP donors, respec-
tively, are shown in Figure 3, demonstrate that the BP lysate
can be used to expand cells for subsequent use in the 14-day
restimulation FluoroSpot assay.

3.4. In Vitro Lysate Stimulation Allows Identification of Novel
BP Antigens and Epitopes. In the next series of experiments,
with the method established above, we assayed in vitro cul-
tures from two independent donors, and after the 14-day
lysate expansion, the 8 MSs were tested in the FluoroSpot
assay for the most abundant cytokine production (i.e., [FNy,
IL-5, and IL-13). The MS encompassing peptides from
known and novel antigens were all associated with positive
signals in the restimulation FluoroSpot assay as well as the
positive control (not shown). Representative data are shown
for one of the two donors and one of the MSs, where the sig-
nal was deconvoluted to map the individual peptides recog-
nized by the responding T cells (Figure 4).

The results indicate that deconvolution of positive MS
reidentified the known antigens; in the case of the represen-
tative data shown, a vigorous pertactin response was
observed. Most importantly, the results indicate that the
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FIGURE 3: BP lysates can be used to expand cells for assessing BP
antigen reactivity. The magnitude of responses expressed by spot-
forming cells (SFC) is shown for the sum of T cell responses
(IENy, IL-5, IL-17, and IL-9) for lysate restimulation after 14 days
of expansion with BP lysate (n=12 for aP and n=12 for wP
cohorts). Data are expressed as median + interquartile range for
each cohort with the Mann-Whitney U test comparison value.

approach also identifies epitopes from novel antigens
endowed with high immunoreactivity. Specifically, strong
responses were noted for peptide epitopes derived from
DD-transpeptidase antigen, a bacterial enzyme involved in
cell wall biosynthesis [49]. Further analysis indicated that
the MS responses observed were associated with the expected
polarization pattern (Th2 for aP, Th1/Th17 for wP) when
performing parallel intracellular staining assays (not shown).
In conclusion, these results indicate that the in vitro restimu-
lation combined with a FluoroSpot assay is a suitable meth-
odology for the large-scale BP screen.

3.5. Ex Vivo AIM Assay Reproducibly Identifies Candidates
for Deconvolution. In the next series of experiments, we eval-
uated the feasibility of a screening modality utilizing an
ex vivo AIM assay [10-12] similar to the approach used in
Figure 1(b). The results of AIM assays where PBMC from a
representative donor out of 6 donors were stimulated with
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the eight MSs are shown in Figure 5(a). The results show data  correlated with high significance (p < 0.0001) when perform-
obtained in three completely independent experiments on  ing a multiple linear regression analysis, regardless of
different days. The results between different days were highly ~ whether the absolute positive cells/10° cells or SI (signal to
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FIGURE 6: Ex vivo AIM assay can reproducibly detect signals down to the peptide level. (a) Representative flow cytometry plots of CD25
+0X40+ upregulation by CD4+ T cells in cells left unstimulated (Unst) or stimulated with pools of peptides (PT-megapool (n =132
peptides) or mesopool (1 =24 peptides)) or individual peptides as well as PHA as a positive control. (b) % of BP-specific CD4+ memory T
cells for each individual peptide (n =48) deconvoluted from 2 contiguous positive MSs (PRN_1 (msl, n=24) and PRN_2 (ms2, n =24))
containing among others, peptides (n=10) from the known antigen pertactin (PRN; pink area) as measured by AIM assay. Each dot
represents an independent technical replicate of the same donor performed on a different day. A representative donor is shown. Data are
expressed as mean + SEM. The names of the all the antigens encompassing the group of peptides whose responses were significant are shown.

noise ratios) were considered. Based on these results, a
threshold of 100 cells and SI of 2 were provisionally set to
identify MS candidates for deconvolution.

Parallel experiments investigated the memory phenotype
of the responding cells, defined on the basis of the expression
of the CD45RA and CCR7 markers as described in more
detail in Materials and Methods. As expected and in a similar
fashion to PT MG composed of known epitopes, the BP-
specific T cells detected in the reactive MS (SI>2) were
mostly derived from the effector memory (Tem) and central
memory (Tcm) subsets (Figure 5(b)).

Finally, we investigated whether the two positive MSs
containing the pertactin antigen could be further deconvo-
luted, down to the level of individual peptides. The results
shown in Figure 6 show that this is indeed the case. The
deconvolution identified peptides from the known aP anti-
gen pertactin and in addition identified epitopes from novel
antigens. Specifically, strong responses were noted for pep-
tide epitopes derived from the D-alanyl-D-alanine transpep-
tidase and siroheme synthase antigens, both enzymes
associated with BP biosynthetic processes. The graph shows
the results from three independent assays performed on
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different days and indicates that the assay results are associated
with minimal day-to-day variability and high correlation
(p < 0.0001). Further experiments also revealed a good correla-
tion between the results of the ex vivo AIM assay and cytokine
production by the Ag-reactive T cell enrichment (ARTE) assay
([50]; not shown) suggesting that peptide stimulation captures
activated cells that are actively producing cytokines. In conclu-
sion, these results indicate that the ex vivo AIM assay is also a
suitable methodology for the large-scale BP screen.

3.6. Ex Vivo and In Vitro Assays Are Highly Correlated. The
results presented above indicate that both the in vitro resti-
mulation/FluoroSpot and the ex vivo AIM assays are suitable
methodologies for the large-scale BP screen. Given that both
assays are suitable, we next addressed the question of whether
the two different assay platforms would also lead to the iden-
tification of similar epitopes. When compared, it was found

(Figure 7) that the two results obtained in the in vitro resti-
mulation/FluoroSpot and the ex vivo AIM assays were highly
correlated (p < 0.0001). In general, the correlation between
the two assays is high. However, it is also noted that in some
instances (Figure 7(a)), peptides 10, 14, 23, and 24 are associ-
ated with high activity in the FluoroSpot assay and relatively
low AIM signal. It is not clear whether this is simply within
experimental error or corresponds to a true reproducible phe-
nomenon. In any case, it is noted that in the vast majority of
instances, the peptides associated with high FluoroSpot activity
are still positive for the specified AIM assay threshold. Since
our concern is to identify an assay to be used as primary screen,
those peptides would still be identified as positive and charac-
terized in more detail in secondary assays, regardless whether
the FluoroSpot or AIM would be used as a primary screen.
Opverall, based on these results, it appears that the two plat-
forms are equivalent and potentially interchangeable.
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4. Conclusions

The results of this study demonstrate that both the in vitro
restimulation/FluoroSpot and the ex vivo AIM assays are
suitable methodologies for the large-scale BP screen. In gen-
eral, both assay platforms yield reproducible results when the
assays are repeated in independent experiments performed
on different days, and these findings have been verified utiliz-
ing different independent donors. Based on the results, we
tentatively set a threshold of 100 cells and SI of 2 to identify
positive MS candidates for deconvolution.

Surprisingly, our results indicate that aP donors also
exhibited equivalent memory T cell reactivity against the
ACT antigen, which is not found in the aP vaccines.
Higher levels of antibody against ACT have also been
observed in the plasma of aP-primed donors (unpublished
observations). Thus, aP-vaccinated subjects are associated
with immune responses against a variety of BP antigens
not just present in the aP vaccine, which is consistent with
the notion that aP prevents disease but not BP colonizatio-
n/exposure [18, 19, 21].

Because both assay platforms appear to yield equiva-
lent results, the question arises related to which of the
two might be preferable. The ex vivo AIM platform is
more laborious on the assay day (but this step can be at
least partially automated), while the in vitro restimulation
step, by definition, has a longer time to completion and
requires more steps. The ex vivo AIM assay has three
important advantages, as (1) it is not dependent on the
responding cell to secrete any particular cytokine, (2) it
introduces minimal physiological perturbations, as com-
pared to a 2-week culture period, and (3) it allows map-
ping of subcellular populations and further phenotypic
characterization [42].

Finally, in terms of biological relevance, both assay
platforms correctly reidentify known antigens such as
pertactin as an important source of BP epitopes and in
addition identify novel epitopes derived from novel anti-
gens such as D-alanyl-D-alanine transpeptidase and siro-
heme synthase. These results further support the interest
and feasibility of performing a whole-genome-wide screen
of BP T cell antigens. Both the in vitro restimulation/-
FluoroSpot and the ex vivo AIM assays results are associ-
ated with the expected polarization patterns, further
underlining the biological relevance of the observations.
In an age of increasingly reported cases and outbreaks
of whooping cough throughout the globe, along with
imperfect protection provided by currently administrated
aP vaccines, the identification of novel antigens associated
with BP virulence and persistence is warranted and cru-
cial for better control and prevention of both transmis-
sion and disease.
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A complex mixture of peptides plays a key role in the regulation of the immune system; different sources as raw materials mainly
from animals and vegetables have been reported to provide these extracts. The batch-to-batch product consistency depends on in-
process controls established. However, when an immunomodulator is a customized product obtained from the same volunteer who
will receive the product to personalize the treatment, the criteria to establish the consistency between volunteers are different. In this
sense, it is expected to have the same molecular weight range although the profile of peptide abundance is different. Here, we
characterized the peptide profile of three extracts of an immunomodulator obtained from the urine of different volunteers
suffering from three different diseases (i.e., allergic rhinitis, rheumatoid arthritis, and chronic rhinopharyngitis), using size
exclusion chromatography (SEC) and mass spectrometry (MS). The peptides contained in the immunomodulators were stable
after six months, stored in a refrigerator. Our results showed a chromatographic profile with the same range of low molecular
weight (less than 17kDa) in all analyzed samples by SEC; these results were also confirmed by MS showing an exact mass
spectrum from 3 to 13kDa. The fact that the peptide profiles were conserved during a six-month period at refrigeration
conditions (2 to 8°C) maintaining the quality and stability of the immunomodulator supports the notion that it might be an
alternative in the treatment of chronic hypersensibility disorders.

response. Previous studies on similar products containing
peptide distribution such as transfer factor (Transferon®) or

Biological extracts containing a complex mixture of pep-
tides represent an alternative for the treatment of chronic-
degenerative diseases. This peptide distribution promotes
the modulation of the immune response by a different mech-
anism of action still not fully understood, yet they have
shown therapeutic properties and therefore represent an
improvement in certain diseases [1, 2]. For this reason, it is
essential to demonstrate consistency in the physicochemical
properties of the product in order to obtain the expected

collagen hydrolysate (Colagenart®) showed a high reproduc-
ibility in the physicochemical properties among batches.
Transferon® is used as a drug product for the treatment of
chronic-degenerative diseases, while Colagenart® is pre-
scribed as a dietary supplement, which have been used as a
viable alternative to preserve joint and skin health [3-5].
Nowadays, personalized medicine, also known as indi-
vidualized medicine or precision medicine, is becoming an
innovative treatment in critical areas such as oncology. This
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FIGURE 1: Peptide mass distribution of the immunomodulator by size exclusion chromatography. The main figure shows the characteristic
chromatographic profile of the immunomodulator (blue line), the molecular weight marker (dotted line), and matrix (black line). At the
right side, it shows the consistency in the mass distribution of three immunomodulators obtained from different volunteers.

approach, based on vaccination, consists on reinjecting a
sample from the patient’s own immunomodulator, after
sample processing, to obtain a fraction of them that contains
the peptide distribution which will be presented as own anti-
gens to boost the immune response and serve as an immuno-
modulator and, therefore, might also be useful in people
suffering from autoimmune diseases or in certain innate or
adaptive immunodeficiencies [6-12].

This complex mixture of peptides, for reinjecting, is
extracted mainly from blood cells or tissues (e.g., solid tumors)
[13] and then extracted by standard separation bioprocesses
such as precipitation, filtration, or chromatography, followed
by formulation, sterile filtration, and the filling of the vials.

Peptides obtained from urine have been used for the
treatment of patients with various forms of hypersensitivity
(allergies of the skin and mucous membranes) like asthma
and various forms of arthritis, for the last 40 years, showing
a remarkable clinical improvement within the first weeks of
treatment that last for months or even years particularly in
patients with early diagnosis [7, 8]. Since the scientist Ruiz
Castanieda developed the process to obtain peptides from
urine, it allowed to invent the immunomodulator adminis-
tered by injection or via oral for the treatment of various
pathologies, such as autoimmune and allergic diseases. It
was possible due to the experience accumulated in medicine,
immunology, and bacteriology, which was obtained during
his stay in the National School of Medicine, University of
Paris, Pasteur Institute, and Harvard [14].

Since 1940, endogenous intradermal injection of the pep-
tides extracted from autologous urine has been used for the

treatment of chronic immunologic disorders; according to a
repeated dose scheme during 6 months, the results have been
proven to be safe (no adverse effects have been reported) and
effective mainly in the treatment of allergies of the skin and
mucosa, reactive arthritis, and psoriasis [14].

In this study, the distribution of a complex mixture of
peptides extracted from human urine in 3 patients was
characterized, one with allergic rhinitis, a second one with
arthritis rheumatoid, and a third one with chronic rhino-
pharyngitis. All three patients used the formulation in weekly
doses (once a week for six months). For peptide analysis,
cutting-edge technology was employed and included size
exclusion chromatography and mass spectrometry. Addi-
tionally, peptide stability (at 5+3°C) during a 6-month
period was demonstrated.

2. Materials and Methods

2.1. Samples and Reagents. Three samples of immunomodu-
lator obtained from patients with allergic rhinitis, rheuma-
toid arthritis, and chronic rhinopharyngitis were provided
by Instituto de Alergias y Autoinmunidad Dr. Maximiliano
Ruiz Castaiieda A.C. (Mexico City, Mexico). The immuno-
modulators were obtained by a bioprocess containing several
steps that include selective precipitation of low molecular
peptides with organic solvents [14]. Sodium chloride, and
monobasic, dibasic sodium phosphate, and sodium 3-(tri-
methylsilyl)tetradeuteriopropionate (TSP) were obtained
from J. T. Baker and (NY, USA) Sigma-Aldrich (MO, USA).
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F1GURE 2: Immunomodulator exact mass distribution spectra obtained from (a) volunteer 1 with allergic rhinitis, (b) volunteer 2 with arthritis
rheumatoid, and (c) volunteer 3 with chronic rhinopharyngitis. The horizontal and vertical axes show the mass in daltons and the intensity

generated by ionized peptides, respectively.

Mass spectrometry grade water, formic acid, and acetonitrile
were obtained from Sigma-Aldrich (MO, USA).

2.2. Methods

2.2.1. Size Exclusion Chromatography (SEC). A size exclusion
chromatography analysis (SE-UPLC) was performed accord-

ing to Medina-Rivero et al. [3]. Briefly, 10 yL of each immu-
nomodulator was injected in a Waters® BEH 125 SEC
column (1.7 ym x 4.6 x 150 mm) using an Acquity UPLC
Class-H system (Waters; MA, USA) with UV detection. A
50 mM phosphate-buffered solution (pH6.8) was used as
mobile phase. Data was acquired and processed with the
Empower® software (Waters®).
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TaBLE 1: Design of the stability test of immunomodulator.
Time point for
Test Method sample analysis
(months)
0 3 6
Appearance Visual X X X
pH Potentiometric X X X
Total protein uv X X X
Mass distribution SEC X X X
Sterility Microorganisms culture X ND X

ND: not determined.

2.2.2. Mass Spectrometry (MS). MS analyses were performed
according to our previous studies for the analysis of the qual-
ity attributes of complex molecules in order to demonstrate
batch-to-batch consistency [4, 5]. In brief, peptide samples
were separated and in-line desalted using a Waters® CSH
C18 reverse phase column (1.7 ym, 2.1 x 150 mm) and a gra-
dient from 0% to 25% of Acetonitrile with formic acid (0.1%)
as a mobile phase. Analyte ions were obtained by electrospray
ionization and analyzed using a quadrupole-time-of-flight
(MS-Q-Tof) Vion® spectrometer coupled to an Acquity
UPLC class H chromatograph (Waters®). Data was acquired
and processed with the UNIFI® software (Waters).

2.2.3. Stability Test. A long-term stability test was performed
in order to define the shelf life of the immunomodulator
during a 6-month period under refrigeration conditions
(5°C+3°C). The samples were analyzed by appearance,
pH, total protein by UV at 280nm, SEC, and sterility every
three months (0, 3, and 6 months).

3. Results and Discussion

The immunomodulators used for the treatment of chronic
diseases were analyzed through SEC and MS, in order to
demonstrate consistency and peptide distribution stability,
unlike standard drugs which contain a single and well-
defined compound as the active pharmaceutical ingredient
(API) that complies with a quality specification. In biological
products such as the immunomodulator peptide studied
here, which is obtained from autologous urine, thus, differ-
ences in peptide sequences among patients are expected.
Therefore, the consistency of the process is determined by
the peptide polydispersity given by the molecular mass of dis-
tribution of the peptides and the total protein content along
with other attributes such as appearance and safety testing.

3.1. Size Exclusion Analysis. Mixture peptide distribution
obtained from the immunomodulator showed a peptide size
range lower than 17.0 and 1.3 kDa, according to molecular
weight markers. A main peak is showed in a retention time
of 5.8 min, which corresponds to the formulation excipient
(Figure 1). A robust process was designed to extract the
immunomodulator from the same source in this case urine
of a different volunteer for reinjecting treatment in order to
obtain peptides in the expected size range as was showed in
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the analysis of three independent samples studied by SEC
(Figure 1). In these samples, the same range of size was
observed but with a different relative abundance of peptide
according to the chromatographic profile. The difference
depends on the protein concentration, relative abundance,
and type of peptides in the urine; it is well known that protein
concentration could be increased in donors with some dis-
ease and even their urine could present different proteins to
those that are normally found [15-17].

3.2. Mass Spectrometry Analysis. The mass spectrum crite-
rium was based on the quantitative range of molecular
mass of the peptides between 200 and 9000 Da. It confirms,
orthogonally, the masses of SEC chromatographic profile.
The results showed expected intrinsic differences in peptide
abundance among samples. This intrinsic heterogeneity of
peptides between volunteers is found in previous studies
when screening peptides from urine in order to find diag-
nostic and prognostic makers, even to use them as therapy
in the treatment for some disease [7, 8]. In all cases, the
appearance of a high frequency of low molecular weight pep-
tides lower than 2000 Da was found (Figure 2). The mass
spectra of the samples from patients showed differences in
the abundance of peptides (Figure 2). These mass spectra
were obtained from deconvoluted m/z from reversed-phase
chromatograms (Figure S1). This result demonstrated
that the origin and abundance of peptides depend on the
health status of the donor. Immunomodulators could have
sequences of peptides that mimic the epitopes of several
antigens that could explain why the immunomodulators
could turn on or turn off the innate immune response as
universal immunocorrectors. The personalized medicine,
such as the present immunomodulator, could contain
relevant peptides for the patient from which they were
extracted. These peptides could induce a specific immune
response that improves the condition of the patient.

3.3. Stability Test Analysis. The shelf life of the immuno-
modulator was performed during six months, analyzing
every three months (Table 1). The results showed consis-
tency in the critical quality attributes evaluated; in all cases,
the expected results from each analysis were within the
established specifications limits (Table 2). The results from
this study allowed to establish shelf life stability of the prod-
uct. The results by SEC in the independent samples showed
the same molecular size distribution and similar chromato-
graphic profile at started time and after six months of storage
in refrigeration condition; the total area under the peaks is
maintained, which suggests that the peptides are in solution
without significant structural changes (Figure 3). Addition-
ally, the size distribution profile remained was confirmed
by MS after nine months at refrigeration (Figures S2). The
immunomodulator obtained from a volunteer contains a
high peptide heterogeneity in terms of size and sequence;
even this heterogeneity is greater among volunteers, since it
depends on the proteins that have been secreted in the urine.
Therefore, the conservation of the peptide distribution is a
stability-indicating analysis.



Journal of Immunology Research 5
TaBLE 2: Resume of stability test of the immunomodulator at 5 + 3°C.
Results of the analyses in each time
Test Specification 0 3 6
V1 V2 V3 V1 V2 V3 V1 V2 V3
Appearance Clear and colorless liquid C C C C
pH 5to7 6 6 6 7 7 7 7 7 7
Total protein 5.5 to 7.5 mg/mL 6.9 6.5 6.5 6.6 6.5 6.4 7.2 6.8 7.0
Mass distribution Peptide distribution < 17.0 kDa C C C C C C C C C
Sterility Sterile C C C ND ND ND C C C
ND: not determined; V: volunteer; C: comply.
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Figure 3: Continued.
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FIGURE 3: Size distribution profile of immunomodulator product by SEC during stability test at started time (gray line) and after six months
(black line). The immunomodulator was produced from (a) volunteer 1, (b) volunteer 2, and (c) volunteer 3.

4. Conclusion

The consistency in the size distribution profile of complex
mixture of peptides obtained by established process is repro-
ducible among different volunteers; it is key to expect the
desired response in the treatment of chronic immunological
disorders such as allergies of the skin and mucosa, reactive
arthritis, and psoriasis. In addition, the product showed to
be stable, maintaining its critical quality attributes when it
is stored between 5 and 8°C before its use. Therefore, this
immunomodulator represents a viable alternative for the
treatment of chronic immunological disorders.
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West Nile Virus (WNV) causes a debilitating and life-threatening neurological disease in humans. Since its emergence in Africa
50 years ago, new strains of WNV and an expanding geographical distribution have increased public health concerns. There are
no licensed therapeutics against WNV, limiting effective infection control. Vaccines represent the most efficacious and efficient
medical intervention known. Epitope-based vaccines against WNV remain significantly underexploited. Here, we use a
selection protocol to identify a set of conserved prevalidated immunogenic T cell epitopes comprising a putative WNV
vaccine. Experimentally validated immunogenic WNV epitopes and WNV sequences were retrieved from the IEDB and West
Nile Virus Variation Database. Clustering and multiple sequence alignment identified a smaller subset of representative
sequences. Protein variability analysis identified evolutionarily conserved sequences, which were used to select a diverse set of
immunogenic candidate T cell epitopes. Cross-reactivity and human leukocyte antigen-binding affinities were assessed to
eliminate unsuitable epitope candidates. Population protection coverage (PPC) quantified individual epitopes and epitope
combinations against the world population. 3 CD8+ T cell epitopes (ITYTDVLRY, TLARGFPFV, and SYHDRRWCF) and 1
CD4+ epitope (VIVNPFVSVATANAKVLI) were selected as a putative WNV vaccine, with an estimated PPC of 97.14%.

1. Introduction

West Nile Virus (WNV) is a mosquito-borne Flavivirus that
causes West Nile Fever (WNF) and West Nile neuroinvasive
disease (WNND) in birds, humans, and horses [1]. Originat-
ing in the West Nile regions of Uganda in 1937, WNV has
now become a prevalent human infection. Before mid-1990,
the virus was confined to Africa and Europe, then spread
to North America, the Middle East, and West Asia. Two
and a half million cases were reported between 1999 and
2010, of which, 12,000 were WNND, resulting in over
1300 deaths. Thus, WNV has become a major global public
health concern.

WNV infection manifests as one of three disease states:
asymptomatic carrier, West Nile Fever (WNEF), and West
Nile neuroinvasive disease (WNND) [1]. After the initial
mosquito bite, 3-14 days elapse before the first symptoms,
with rapid progression thereafter. Asymptomatic carriers
represent 75% of all cases, with 25% presenting with WNF
or WNND [2]. WNF is a mild, self-limiting disease which
presents as general fever, malaise, and muscle and gastroin-
testinal pain [3]. Overall mortality is ~4.2% but rises to
9.6% in WNND.

WNV is part of the Flavivirus genus, which comprises
over 70 viruses and many human pathogens, including
numerous mosquito-borne viruses [4]. WNV is transmitted
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from an infected host via a mosquito bite, primarily by the
Culex spp. and to a lesser extent the Aedes spp. [5]. Human
and equine infections occur outside the natural transmission
lifecycle sustained between mosquitos and birds [6]. Horses
and humans are “dead-end” hosts, unable to reinfect mosqui-
tos due to insufficient viremia [4].

The WNV genome comprises a single-stranded nonseg-
mented positive sense RNA of ~11,000 nucleotides [7]. It is
transcribed into a single polyprotein, which is cleaved by viral
proteases into ten mature viral proteins: three 5' structural
segments (C, PrM, and E) and seven 3’ nonstructural protein
elements (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5).
Phylogenetic analysis suggests that there are at least seven
distinct WNV lineages [8]. While infection from other line-
ages is known, major human outbreaks arise solely from lin-
eages 1,2, and 5 [6].

There are no current FDA-approved WNV treatments.
Reducing exposure to mosquitos is the main strategy, via
mosquito nets, protective clothing, and insect repellent and
by staying indoors [8]. In the absence of viable therapeutic
interventions, effective vaccines could provide long-term
protection against WNV. No commercial human WNV vac-
cines exist [9], but successful vaccines for closely related Fla-
viviruses—Japanese encephalitis virus, tick-borne virus, and
Yellow Fever virus—suggest that an effective, well-tolerated
WNV vaccine is feasible [10]. Adaptive immune responses
promote viral clearance and control WNV infection [11].
Several novel vaccine candidates are currently in phase I
and phase II clinical trials [12], yet WNV clinical trials face
several challenges including late or sporadic presentation of
symptoms, asymptomatic carriers, inconsistency of out-
breaks, trial logistics, and comorbidities in the elderly [8].

The only trialed WNV inactivated vaccine comprised a
minimally pathogenic Kunjin virus incubated with hydrogen
peroxide [9]. PrM and E proteins of lineages 1 and 2 have
been exploited as subunit vaccines. Lineages 1 and 2 can pro-
vide crossprotection against other lineages suggesting that a
single universal vaccine is feasible [13]. Recent approaches
have tried to induce neutralising antibodies by targeting
highly immunogenic E antigens. Capitalising on the success-
ful equine vaccine PreveNile [12], the most promising cur-
rent human vaccine, ChimeriVax-WNO02, uses the Yellow
Fever 17D backbone to incorporate PrM and E genes [10].
Three gene mutations (L107F, A316V, and K440R) attenu-
ated the virus [13].

PrM, E, NS3, and NS4B proteins are commonly targeted
by CTLs [11]. Long-lasting immunity has been achieved in
phase I subunit vaccine trials using adjuvants and DIII
regions of the WNV E protein [4]. A DNA vaccine expressing
the NY99 capsid protein generates a strong CD4+ immune
response with a significant rise in IL-2 and IFN-y levels
[12]. Vaccines expressing domain II of the E protein have
produced WNV-neutralising antibodies in phase I trials [9].

The lack of extant WNV vaccines prompts us to evaluate
potential epitope ensemble vaccines as an alternative,
exploiting our evolving approach to vaccine design. We have
exemplified this by identifying putative vaccines against hep-
atitis C [14], influenza [15], malaria [16], Epstein-Barr virus
[17], TB [18, 19], and dengue [20]. By focusing on highly
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conserved immunogenic epitopes with a broad population
coverage, we identified optimal selections of prevalidated
epitopes of proven immunogenicity. To avoid undesired
immunogenicity in designed vaccines, we extend our prior
work here to filter out epitope cross-reactivity with the
human genome.

2. Methods

2.1. Identification of West Nile Virus CD8+ and CD4+ T Cell
Epitopes. Experimentally confirmed West Nile epitopes (ID:
11082) were retrieved from the Immune Database and Anal-
ysis Resource (IEDB) (http://www.iedb.org/). Epitopes were
restricted to host “Humans,” “T cell Assays,” “Positive
Assays,” and “Any MHC restrictions.” CD8+ and CD4+ data
were collected separately.

2.2. Acquisition, Processing, and Alignment of the West Nile
Virus Polyprotein. Complete West Nile Virus genome
sequences for all human variants and lineages were
obtained from the National Centre for Biotechnology
Information (NCBI) West Nile Virus Variation Database
Resource (URL: https://www.ncbi.nlm.nih.gov/genome/
viruses/variation/WestNile/). Incomplete and duplicated
sequences were removed. Sequences were clustered using
CD-HIT (URL: http://weizhongli-lab.org/cdhit_suite/cgi-
bin/index.cgi?*cmd=cd-hit) to form a set of representative
sequences. Identified cut-off was 0.99. The clustered
sequences were multiply aligned using MUSCLE (URL:
http://www.ebi.ac.uk/Tools/msa/muscle/) to form multiple
sequence alignment (MSA).

2.3. Analysis of Epitope Sequence Variability. Conserved
epitopes were identified by analysing conservation of the
MSA, using the Protein Variability Server (PVS) [21] (URL:
http://imed.med.ucm.es/PVS/). The first sequence in the
alignment was used as a reference. Sequence variability was
masked, and only fragments with a length greater or equal
to 9 were selected. The Shannon entropy threshold was 0.5.
CD8+ and CD4+ epitopes with at least 50% overlap were
retained for subsequent analysis.

2.4. Analysis of Epitope Cross-Reactivity. CD8+ cross-
reactivity was analysed using iCrossR (URL: http://webclu
.bio.wzw.tum.de/icrossr/) after determining class I binding
profiles, as below. The number of mismatches was set to “0,
1, 2, and 3” for each binding prediction. Epitopes with a
cross-reactivity index (ICR) of 0.01 or greater were removed.

2.5. HLA Binding Profile Prediction and Calculation of
Population Protection Coverage (PPC). Binding affinities of
conserved CD8+ (http://tools.iedb.org/mhci/) and CD4+
(http://tools.iedb.org/mhcii/) T cell epitopes were predicted
using IEDB. HLA I reference set was used for MHC I epitopes
(Weiskopf, Angelo et al. 2013) and an HLA II reference set
was used for MHC II epitopes (Greenbaum et al. [22]
Class I binding profiles present in the top one percentile
rank were retained. For MHC Class II, epitopes less than
15 amino acids in length were eliminated and binding
profiles in the top five percentile rank were obtained.
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Conserved CD8+ epitopes were also analysed using EPI-
SOPT (URL: http://bio.med.ucm.es/episopt.html) selecting
all ethnic groups in the US population (Caucasian, Black,
Hispanic, Asian, and native North American) and a PPC
above 95%. Global PPC values for highly-conserved epitopes
were calculated using IEDB (http://tools.iedb.org/tools/
population/iedb_input). MHC I and MHC II epitopes were
then ranked by PPC. Epitopes were combined within each
class to calculate overall PPC values. To create a potential
‘universal’ vaccine candidate CD8+ and CD4+ epitopes were
combined and PPC calculated using IEDB as above.

3. Results

Searching IEDB identified 165 linear CD4+ and CD8+ T cell
epitopes presented to T cells during WNYV infection: 53 HLA
class I and 112 HLA class II epitopes. Epitope length ranged
from 8 to 20 amino acids. Genomic sequences representing
all strain variants of WNV were also retrieved from the NCBI
West Nile Virus Variation Database. 126 unique protein
sequences were retrieved. AJR27178, AJR27181, and
AJR27181; AJW82677 and AKH144860; and AJW59216
and AJW59220 were found to be identical. Only unique
sequences were retained. Sequence clustering using CD-
HIT identified nonredundant sequences representative of
all WNV sequences. All major human lineages were present;
5 sequences were generated with two representing lineage 2:
AJW59217 (USA, 2002), AJR27898 (Italy, 2014), AHB37632
(Ttaly, 2013/08), AMZ00438 (India, 1988/02/12), and
ALKO02494 (Australia, 1991). AHB37632 was discarded due
to sequence anomalies.

A multiple sequence alignment (MSA) was performed on
the remaining 4 sequences. All four lineages were highly con-
served: 3069 positions had identical amino acids (89.37%),
and only 64 positions showed variable amino acids (1.87%).
The remainder was either partially conserved (3.17%) or
highly conserved (5.59%). Analysis with PVS showed that
122 of the 165 epitopes had >50% sequence identity to
the masked WNV reference sequence: 32 CD8+ 9mers,
three 10mers, and one 1lmer, with 19 epitopes showing
100% sequence identity; 86 CD4+ epitopes had >50%
sequence identity, with 19 of the 86 epitopes showing 100%
sequence identity.

As therapeutic peptides can evoke autoimmune
responses, conserved epitopes were screened computation-
ally to detect undesirable cross-reactivity against human
tissues. Cross-reactivity (CR) was computed using iCrossR
for HLA-I 9mer epitopes only. The output for each muta-
tion was averaged to calculate an overall cross-reactivity
index (ICR).

Our results show that none of the epitopes have an ICR
greater than 0.01; thus, it seems unlikely that self-antigen rec-
ognition and toxic effects would occur; when tested at the
three mutation levels, many epitopes did exhibit CR. HLA-I
binding profiles and PPC were calculated using EPISOPT
and IEDB. All CTL 9mer epitopes were entered into EPI-
SOPT to estimate the PCC for the five US ethnic groups
(see Table 1). ITYTDVLRY had the largest number of bind-
ing alleles (10) and the highest PPC. EPISOPT analysis

showed that a PPC>95% could be reached using HLA-I
alleles alone.

Using three epitopes, the maximum PPC was 97.65%, with
24 distinct class I restrictions: TLARGFPFV, GPIRFVLAL,
and ITYTDVLRY. 190 different combinations of four epi-
topes achieved a PPC > 95%. TLARGFPFV and ITYTDVLRY
were present in most highly scoring epitope sets, with many
epitopes absent from all candidate ensembles.

HLA-I binding profiles were also obtained using IEDB.
Peptides in the top 1% rank were retained to ensure strong
binding and sufficient immunogenicity. More HLA-A bind-
ing alleles (14) were seen than HLAB (9). The IEDB PPC tool
predicted that the top EPISOPT ensemble had only an
84.68% PPC. To achieve a PPC of >95%, 6 epitopes are needed:
TLARGFPFV, ITYTDVLRY, KSYETEYPK, SYHDRRWCF,
MPNGLIAQF, and GPIRFVLAL (see Table 2).

HLA-II binding profiles were estimated using IEDB,
retaining epitopes in the top 5% rank. PPC calculation
showed that individual epitopes had a relatively high PPC,
with 8 having values over 50%. VIVNPFVSVATANAKVLI
and GEFLLDLRPATAWSLYAV had the highest value:
70.55%. ILVSLAAVVVNPSVKTVR and VIVNPFVSVA-
TANAKVLI achieved a combined PPC of 81.81%. The addi-
tion of further epitopes had no effect. Many CD4+ epitopes
had binding profiles that were subsets of other epitopes.
These epitopes were removed, leaving a set of HLA-IT alleles
covering all epitopes (see Table 3). Many of the high-scoring
epitopes also had overlapping binding profiles.

Both CD4+ and CD8+ T cells are important in viral clear-
ance. CD8+ and CD4+ epitopes were combined to calculate a
PPC, using the PPC tool on IEDB. By combining the top two
epitopes from each HLA subset VIVNPFVSVATANAKVLI
and ILVSLAAVVVNPSVKTVR, and ITYTDVLRY and
TLARGFPFV, a PPC of 96.36% was achieved. A vaccine
ensemble comprising ITYTDVLRY, TLARGFPFV, and
SYHDRRWCF and VTVNPFVSVATANAKVLI covered
97.14% of the world’s populations. This increased to 99.52%
when using 11 epitopes (see Table 4).

4. Discussion

West Nile Virus has been recognized as a reemerging global
pathogen. Present in Africa for over 50 years, recent geo-
graphical transmission has raised its profile as a public health
concern. There are no current effective treatments, and the
cost-to-benefit ratio of the WNV development pipeline is
poor. Vaccination is a key intervention. An eflicacious
WNV vaccine could significantly benefit the global popula-
tion. Vaccines are available for closely related Flaviviruses
and against equine WNV, resulting in a significant reduction
in annual mortalities. Veterinary vaccine Equilis West Nile is
an inactivated whole virus vaccine comprising a strain
known as Yellow Fever-West Nile. The vaccine is given to
horses over six months via 2 intramuscular injections, 3 to
5 weeks apart, with a single booster injection given a year
later. In comparative evaluations, correlates of protection
were seen in 89-94% of treated animals in different test
groups. Most previous candidate WNV vaccines have relied
on B cell-mediated immunity. Here, we attempt to identify
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TaBLe 1: HLA-I binding profiles and population protection
coverage calculated by EPISOPT and IEDB for the five main
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ethnic groups.

(a) EPISOPT

Peptide HLA-I binding profile EPISOPT 12;?
(9
A0301 A1101 A6801 B1502 B1516
ITYTDVLRY B1517 B2702 B2709 B5502 C0702 44.66
A0201 A0202 A0203 A0204 A0205
TLARGFPFV A0206 A6802 34.52
SLFGGMSWI A0201 A0202 A0206 B1508 27.58
KSYETEYPK A1101 A3101 A3301 A6801 14.86
LTYRHKVVK A0301 A1101 A3101 A3301 A6801 3251
B1502
RVLSLIGLK A0203 A0301 A1101 A3101 24.47
AVVVNPSVK A0301 A1101 17.83
SYHDRRWCF A2402 C0702 22.05
RYLVKTESW B1513 B5701 B5702 2.48
B0702 B1502 B1508 B3501 B3801
MPNGLIAQF B5301 B5401 B5702 B5801 3545
A0203 A0214 B0702 B0801 B3501
GPIREVLAL B5301 B5401 C0304 44.48
AEVEEHRTV A2902 B4002 7.11
WMDSTKATRY — 0
KGDTTTGVY B1516 B5702 B5801 2.13
VVEKQSGLY A1101 4.70
QTDNQLAVF A0207 B3801 B5702 B5801 3.71
ALRGLPIRY A0201 A0203 A0301 B1517 27.34
TEVMTAVGL A2902 B39011 B3909 B4002 B4402  12.41
MTTEDMLEVW — 0
RPAADGKTV B0702 B5101 B5102 B5103 B5401 18.59
B5502
ILRNPGYAL A0202 A0206 A0214 B0702 B1502 29.62
C0304
RVLEMVEDW B1513 B5701 B5702 B5801 5.79
RSLEFGGMSW B5701 1.93
RAWNSGYEW B5801 1.59
HTTKGAALM B1510 0
SVGGVFTSV A0201 A0202 A0203 A0206 28.88
VLNETTNWL A0201 18.04
A0201 A0202 A0203 A0205 A0206
SLVNGVVRL A0214 B1510 B1517 B3909 3447
A0204 A0205 A0206 A0207 A0214
FVDVGVSAL B3801 C0102 6.65
YRHKVVKVM B1510 B2701 B3801 B39011 B3909 3.94
RRSRRSLTV B2703 B2704 B2705 B2706 B2709 2.39
ATWAENIQV A0202 A0204 A0205 A0207 A0209 1.49

B1516

(b) IEDB
Pepide o L ere e oy
A0101 A0301 A3002 B5801 B5701
ITYTDVLRY 2601 ALLOL 54.74
TLARGFPEV A0206 A0203 A0201 41.35
SLEGGMSWI A0203 A0201 39.84
KSYETEYPK A1101 A0301 A3001 A3101 38.48
LTYRHKVVK A0301 A1101 A3101 35.36
RVLSLIGLK A0301 A1101 A3001 34.14
AVVVNPSVK A1101 A0301 30.92
SYHDRRWCF A2301 A2402 26.18
RYLVKTESW A2301 A2402 26.18
MPNGLIAQF B5301 B3501 B0702 22.88
GPIRFVLAL B0702 B0801 22.61
AEVEEHRTV B4403 B4001 B4402 20.88
WMDSTKATRY A0101 A3002 19.55
KGDTTTGVY A3002 A0101 19.55
VVEKQSGLY A3002 A0101 19.55
QTDNQLAVF A0101 17.34
ALRGLPIRY A0301 16.81
TEVMTAVGL B4001 B4403 13.83
MTTEDMLEVW  B5701 A6802 A0206 B5301 B5801  13.7
RPAADGKTV B0702 12.78
ILRNPGYAL B0702 12.78
RVLEMVEDW B5701 B5801 A3201 11.53
RSLEGGMSW B5701 B5801 A3201 11.53
RAWNSGYEW B5701 B5801 7.26
HTTKGAALM A2601 5.82
SVGGVFTSV A6802 A0203 3.46
VLNETTNWL A0203 0.97

highly conserved T cell epitopes that might form an epitope
ensemble sufficiently immunogenic to protect against geo-
graphically diverse WNV strains.

Epitopes in adoptive immunotherapies may exhibit
undesired side effects [23], such as CR when foreign peptide
sequences resemble those of self-peptides sufficiently to initi-
ate an unwanted autoimmune response. Addition of compu-
tational CR prediction to our design-by-selection protocol is
a key advance over previous work [14-20] and should accel-
erate the early selection of safe vaccines. When using iCrossR
[23], none of the epitopes were identified to elicit responses
cross-reactive with human tissues. McMurtrey et al. [24]
and Kaabinejadian et al. [25] identified epitopes presented
by HLA-A%02:01 and HLA-A%11:01, and many were also
selected by our approach, including RVL9, SVGY, TLAY,
KYS9, AVV9, RLD10, ATW9, and SLT9. YTM9, SLF9, and
KNMO9 were eliminated as they lacked >50% sequence iden-
tity to the viral reference.

No single epitope provided protection against WNV. A
PPC > 95% was only possible when multiple epitopes were
combined. A potent immune response needs both CD4+
and CD8+ T cell responses [26]. Combined epitopes generate
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TaBLE 2: Candidate epitope ensemble vaccines with >95% PPC, as calculated by EPISOPT and IEDB.

Ensemble Method Peptides PPC
TLARGFPFV
1 EPISOPT ITYTDVLRY GPIRFVLAL 99.00
TLARGFPFV GPIRFVLAL
2 EPISOPT ITYTDVLRY MPNGLIAQF 99.00
TLARGFPFV
3 EPISOPT TEVMTAVGL ITYTDVLRY 99.23
MPNGLIAQF
TLARGFPFV
4 EPISOPT ITYTDVLRY GPIRFVLAL 97.65
TLARGFPFV
KSYETEYPK —__
5 IEDB SYHDRRWCF 97.34
AEVEEHRTV GPIRFVLAL
MTTEDMLEVW
RSLFGGMSW
TLARGFPFV
KSYETEYPK ITYTDVLRY
6 IEDB MPNGLIAQF SYHDRRWCF 96.81
AEVEEHRTV GPIRFVLAL
MTTEDMLEVW
ORIy ITYTDVLRY
7 IEDB SYHDRRWCF 96.49
MPNGLIAQF GPIRFVLAL
AEVEEHRTV
TLARGFPEFV
KSYETEYPK ITYTDVLRY
8 IEDB MPNGLIAQF SYHDRRWCF 9525
GPIRFVLAL

TABLE 3: Subset of epitopes that represent all HLA-II alleles by elimination of repetitive binding profiles.

Epitope HLA-II binding profile top 5 percentile rank PPC

HLA-DRB1+%08:02, HLA-DRB1%04:01, HLA-DRB1%09:01, HLA-DRB1x%11:01, HLA-DRB1x04:05,
VTVNPFVSVATANAKVLI HLA-DRB1x%01:01, HLA-DRB3%02:02, HLA-DRB5%01:01, HLA-DRB1%07:01, HLA-DRB1%13:02, 70.55
HLA-DRB1%15:01, HLA-DQA1%01:02/DQB1%06:02

HLA-DRB1+%08:02, HLA-DRB1%01:01, HLA-DRB1%03:01, HLA-DRB1%04:01, HLA-DQA1%
ILVSLAAVVVNPSVKTVR  01:02/DQB1%06:02, HLA-DRB1%12:01, HLA-DRB1%04:05, HLA-DRB1%15:01, HLA-DRB1%13:02, 69.22
HLA-DQA1%05:01/DQB1x%03:01, HLA-DRB1*11:01, HLA-DRB3%02:02
HLA-DPA1x%03:01/DPB1%04:02, HLA-DPA1%02:01/DPB1%01:01, HLA-DRB1%11:01,
HLA-DPA1+%01:03/DPB1%02:01, HLA-DPA1+01/DPB1%04:01, HLA-DRB1%12:01, HLA-DRB1*
RVVEVVLLLLVAPAYS 08:02, HLA-DRB1+%15:01, HLA-DRB1%04:01, HLA-DRB1%04:05, HLA-DPA1%02:01/DPB1%05:01, 65.33
HLA-DRB1%01:01, HLA-DRB3%01:01, HLA-DRB5%01:01, HLA-DRB1%03:01, HLA-DQA1%
05:01/DQB1%02:01

HLA-DRB1%03:01, HLA-DRB1%07:01, HLA-DRB1%04:05, HLA-DRB1+04:01, HLA-DRB1%11:01,
SGNVVHSVNMTSQVLLGR HLA-DQA1%01:02/DQB1%06:02, HLA-DRB1x%08:02, HLA-DRB1x13:02, HLA-DRB4%01:01, 59.32
HLA-DRB1%04:01
HLA-DRB1%08:02, HLA-DRB1%11:01, HLA-DRB1%09:01, HLA-DRB5%01:01, HLA-DRB1%03:01,
VLSLIGLKRAMLSLIDGK HLA-DPA1%02:01/DPB1%14:01, HLA-DRB4%01:01, HLA-DRB3%02:02, HLA-DRB1#15:01, 49.41
HLA-DPA1%02:01/DPB1%01:01
LVQSYGWNIVTMKSGVDV HLA-DRB1%07:01, HLA-DRB5%01:01, HLA-DQA1%01:01/DQB1%05:01, HLA-DRB1%15:01 34.78
HLA-DRB1%09:01, HLA-DQA1%04:01/DQB1%04:02, HLA-DQA1%03:01/DQB1%03:02,
GLLGSYQAGAGVMVEGVF HLA-DRB1%07:01, HLA-DQA1%01:02/DQB1%06:02, HLA-DQA1%05:01/DQB1%03:01, 34.02
HLA-DRB1+%01:01
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TaBLE 4: Final epitope combinations corresponding to candidate epitope ensemble vaccine and PPC.
Ensemble HLA-I epitopes HLA-II epitopes PPC (%)
VTVNPFVSVATANAKVLI
1 ITYTDVLRY TLARGFPFV ILVSLAAVVVNPSVKTVR 96.36
ITYTDVLRY TLARGFPFV SYHDRRWCF VTVNPFVSVATANAKVLI 97.14
ITYTDVLRY TLARGFPFV KSYETEYPK VTVNPEFVSVATANAKVLI 95.23
4 ITYTDVLRY TLARGFPFV KSYETEYPK VTVNPEFVSVATANAKVLI 98.71
SYHDRRWCF ILVSLAAVVVNPSVKTVR ’
5 ITYTDVLRY TLARGFPFV KSYETEYPK VTVNPEFVSVATANAKVLI 9901
SYHDRRWCF MPNGLIAQF ILVSLAAVVVNPSVKTVR ’
ITYTDVLRY TLARGFPFV KSYETEYPK
VTVNPFVSVATANAKVLI
6 SYHDRRWCF MPNGLIAQF GPIRFVLAL ILVSLAAVVVNPSVKTVR 99.52

AEVEEHRTV MTTEDMLEVW RSLEFGGMSW

greater T cell responses than a single epitope, reinforcing the
need for multiple conserved epitopes [27]. At least four epi-
topes were needed for a PPC>95%. HLA class I 9mers
(TLA9, SYH9, and ITY9) combined with one HLA-II epitope
(VTV18n) gave a cumulative population coverage of 97.14%.

Virus replication introduces mutations which can even-
tually generate new strains or alter existing ones; yet, we
found that 90% of the WNV sequence is conserved
(H <0.5). This lack of variability is an aid to vaccine design
as conserved regions can be exploited as therapeutic targets,
as newly emerging strains retain conserved amino acids.
CD-HIT was used to remove redundant protein sequences.
While remaining sequences represented the most common
human WNV lineages (1a, 1b, 2, and 5), the less common lin-
eages (3 and 4) were excluded. To generate a truly universal
vaccine, crossprotection against all WNV lineages and strains
should be investigated. Thus, a second-generation WNV vac-
cine may need inclusion of lineages 3 and 4.

Al'T cell epitopes included in our final vaccine combina-
tion were either located in the E protein (VIV18), NS2A
(ITY9), NS3 (SYH9), or NS4B (TLA9). Finding highly con-
served epitopes in the E protein, NS3, and NS4B is expected,
since previous work has shown these proteins to be highly
immunogenic and common targets for CTLs [11, 28]. Vari-
ability across the genome is uneven, with the structural pro-
teins being the least variable [29].

The C region has the highest proportion of residue
alterations (~23%) [30]. The E protein has been exploited
in previous vaccine design: most current DNA vaccine can-
didates against Flaviviruses express the viral E and PrM
proteins [31]. Sarri and coworkers identified HLA alleles
responsible for susceptibility to WNV infection. They cate-
gorized HLA alleles to be either “protective,” increased
“susceptibility,” or CNS-high risk [32]. None of the protec-
tive binding alleles suggested by Sarri et al. were identified
here. This “protective” function of HLA alleles could be
exploited in WNV vaccine development to provide protec-
tion for all ethnicities.

By considering functional cross-reactivity with human
proteins, the work described here represents a step forward
in our evolving approach to vaccine design. Work based on
naive sequence similarity have not previously proved useful
[33-35]. Here, it proved possible to combine 4 epitopes—3

CD8+ and 1 CD4+ T cell epitopes—to achieve a global PPC
of 97.14%. Combined CTL and CD4+ are required for suc-
cessful viral clearance. The ensemble identified is a viable
starting point for further in vitro characterization or phase
0 trials, since we can assume that this epitope selection is
likely both safe and immunogenic in the majority of most
populations. This paper emphasises the application of com-
putational cross-reactivity prediction to vaccine design, only
allowing selection of epitopes without either structural or
sequence similarity to the human genome. Overall, our work
provides a promising starting point for the exploration of
next-generation WNYV vaccines.
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Rheumatic diseases are extremely heterogeneous diseases with substantial risks of morbidity and mortality, and there is a pressing
need in developing more safe and cost-effective treatment strategies. Peptide-based vaccination is a highly desirable strategy in
treating noninfection diseases, such as cancer and autoimmune diseases, and has gained increasing attentions. This review is
aimed at providing a brief overview of the recent advances in peptide-based vaccination therapy for rheumatic diseases.
Tremendous efforts have been made to develop effective peptide-based vaccinations against rheumatoid arthritis (RA) and
systemic lupus erythematosus (SLE), while studies in other rheumatic diseases are still limited. Peptide-based active vaccination
against pathogenic cytokines such as TNF-«a and interferon-a (IFN-«) is shown to be promising in treating RA or SLE.
Moreover, peptide-based tolerogenic vaccinations also have encouraging results in treating RA or SLE. However, most studies
available now have been mainly based on animal models, while evidence from clinical studies is still lacking. The translation of
these advances from experimental studies into clinical therapy remains impeded by some obstacles such as species difference in
immunity, disease heterogeneity, and lack of safe delivery carriers or adjuvants. Nevertheless, advances in high-throughput
technology, bioinformatics, and nanotechnology may help overcome these impediments and facilitate the successful
development of peptide-based vaccination therapy for rheumatic diseases.

1. Introduction apeutic agents, delayed diagnosis, or poor medication adher-
ence [4, 7, 8]. Additionally, biologic therapies such as tumor
necrosis factor-ae (TNF-a) antagonists (monoclonal antibod-

ies or soluble receptors) can increase the risk of opportunistic

Rheumatic diseases consist of more than 100 heterogeneous
autoimmune disorders and can result in substantial morbid-

ity and mortality [1]. The pathogenic mechanisms of most
rheumatic diseases have not been clearly defined. Apart from
the physical impairment, rheumatic diseases also have caused
a heavy socioeconomic burden [2, 3]. The treatment of rheu-
matic diseases such as rheumatoid arthritis (RA), systemic
lupus erythematosus (SLE), and Sjogren’s syndrome (SjS) var-
ies across patients with different clinical characteristics [4-6].
Current therapies for rheumatic diseases mainly include con-
ventional synthetic disease-modifying antirheumatic drugs
(DMARDs) and newly developed biologic therapies [4, 7].
The introduction of biologic therapies has revolutionized
the treatment of many rheumatic diseases such as RA and
ankylosing spondylitis (AS) in the past decade. However, a
large part of patients with rheumatic diseases are still not well
treated, which is possibly attributed to poor response to ther-

infections such as tuberculosis [9]. Moreover, the clinical
application of biological agents is still limited for their high
costs especially in developing countries [10]. Therefore, there
is a pressing need in the development of both more safe and
cost-effective treatment strategies for rheumatic diseases.

As the greatest success in public health, the major goal of
vaccination is to prevent infections such as influenza, tuber-
culosis, hepatitis, and malaria [11, 12]. Nevertheless, the roles
of vaccinations in the treatment of noninfection diseases
such as cancer and allergic diseases have gained increasing
attentions in recent years [13-17]. Among those distinct
approaches of therapeutic vaccines, peptide-based vaccina-
tion is a highly desirable strategy and has gained increasing
attentions [18, 19]. Peptide-based vaccines are aimed at pre-
cisely inducing immune response against antigens by key
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TaBLE 1: Comparison of those two peptide-based therapeutic vaccination strategies for rheumatic diseases.

Comparison items

Peptide-based active vaccination
against pathogenic cytokines

Peptide-based tolerogenic vaccination

Sources of peptides Pathogenic cytokines

Therapeutic targets Pathogenic cytokines

Main effects

Adjuvant Need adjuvant
Mainly B cells
Limited

RA, SLE, and §jS

Relevant immune cells
Evidence from clinical trials

Diseases

Induce the production of neutralizing
antibodies against pathogenic molecules

Self-antigens, TCR repertoire

Autoimmune attacks against host cells or tissues
caused by autoreactive lymphocytes

Induce immune tolerance to self-antigens by inhibiting
autoreactive lymphocytes while promoting Tregs

Not necessary
Autoreactive T cells, Tregs, tolDCs, etc.
Limited
RA, SLE, and §jS

Tregs: regulatory T cells; tolDCs: tolerogenic dendritic cells; RA: rheumatoid arthritis; SLE: systemic lupus erythematosus; SjS: Sjégren’s syndrome; VLP: virus-

like particle; TCR: T cell receptor.

epitope peptides but not the entire antigen and thus have
several advantages over traditional vaccines such as higher
specificity, higher safety, lower costs, and less adverse events
[19-21]. Studies in recent years have suggested that peptide-
based vaccinations are promising in treating diseases such
as cancer and allergic diseases, and some have shown impres-
sive clinical benefits [22-24]. Besides, peptide-based vaccina-
tion has also been proposed as a promising immunotherapy
for autoimmune diseases such as type 1 diabetes mellitus
(T1DM) and multiple sclerosis (MS) [25-27]. Some studies
also have reported encouraging findings on peptide-based
immunotherapeutic vaccinations in rheumatic diseases [28-
32]. This review is aimed at providing a brief overview of
recent advances in peptide-based vaccinations in rheumatic
diseases such as RA, SLE, and §jS.

2. Types of Peptide-Based Vaccination Therapy

The pathologic hallmark of rheumatic diseases is the break-
down of immune homeostasis and the loss of immune tol-
erance to self-antigens, which can trigger the formation of
autoreactive T cells and B cells recognizing epitopes on
autoantigens [33]. Both autoreactive immune cells and their
secreted cytokines can result in harmful autoreactive immune
attacks towards host cells and tissues, and thus, they are the
two main targets for immunotherapy in rheumatic diseases.
Distinct forms of peptide-based vaccinations have been stud-
ied for therapeutic or preventive strategies for diseases such
as cancer, rheumatic diseases, and allergic disorders [34-38].
According to the therapeutic targets, peptide-based vaccina-
tions used for rheumatic diseases can be classified into two
main subtypes including peptide-based active vaccination
against pathogenic cytokines and peptide-based tolerogenic
vaccination. The former mainly targets pathogenic cytokines,
while the latter mainly targets autoimmune attacks against
host cells or tissues and is aimed at inducing immune toler-
ance by inhibiting autoreactive lymphocytes (Table 1).

2.1. Peptide-Based Active Vaccination against Pathogenic
Cytokines. Pathogenic cytokines such as TNF-q«, inter-
feron-a (IFN-«), and interleukin-6 (IL-6) are critical medi-
ators of autoimmune damages to host cells and tissues and

have long been regarded as therapeutic targets for rheumatic
diseases [39]. Passive immunization aimed at neutralizing
the pathogenic cytokines such as TNF-a and IL-6 with
monoclonal antibodies (mAbs) or soluble receptors has been
proven to be an effective therapy strategy of rheumatic dis-
eases such as RA and AS [5]. However, passive immuniza-
tion with mAbs targeting cytokines has several drawbacks
such as risk of infections, antidrug antibodies, high cost,
and low treatment response, which suggests the need of
an alternative therapeutic approach to target those cyto-
kines [40, 41]. Therapeutic active vaccination against path-
ogenic cytokines has been proposed to be a promising
treatment strategy in treating rheumatic diseases and has
gained increasing concerns in recent years [42-44]. Com-
pared with passive immunization therapy, therapeutic
active vaccination has several possible advantages such as
lower costs, lower risk of infections, and less frequent
administrations.

Active vaccination with the entire molecule or key pep-
tides derived from targeted cytokines can elicit the activa-
tion of B cells and trigger the production of neutralizing
antibodies against pathogenic cytokines, thus inhibiting the
pathogenic effects of those cytokines [45]. Distinct forms of
engineered immunogens have been used such as entire
inactive molecule, key epitope peptides, modified peptides,
or engineered DNA vaccine encoding pathogenic mole-
cules. Moreover, vaccines containing multiepitope peptides
may also be considered, which may restore wider immune
tolerance and achieve more benefits than a single peptide-
based vaccination. Active immunization with entire patho-
genic molecules or key peptides can both induce neutraliz-
ing antibodies against those pathogenic molecules, but the
former have a higher risk of inducing nonneutralizing anti-
bodies or cross-reactive antibodies against other host self-
antigens. Therefore, peptide-based vaccinations are more
promising to be used in clinical practice since they can
induce peptide-specific antibodies and decrease the risk of
cross-reactivity.

A widely studied therapeutic active vaccination is the
active immunization against TNF-a, which has been pro-
posed as a promising alternative strategy for TNF-a-target-
ing therapy. Previous studies have reported a successful
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vaccination therapy using a compound named kinoid of
human TNF-a (TNF-K) in the treatment of RA [46, 47].
TNF-K contains the entire inactivated human TNF-a and
keyhole limpet hemocyanin (KLH) as a carrier protein.
Though TNEF-K is not a peptide-based vaccine, it has been
proven to be a successful active vaccination against the path-
ogenic TNF-« in RA in both preclinical studies and clinical
trials and has thus provided some indications for future stud-
ies exploring the feasibility of peptide-based anti-TNF-«
active vaccination in treating rheumatic diseases [48, 49].
Moreover, numerous studies have explored distinct forms
of peptide-based active vaccinations against TNF-« and also
have provided encouraging findings in experimental studies
using animal disease models.

Anticytokine active vaccination needs to overcome the
natural tolerance of the immune system to self-proteins and
thus induce high titers of effective neutralizing antibodies.
However, a major shortcoming for peptide-based vaccines
is the low immunization response caused by minimal anti-
genic epitopes, which is a major limitation during the devel-
opment of an effective anticytokine active vaccination for
rheumatic diseases. To ensure the immunization response
or the efficacy of peptide-based vaccines, adjuvant or other
molecules with adjuvant potency is especially necessary.
Most previous studies using animal models used traditional
adjuvants, while other studies used some carrier molecules
to increase the immunogenicity of peptides such as virus-
like particles (VLPs) [50-52]. VLPs can induce potent B cell
responses effectively even in the absence of adjuvants and
thus can be used in the molecular assembly system to induce
strong B cell responses against most antigens [50]. Currently,
there is a lack of both effective and safe adjuvants to ensure
the use of peptide-based vaccinations in clinical trials, which
is also a major obstacle in limiting the clinical use of peptide-
based anticytokine active vaccination in treating rheumatic
diseases. Considering the autoimmune reaction risk caused
by some adjuvants [53], adequate adjuvants or carrier mole-
cules with both high capability of inducing immune response
and high safety are urgently needed for the clinical use of
peptide-based vaccines. Advances in vaccine design technol-
ogy such as the promising nanoparticle-carried vaccines may
help overcome this limit.

2.2. Peptide-Based Tolerogenic Vaccinations. Rheumatic dis-
eases are characterized by the breakdown of immune homeo-
stasis and loss of immune tolerance to self-antigens, which
further triggers the formation of autoreactive lymphocytes
and autoimmune attacks to host tissues [54, 55]. Therefore,
rebalancing immune homeostasis by inducing immune tol-
erance is a critical strategy in treating rheumatic diseases
[33, 56]. Compared with conventional immune suppression
therapy and biologic agents, immune tolerance induction
therapy has the potential to inhibit autoimmune attacks while
at the same time maintaining the ability to cope with danger
signals, leading to a safe and efficacious therapy for rheumatic
diseases [56]. Several strategies of inducing immune tolerance
have been proposed as candidate treatments for rheumatic
diseases such as stem cell therapy, tolerogenic dendritic cells
(DCs) therapy, expansion of T regulatory cells (Tregs) by

low-dose IL-2, and tolerogenic vaccination therapy [57-59].
Among them, treating rheumatic diseases through peptide-
based tolerogenic vaccination is of great interest and has
gained increasing concerns in recent years [28, 60, 61].

It has been well defined that vaccination with an entire
antigen or key tolerogenic peptides in the absence of adjuvant
or costimulation signals has the potential to induce antigen-
specific immune tolerance, which is a potentially effective
approach in treating autoimmune diseases [62-64]. Therefore,
modulation of the pathogenic immune response through
antigen-specific tolerogenic vaccination has the potential to
restore immune tolerance and ameliorate autoimmune
attacks in rheumatic diseases [62, 65]. Most of those studies
were based on animal models of autoimmune diseases, while
relevant clinical studies are still limited. Several clinical trials
had evaluated the safety and feasibility of peptide-based tol-
erogenic vaccination in patients with autoimmune diseases
such as TIDM, RA, and MS, and some of them showed
encouraging findings [66, 67]. Unlike the vaccines against
infections which contain non-self-antigens and are aimed at
inducing active immunization, tolerogenic vaccines contain
self-antigens or key peptides and are aimed at inducing
antigen-specific immune tolerance [28, 56]. Moreover, con-
trary to the capability of peptide-based anticytokine active
vaccination in eliciting a strong immune response and induc-
ing the activation of autoimmune B cells, peptide-based tol-
erogenic vaccinations are aimed at reestablishing immune
tolerance to eliminate attacks.

The selection of epitope peptides for tolerogenic vaccina-
tions is a critical essential step. Some antigen epitopes may
mainly exert roles in the development of rheumatic diseases
as immunogens to induce autoimmune response, while
others may mainly act as tolerogens to induce immune toler-
ance [68-71]. Some antigens may have the capability of
inducing either an immune response or immunologic toler-
ance under different exposure conditions and concomitant
stimulators. Therefore, epitope peptides with the potential
to induce immune tolerance under different exposure condi-
tions are ideal targets for tolerogenic vaccinations. However,
the ideal candidate epitope peptides for most rheumatic dis-
eases are still largely elusive. Advances in vaccinomics and
immunoinformatics may promote the identification of T
and B cell epitopes by integrating useful information from
multiple databases of different disciplines [72-75]. Moreover,
both native and posttranslational modified epitopes have the
possibility of exerting critical roles during the development of
autoimmunity, both of which have the potential to be candi-
date therapeutic targets for tolerogenic vaccinations. Apart
from epitope peptides from self-antigens, analog peptides of
epitopes produced mainly by amino acid substitutions also
have the potential to be candidate tolerogenic peptides [76].
There are also some tolerogenic peptides with therapeutic
potential for rheumatic diseases, though they are not the pep-
tides of certain antigens involved in the pathogenesis of dis-
eases. hCDRI1 is a tolerogenic peptide designed by the
sequence of the heavy chain complementarity-determining
region 1 (CDR1) of monoclonal anti-DNA antibodies and
has been proven to be able to treat SLE by peptide-specific
induction of Tregs [77-79].



Though the molecular mechanisms underlying the effects
of peptide-based tolerogenic vaccinations in treating autoim-
mune diseases is still not clearly defined, their roles in medi-
ating the anergy of autoactive T cell and promoting the
expansion of Tregs have been considered to be major con-
tributors [80, 81]. Tolerogenic peptides can be taken up by
antigen-presenting cells (APCs) such as DCs, which further
induce immune tolerance by inhibiting autoactive T cell or
inducing Tregs. Recent studies reveal that central tolerance
mediated by negative selection can prune but not completely
eliminate autoreactive T cells, which leads to the incomplete
negative selection and the existence of autoreactive T cells in
the circulating system among healthy individuals [82-85].
The findings above further suggest the importance of periph-
eral tolerance in fighting against autoimmunity such as Treg-
mediated suppression and the necessity of reestablishing
immune tolerance by tolerogenic vaccinations in treating
autoimmune diseases.

DCs are key immune cells which not only present anti-
gens to adaptive immune cells such as T cells but also have
a critical role in regulating immune tolerance [86]. Inade-
quate activation of DCs can cause autoimmunity by inducing
the activation and differentiation of autoreactive T cells or B
cells. However, the induction of tolerogenic DCs (tolDCs)
with tolerogenic features and the ability of ameliorating auto-
immunity have emerged as a promising therapy for autoim-
mune diseases [87]. tolDCs can produce anti-inflammatory
cytokines and deviate T cells to regulatory or immunosup-
pressive phenotypes, thus inhibiting autoreactive T cells
[88]. Currently, an alternative approach to induce antigen-
specific immune tolerance is the induction of tolDCs towards
self-antigens [33, 89]. tolDCs may present antigens to T cells
but not give strong costimulatory signals owing to the low
expression levels of costimulators, which can lead to the dele-
tion or anergy of autoreactive T cells and induce Tregs.
Antigen-boosted tolDCs have been proposed as a promising
approach in treating autoimmune diseases [90]. Some clini-
cal studies have been done to evaluate the safety and efficacy
of autologous tolDCs loaded with autoantigens or key pep-
tides in treating rheumatic diseases. Nevertheless, the ade-
quate selection of epitope peptides from autoantigens for
the induction of tolDCs is also critical for the efficacy of this
intervention strategy [91].

With the rapid advances in nanotechnology, nanoparticle-
carried vaccines have emerged as novel approaches to vaccine
design, and their use in peptide-based tolerogenic vaccinations
has gained increasing concerns in recent years [19, 92].
Nanoparticles coated with tolerogenic antigen peptides is a
novel and promising strategy for inducing antigen-specific
immune tolerance, which may promote the application
of peptide-based vaccination in rheumatic diseases. Those
nanoparticles can be taken up by APCs such as DCs, which
further induce immune tolerance by mediating the anergy
of autoactive T cell and promoting the expansion of Tregs.
Several recent studies have revealed that vaccinations with
nanoparticles carrying peptides can induce antigen-specific
immune tolerance and represent a potential approach for
the treatment of autoimmune diseases [93-95]. For instance,
a recent study by Clemente-Casares et al. reported that a sys-

Journal of Immunology Research

temic therapy with nanoparticles coated with disease-specific
peptides could trigger immunosuppressive immune cells,
such as antigen-specific regulatory T cell type 1- (TR1-) like
cells and regulatory B cells, and suppress autoantigen-
loaded APCs in mouse models of TIDM, MS, and RA, which
was a potential treatment for autoimmune diseases [94].
Apart from peptides from self-antigens, those from T-cell
receptor (T'CR) also have been explored as therapeutic vac-
cines to treat autoimmune diseases including rheumatic dis-
eases, which may be mediated by their roles in modulating
autoreactive T cells or activating Tregs [96-99]. Some studies
have provided encouraging findings regarding the safety and
the efficacy of TCR peptide-based therapeutic vaccines in
patients with rheumatic diseases [96]. However, the molecular
mechanisms underlying the therapeutic roles of TCR
peptide-based vaccines are still not clearly defined and fur-
ther studies are needed on this aspect. The advances in the
technologies to assess TCR repertoire have provided much
help in precisely identifying dominant TCR repertoire
involving the development of rheumatic diseases, which
may further facilitate the development of TCR peptide-
based therapeutic vaccines for those diseases [100, 101].

3. Peptide-Based Vaccinations for
Rheumatic Diseases

Numerous studies have been carried out to evaluate the fea-
sibility of peptide-based vaccinations in treating rheumatic
diseases, but most of them are related to RA and SLE and sev-
eral studies focus on SjS. Therefore, the advances of peptide-
based vaccinations in RA, SLE, and SjS are reviewed in detail
in the following part, and the other rheumatic diseases are
not referred owing to the lack of relevant studies.

3.1. RA. RA is a common rheumatic disease affecting joints
which is characterized by inflammatory synovitis, progres-
sive bone erosion, and joint destruction [102]. Improved
understanding of RA pathogenesis has led to the develop-
ment of several effective targeted biological treatments.
Although conventional and biological antirheumatic drugs
can substantially reduce disease activity and inflammation,
many RA patients are still inadequately managed and suffer
from unfavorable treatment outcomes [7, 102]. Therefore, to
further improve the treatment outcomes of RA patients, more
new therapeutic strategies are urgently needed. Peptide-based
vaccination has been suggested to be a promising treatment
strategy for RA.

Several key pathogenic molecules involved in the patho-
genesis of RA have been identified, and targeting those mol-
ecules with passive immunotherapy have been proven to be
effective in RA, such as TNF-« and IL-6. As a proinflamma-
tory cytokine, TNF-a has an essential role in the pathogenic
process of RA and is a well-validated target. Studies on ther-
apeutic active vaccinations against pathogenic cytokines also
have mainly aimed at targeting TNF-a [103-105]. Some
experimental studies have explored whether active immuni-
zation with peptide-based vaccines against TNF-a could
ameliorate autoimmune arthritis in animal models of RA.
Capini et al. reported that active immunization with TNF-«
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peptides could generate endogenous autoantibodies against
TNF-« [106]. Chackerian et al. revealed that vaccination of
mice with conjugated particles containing VLPs and TNF-«
peptides could generate autoantibodies against TNF-« and
inhibit the development of collagen-induced arthritis (CIA)
[107]. Another study by Spohn et al. found that VLP-based
TNF-«a peptide vaccine could trigger specific antibodies and
ameliorate arthritis signs without inducing reactivation of
latent tuberculosis [108]. Zhang et al. designed a TNF-«
epitope-scaffold immunogen using the transmembrane
domain of diphtheria toxin, which could induce sustained
neutralizing antibodies against TNF-« and alleviate CIA in
mice [109]. Another study reported that a dual-targeting
vaccine using two segments of the TNF-like domain of acti-
vator of the NF-kB ligand (RANKL) linked to the peptide
EWEFVNTPPLV could induce neutralizing antibodies against
TNF-a and RANKL and thus could ameliorate both bone
destruction and inflammation severity by simultaneously
inhibiting TNF-a and RANKL [110].

Interleukin-1p (IL-1J3), IL-6, vascular endothelial growth
factor (VEGF), and IL-23 are crucial cytokines involved in
the pathogenesis of RA. Bertin-Maghit et al. reported that
synthetic IL-1 peptides could lead to autoantibodies against
IL-1f3, thus inhibiting the inflammation and articular
destruction in CIA mice [111]. Moreover, vaccination with
IL-6 analogs could induce autoantibodies to IL-6 and protect
against CIA [112]. Semerano et al. found that a peptide
derived from VEGEF linked to the KLH carrier protein could
ameliorate inflammation and joint destruction in experimen-
tal arthritis by inducing neutralizing anti-VEGF Abs [113].
Ratsimandresy et al. found that a murine IL-23p19 peptide
predicted by bioinformatics could trigger anti-IL-23 antibod-
ies and induce protection against joint destruction and
inflammation in CIA mice [114].

Apart from peptide-based vaccination against pathogenic
cytokines, peptide-based tolerogenic vaccinations have been
proven to be successful in the prevention and treatment of
arthritis in animal models [29, 115]. Type II collagen (CII)
is a well-defined autoantigen for RA and has been widely
used to induce animal models of RA [116]. A study by Myers
et al. revealed that an epitope peptide from CII cyanogen bro-
mide 11 (CBI11) fragment p122-147 could suppress autoim-
mune arthritis by inducing immune tolerance in a mouse
model of CIA [117]. Another study by Ku et al. reported that
vaccination with an immunodominant epitope peptide from
CII CB11 p58-73 could prevent experimental arthritis in
either neonatal or adult rats [118]. Several other studies fur-
ther reported that administration of CII immunodominant
peptides such as p184-198, p181-209, and p245-270 could
suppress autoimmune response and ameliorate arthritis in
CIA animal models by their tolerogenic effects [119-123].
Apart from the original CII peptides, various analog peptides
of CII immunodominant peptides have also been shown to
suppress autoimmune arthritis by inhibiting autoimmune T
cell responses and inducing immune tolerance [124-129].
Some studies also had explored the use of vaccine delivery
systems in the CII peptide-based therapeutic vaccinations
for RA. Zimmerman et al. found that a Ligand Epitope Anti-
gen Presentation System (LEAPS) therapeutic vaccine con-

taining a human CII peptide could modulate autoimmune
response and reduce disease progression in the CIA mice
[130]. Mikecz et al. reported that the proteoglycan (PG)
immunodominant peptide PG70 attached to either DerG
(DerG-PG70) or J immune cell-binding peptide (J-PG70)
through LEAPS could suppress arthritis through reducing
pathogenic T cell responses and promoting immunosuppres-
sive T cells in two mouse models of RA [30].

Heat-shock proteins (HSPs) are a possible source of auto-
antigens from stressed cells or inflamed tissues in autoim-
mune diseases, and several peptides from HSPs such as
HSP60, HSP65, or HSP70 have been proven to ameliorate
autoimmunity in animal models of RA [131-135]. Prakken
et al. reported that vaccination with HSP60 peptide contain-
ing a T cell epitope could suppress avridine-induced arthritis
in rats [134]. Studies by Zonneveld-Huijssoon et al. revealed
that microbial HSP60 peptide vaccine could prevent experi-
mental arthritis by enhancing Tregs [135, 136]. A HSP70
epitope peptide B29 was found to be able to induce the
protective Tregs and suppress arthritis in mice [133, 137,
138], while autologous tolDCs loaded with HSP70 B29 pep-
tide may be a candidate therapy for RA [70]. Studies by
Moudgil et al. found that pretreatment with peptides com-
prising mycobacterial heat-shock protein 65 (BHSP65)
carboxy-terminal determinants but not the amino-terminal
determinants could suppress the development of arthritis in
Lewis rats [139-141]. In RA patients, a peptide derived from
a heat-shock protein of bacteria (dnaJP1) administered orally
significantly increased the percentage of T cells producing IL-
4 and IL-10 and reduced TNF-« [131]. Several other studies
also have found that some peptides derived from HSPs could
inhibit autoimmune arthritis [142-144].

Antibodies against citrullinated proteins such as filaggrin,
vimentin, and collagen type II have crucial roles in the patho-
genesis of RA [145, 146]. Prophylactic administration of a
citrullinated filaggrin peptide could reduce disease severity
and incidence of arthritis in a CIA animal model [145].
Another study by Gertel et al. reported that vaccination with
multiepitope peptides derived from citrullinated autoantigens
could induce immune tolerance and attenuate arthritis man-
ifestations by promoting Treg cells and inhibiting Th17 cells
in an animal model of RA [147]. A further study by Gertel
et al. found that a multiepitope peptide derived from citrulli-
nated autoantigens could modulate both the expressions of
key cytokines and the frequencies of T cells in peripheral blood
mononuclear cells (PBMCs) from RA patients [148].

A promising immunotherapy aimed at restoring self-
tolerance is the induction of antigen-specific tolerance by
tolerogenic immune cells loaded with autoantigens or tol-
erogenic nanoparticles loaded with pathogenic peptides
[149]. A phase 1 trial by Bell et al. revealed that intraarticular
injection of autologous tolDCs loaded with autoantigens
from autologous synovial fluid could be a safe and feasible
therapy for RA patients [150]. Another phase 1 trial by Ben-
ham et al. revealed that intradermal injection of autologous
modified DCs exposed to citrullinated peptides could
increase the ratio of regulatory to effector T cells and reduce
inflammatory cytokines in HLA risk genotype-positive RA
patients [151].



Apart from peptides from autoantigens, TCR peptides
also have been proposed as promising therapeutic vaccines
for RA. Some studies using animal models of RA found that
vaccination with TCR V beta chain peptides could prevent
CIA by inhibiting pathogenic T cells [152]. Some clinical
studies also have provided encouraging findings regarding
the safety and the efficacy of TCR peptide-based therapeutic
vaccines in RA patients [96, 153]. A placebo-controlled trial
reported by Moreland et al. found that vaccination with a
combination of Vbeta3, Vbetal4, and Vbetal7 TCR peptides
was well tolerated and was effective in RA patients [153].

Previous studies on peptide-based vaccinations for RA
have reported encouraging findings. However, most studies
available now have been mainly based on animal models,
while evidence from clinical studies is still limited. More
studies are urgently needed to facilitate the development
of an effective and safe peptide-based vaccination for RA
patients. In addition, though immune tolerance induction
with peptide-based vaccinations have been proven to be
effective in treating RA, the underlying molecular mecha-
nisms are still largely elusive and need to be elaborated
in further studies.

3.2. SLE. SLE is a devastating and heterogeneous rheumatic
disease affecting multiple organs such as the skin, hematopoi-
etic system, and kidney [154]. Apart from those conventional
drugs such as immunosuppressants and corticosteroids, the
advances in targeted biological agents have substantially
improved the prognosis of SLE patients [155]. However, ade-
quate control of disease activity or achieving remission is still
challenging for a large part of SLE patients, and those
patients are at high risk of premature mortality [4]. There-
fore, more innovative treatment strategies need to be devel-
oped to improve the prognosis of SLE patients. Some
studies have explored peptide-based therapeutic vaccinations
as potential therapies for SLE, some of which have uncovered
promising outcomes.

Some studies have explored the feasibility of active vacci-
nation against pathogenic cytokines such as IFN-a in the
treatment of SLE. IFN-« has long proven to be a major path-
ogenic cytokine in the pathogenesis of SLE [156]. Anti-IFN-«
drugs such as anifrolumab and sifalimumab have been
shown to substantially reduce disease activity in patients with
moderate-to-severe SLE [157-159]. Mathian et al. found that
active immunization of human IFN-« transgenic mice with a
human IFN-« kinoid (IFN-K) could induce polyclonal neu-
tralizing antibodies against IFN-a, suggesting that IFN-K
vaccination may be a promising therapy for SLE [160].
IFN-K vaccine could effectively ameliorate lupus manifesta-
tions by inducing neutralizing antibodies in both mouse
lupus model and SLE patients [160-163]. Clinical trials
showed that IFN-K was well tolerated and significantly
reduced disease activity in SLE patients [163, 164]. Vaccina-
tion therapy by targeting pathogenic cytokines such as IL-17
has also been studied as potential treatments for SLE [161,
165, 166]. B cell-targeted therapy has been regarded a prom-
ising therapeutic approach for SLE, and anti-CD20 monoclo-
nal antibodies such as rituximab have been proven to be
effective in SLE patients. Active immunization with a CD20
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mimotope peptide could induce B cell depletion and increase
survival in a mouse SLE model, which offered an alternative
approach for B cell depletion therapy [31].

Apart from peptide-based vaccination against pathogenic
cytokines, peptide-based tolerogenic vaccinations have also
been studied as a candidate treatment for SLE. Many peptide
autoepitopes have been proven to be involved in the path-
ogenesis of SLE [167-169]. Some histone peptides such as
histone H4 autoepitope peptide 16-39 (H4,, ;,) and auto-
epitope peptide 71-94 (H4,, ,,) could induce an inflamma-
tory response, whereas others such as H2A,, ,, could lead
to an immunosuppressive response [167, 168]. Therefore,
different peptides can lead to distinct immune response dur-
ing the development of SLE. A study using human PBMC
cultures found that a mixture of histone autoepitope pep-
tides could block pathogenic autoimmune response and
restore immune homeostasis in lupus [170]. Treatment
with H4, 54 could delay the onset of severe lupus nephritis
possibly by the tolerogenic effect on autoimmune Th cells
and autoimmune B cells in a mouse model of lupus [167].
Other studies found that treatment with H4., 4, could sup-
press pathogenic lupus T cells by inducing regulatory T cells
[171, 172]. Several other studies also had shown that peptides
derived from histone proteins could suppress murine lupus
by inducing immune tolerance [173-176]. Additionally,
some peptides derived from other self-antigens have also
been explored as candidate therapeutic vaccines for SLE.
For instance, a phosphorylated spliceosomal epitope, the
P140 peptide, could repress B cell differentiation and amelio-
rate lupus [169, 177, 178]. Subsequent clinical studies further
showed that the P140 peptide could improve the clinical and
immune status of SLE patients [179-181].

Peptides from other sources such as anti-DNA mAbs
have also been explored as candidate therapeutic vaccines
for SLE [182, 183]. Singh et al. found that a peptide from
the variable regions of heavy chains of anti-DNA mAbs
could delay the onset of autoimmunity in a lupus mouse
model by inducing immune tolerance [182]. Waisman
et al. reported that peptides from CDRs of pathogenic
anti-DNA mAbs could prevent autoantibody production
and downregulate autoreactive T cell responses, represent-
ing a potential treatment for SLE [184, 185]. Several other
studies further revealed that a tolerogenic peptide derived
from the CDRI of a human anti-DNA autoantibody
(hCDR1) could ameliorate lupus by inducing Tregs and
suppressing the activation of autoreactive cells in lupus ani-
mal models [186, 187]. Several possible mechanisms have
also been proposed to explain the therapeutic role of hCDRI
in SLE, such as TGF- 3-mediated suppression of autoreactive
T cells and downregulation of transcription factors responsi-
ble for negative regulation of T cell activation [188, 189].
Based on the encouraging findings from experimental
studies, several clinical studies were done to assess the effi-
cacy and safety of hCDR1 (Edratide) in SLE patients, which
revealed favorable outcomes in SLE patients receiving
hCDRI treatment [190-192]. Another artificial peptide
pConsensus (pCons) based on the immune determinants
of anti-DNA IgG sequences has also been shown to be effec-
tive in delaying disease onset in the lupus mouse model by
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inducing immune tolerance and promoting Treg activity
[193-197].

Though many studies had explored the possible roles of
peptide-based vaccinations in treating SLE, most of them
were experimental studies using animal models and few were
clinical studies. The efficacy of safety of peptide-based vacci-
nations in SLE patients need to be explored by future clinical
trials. In addition, though some pathogenic autoantibodies
have been well characterized for SLE, the useful peptides for
vaccination therapy of SLE are still not well defined. Future
studies exploring candidate peptides for the effective vaccina-
tion therapy in SLE are recommended.

3.3. §jS. §jS is a complex and heterogeneous rheumatic dis-
ease characterized by exocrinopathy, severe fatigue, and var-
ious systemic manifestations [6]. The treatment options
currently available for SjS patients are still limited especially
for those with extraglandular diseases, and more studies are
needed to expand the treatment options [198]. Some efforts
have been made to explore the feasibility of peptide-based
vaccinations for SjS in the past decade, and some have pro-
vided encouraging findings.

HSP60 and muscarinic acetylcholine 3 receptor (M3R)
are important autoantigens involved in the pathogenesis of
SjS [199-202]. A study by Delaleu et al. reported that vacci-
nation with a HSP60-derived peptide (aa 437-460) could
significantly reduce SjS-related histopathologic features
and retain normal exocrine function in nonobese diabetic
(NOD) mice [203]. Yang et al. found that a M3R peptide
(aa 208-227) immunization could reduce cytokines, such as
IL-17 and IFN-y, and inhibit lymphocytic infiltration in mice
[204]. An in vitro experiment by Sthoeger et al. revealed that
the tolerogenic peptide hCDR1 could significantly reduce the
expressions of IL-15 and TNF-a but increase the expressions
of TGF-f3 and FOXP3 in the PBMC:s of SjS patients, suggest-
ing hCDRI as a potential candidate treatment for SjS [205].
Another study by Li et al. found that the P140 peptide gener-
ated from a spliceosomal protein could rescue MRL/lpr mice
from immune infiltration and autophagy defects in the sali-
vary glands, suggesting a candidate therapy for SjS [206].

Currently, there is no study investigating the role of
peptide-based vaccination against pathogenic cytokines in
the treatment of SjS. Several pathogenic cytokines have been
identified in the development of SjS such as IFN-« and IL-17,
and further studies are recommended to evaluate the feasibil-
ity of peptide-based vaccination against these pathogenic
cytokines in treating SjS [207-209]. Moreover, studies on
peptide-based tolerogenic vaccinations in the treatment of
SjS are also limited, and more studies are recommend to
explore them.

4. Conclusions and Perspectives

Current therapies for most rheumatic diseases are mainly
aimed at ameliorating symptoms and control disease pro-
gression, and there is still a pressing need in developing more
safe and cost-effective treatment strategies. Peptide-based
vaccination therapy is a highly desirable and curative strategy
in treating rheumatic diseases and has the potential to revo-

lutionize the therapy of rheumatic diseases. Though tremen-
dous efforts from previous studies have been made to develop
effective peptide-based vaccinations against rheumatic dis-
eases such as RA and SLE, most studies have been done using
animal models while evidence from clinical studies is still
limited. Additionally, the roles of peptide-based vaccinations
in other rheumatic diseases such as AS are still largely elusive
and thus need to be determined by more studies in the future.

Despite encouraging findings from studies using animal
models, only a few clinical trials have been done to assess
their clinical benefits, and some of them have failed to repli-
cate the promising findings from experiment studies using
animal disease models. A major obstacle is the differences
between animals and humans in both immune response
and immune tolerance, and findings from animal models
are frequently not applicable to humans. A precise identifica-
tion of those pathogenic antigens and key epitopes which
exert roles in both animal models and humans may help
to facilitate the studies of peptide-based vaccines. Addition-
ally, disease heterogeneity is a well-defined characteristic of
rheumatic diseases, and the immunodominant pathogenic
epitopes are different across patients with distinct disease
stages or clinical characteristics, which can limit the thera-
peutic efficacy of vaccinations targeting a small part of epi-
topes. Neoepitopes originating from epitope spreading or
modified epitopes can further increase disease heterogeneity
[65]. Therefore, personalized peptide vaccinations may be a
more adequate approach for developing effective vaccination
therapy against rheumatic diseases, in which peptides for tar-
geted vaccinations are specifically selected for each individual
patient. Finally, an unignored obstacle is the lack of both
effective and safe adjuvants for the use of peptide-based vac-
cinations in clinical trials. Advances in vaccine design tech-
nology such as the promising nanoparticle-carried vaccines
may help to overcome this limit [94, 210, 211].

The precise identification of immunodominant epitopes
or neoepitopes from pathogenic cytokines or autoantigens
is critically important for the successful development of
peptide-based vaccinations in treating rheumatic diseases.
Recent advances in high-throughput technology, vaccinomics,
and bioinformatics have helped us in identifying key immuno-
dominant epitopes from pathogenic cytokines and essential
epitope peptides from autoantigens as promising targets for
the peptide-based vaccinations [65, 212]. The proper imple-
mentation of computational prediction tools of bioinformat-
ics may facilitate the development of more innovative and
effective peptide-based vaccines for rheumatic disease and
also may promote the translation from preclinical studies to
clinical trials. Besides, the pathogeneses of most rheumatic
diseases are still not clearly defined, and dominant self-
antigens involved in disease development have not yet been
identified. Further studies are still urgently needed to expand
our understanding of the pathogeneses of rheumatic diseases,
which may uncover new therapeutic targets or dominant
antigens and pave new avenues for peptide-based vaccina-
tions for the treatment of those diseases [213].

A careful screening of epitope peptides is a critical pre-
requisite for the efficacy and safety of peptide-based vaccina-
tion therapy in autoimmune diseases including rheumatic



diseases [214, 215]. During the development of rheumatic
diseases, epitope specificity exists in the pathogenic roles of
antigens or cytokines, and different epitope peptides thus
can exert obviously distinct roles in modulating immune
response [216, 217]. Some epitope peptides can precipitate
but not inhibit disease progression. For most rheumatic
diseases, an antigen epitope able to induce immunologic
tolerance is still largely elusive and it is a major challenge
in developing peptide-based tolerogenic vaccinations for
rheumatic diseases.

With the complex autoimmune networks, diverse auto-
antigens, and distinct autoreactive T cells usually exist in
patients with rheumatic diseases such as SLE, SjS, and RA.
Multiple autoantigens contribute to the pathogeneses of
these rheumatic diseases and targeting those autoantigens
separately may only have limited therapeutic potential.
Therefore, treatment with a complex of epitope peptides
from multiple autoantigens may increase the possibility of
successful immune tolerance induction [147, 218]. Similarly,
since multiple cytokines are coinstantaneously involved in
the development or progression of autoimmunity, treatment
with a complex of peptides from two or more different cyto-
kines may have the potential to provide a more profound
effect by concomitantly inhibiting those cytokines, which
need to be evaluated in further studies.

Peptide-based vaccinations in rheumatic diseases are still
at an early stage, and both the efficacy and safety of peptide-
based vaccinations in patients with rheumatic diseases need
to be validated in clinical trials. Besides, the optimal timing,
dosing, and route of vaccinations also need be addressed
before the initiation of its clinical use. Moreover, the role of
prophylactic peptide-based vaccination in preventing or
delaying the onset of rheumatic diseases among high-risk
individuals is also of great interest and needs to be elucidated
in future studies.
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Multiepitope peptide vaccine has some advantages over traditional recombinant protein vaccine due to its easy and fast production
and possible inclusion of multiple protective epitopes of pathogens. However, it is usually poorly immunogenic and needs to
conjugate to a large carrier protein. Peptides conjugated to a central lysine core to form multiple antigen peptides (MAPs) will
increase the immunogenicity of peptide vaccine. In this study, we constructed a MAP consisting of CD4" T cell and B cell
epitopes of paramyosin (Pmy) of Trichinella spiralis (Ts-Pmy), which has been proved to be a good vaccine candidate in our
previous work. The immunogenicity and induced protective immunity of MAP against Trichinella spiralis (T. spiralis) infection
were evaluated in mice. We demonstrated that mice immunized with MAP containing CD4" T cell and B cell epitopes (MAP-
TB) induced significantly higher protection against the challenge of T. spiralis larvae (35.5% muscle larva reduction) compared
to the MAP containing B cell epitope alone (MAP-B) with a 12.4% muscle larva reduction. The better protection induced by
immunization of MAP-TB was correlated with boosted antibody titers (both IgG1l and IgG2a) and mixed Th1/Th2 cytokine
production secreted by the splenocytes of immunized mice. Further flow cytometry analysis of lymphocytes in spleens and
draining lymph nodes demonstrated that mice immunized with MAP-TB specifically enhanced the generation of T follicular
helper (Tth) cells and germinal center (GC) B cells, while inhibiting follicular regulatory CD4" T (Tfr) cells and regulatory T
(Treg) cells. Immunofluorescence staining of spleen sections also confirmed that MAP-TB vaccination enhanced the formation
of GCs. Our results suggest that CD4" T cell epitope of Ts-Pmy is crucial in vaccine component for inducing better protection
against T. spiralis infection.

1. Introduction

Trichinellosis is a worldwide food-borne zoonosis spread
between animals and people and mainly caused by the infec-
tion of Trichinella spiralis [1]. People are infected through
eating raw or undercooked meat containing infective larvae,
mostly from pigs or wild boars [2]. In China, the contami-
nated pork remains the predominant source of trichinellosis
in humans. From 2005 to 2009, 15 outbreaks of human
trichinellosis, with 1387 cases and 4 deaths, were reported
in three provinces or autonomous regions of Southwestern
China; 12 of them (85.71%) were caused by eating the raw

or undercooked pork [3]. A pork survey reported that the
overall prevalence of T. spiralis infection in pigs was 0.61%
(5/823) in Henan Province of China, in which 0.91%
(5/550) of pigs were infected in Nanyang city alone [4]. It
has been estimated that more than 40 million people are at
risk of Trichinella infection in China [5]. In industrialized
countries, although commercially produced pork under con-
trolled management now accounts for about half of the
world’s pork production, the demand for free-range pork
by consumers, especially in Europe and North America, is
increasing. In Eastern Europe and Argentina, where tradi-
tional free-range backyard-raised pigs are often involved
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with the feeding of food waste, the infected domestic pork is
still blamed on many outbreaks of trichinellosis [6]. Because
of the varying degrees of outdoor exposure in free-range
systems, there is concern that such exposure will increase
the risk of spreading T. spiralis from wild animal reservoirs
to human beings [6]. It has been reported that rats living on
pig farms play an important role in maintaining or spreading
this parasite to other animals [2]. Thus, interrupting para-
site transmission via vaccination of livestock with a potent
and effective vaccine is a practical approach to prevent
human trichinellosis.

In the past 30 years, many efforts have been dedicated
to develop vaccine against T. spiralis infection with the
purpose of reducing worm fecundity or decreasing muscle
larval and adult worm burdens [1]. The vaccine candidates
include excretory-secretory (ES) antigens [7], recombinant
proteins [8, 9], and DNA vaccines [10], inducing different
levels of partial protective immunity in animal models.
However, as a tissue-dwelling helminth, it is difficult to
develop an effective vaccine which induces sterile immunity
because T. spiralis has a complex life cycle, diverse stage-
specific antigens, and immune-evasion strategies [11, 12].
Subunit peptide vaccine based on multiple protective epitopes
may overcome these problems and thus provides a novel
approach to develop vaccines against infectious diseases such
as trichinellosis [13].

In our previous study, a promising vaccine candidate,
paramyosin (Pmy) of T. spiralis (Ts-Pmy), has exhibited
partially protective immunity against T. spiralis infection in
mice [14]. A protective B epitope of Ts-Pmy, YX1, has been
characterized by screening a phage display peptide library
with a protective monoclonal antibody (mAb) named as
7E2 [15]. In order to enhance host humoral immunity which
plays an important role in the expulsion of T. spiralis [16],
two potent CD4" T cell epitopes of Ts-Pmy identified previ-
ously [17] were fused to the protective B epitope of Ts-Pmy
(YX1) to construct a multiple antigen peptide (MAP-TB) in
this study. We have observed that mice immunized with this
fused MAP (MAP-TB) based on T/B epitopes of Ts-Pmy
induced potent protection against T. spiralis infection which
is associated with enhanced humoral immune responses.

2. Materials and Methods

2.1. Ethics Statement. This study was performed in accor-
dance with the National Institutes of Health Guidelines
for the Care and Use of Experimental Animals. All animal
experimental procedures were reviewed and approved by
the Institutional Animal Care and Use Committee
(IACUCQ) of Capital Medical University (approval number:
AEEI-2015-149).

2.2. Mice and Parasites. Six- to eight-week-old female
BALB/c (H-2%) mice were obtained from the Laboratory
Animal Services Center of Capital Medical University
(Beijing, China) and raised under specific pathogen-free
standard conditions. Each experimental group consisted of
ten mice. T. spiralis (ISS 533) strain used in this study was
maintained in female ICR mice, and the muscle larvae were
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TaBLE 1: Amino acid sequences and positions of CD4" T cell
epitopes and B cell epitope of Ts-Pmy.

Epitope  Position in Ts-Pmy Amino acid sequence
T2 (P2) 528-542 QFEIDRLAAALADAE
T5 (P5) 610-624 ATAQRKLSALSAELE
B (YX1) 88-107 EEAEGTTDAQIDANRKRESE

recovered from the muscle of infected mice using a modified
pepsin-hydrochloric acid digestion method as described by
Gamble et al. [18].

2.3. Synthesis of MAP. MAP-TB and MAP-B constructed in
this study are four-branched MAPs containing either two
CD4" T cell epitopes (T2 and T5) fused with a B cell epitope
(MAP-TB) or only B cell epitope (MAP-B). The T-B peptides
are linked at their C terminus to the lysine core of the MAP.
Two different CD4" T cell epitopes, T2 and T5, representing
the CD4" T cell epitopes P2 and P5 identified in our previous
studies [17, 19], were chosen for constructing the MAP-TB
(Table 1, Figures 1(a) and 1(b)). B represents the B cell
epitope originally designated as YX1, recognized by a protec-
tive mAb which conferred partial protection against T. spiralis
infection by passive transfer [15]. The MAPs were synthe-
sized by Aviva Systems Biology Corporation (China).
The synthesis of MAPs utilized a solid-phase synthesis
using 9-fluorenylmethoxycarbonyl (FMOC) as a protecting
group. The synthesized MAPs were purified by high-
performance liquid chromatography (HPLC), then lyophi-
lized and stored desiccated at -80°C before use. The MAPs
were also identified by MASS spectrometry, and the purity
of MAPs was over 90%. The lyophilized MAPs were
dissolved in PBS at 5mg/ml as stock solutions which were
stored at —40°C until use. The working concentration was
0.6 mg/ml in PBS.

2.4. Immunization Regimen. To evaluate the immune
response induced by the MAP-TB and MAP-B, ten female
BALB/c mice were subcutaneously immunized on the back.
The MAPs were emulsified with Freund’s adjuvant (Sigma-
Aldrich, Germany) using complete adjuvant for the initial
dose and incomplete adjuvant for the following two booster
inoculations at an interval of two weeks. 30 ug of MAP-TB
or MAP-B (50 yl) was emulsified with the same volume of
adjuvant for a single dose. Another 10 mice were subcutane-
ously injected with 50ul PBS emulsified with the same
volume of the corresponding adjuvant as the control. One
week after the final boost, five mice from each group were
sacrificed for collecting sera, spleens, and inguinal lymph
nodes (ILNs) to evaluate the induced immune responses.
The rest 5 mice were challenged with 400 infective muscle
larvae (ML) of T. spiralis for evaluating the protection as
described below. A representation of experimental design is
shown in Figure 2.

2.5. Antibody Responses. Anti-B cell epitope-specific anti-
bodies induced by MAP immunization were measured by
ELISA. Briefly, the plate was coated with 10 ug/well of B
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FIGURE 1: Schematic representation of the construction of MAP-TB (a) and MAP-B (b) used for immunization. In MAP-TB, B cell epitope is

colinearly synthesized to T epitope, with a bi-lysine (KK) as a spacer.
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FIGURE 2: Schematic representation of experimental scheme. Three groups of mice (MAP-TB, MAP-B, and PBS) were immunized three times
with Freund’s adjuvant and challenged with 400 infective ML of T. spiralis to evaluate the protection induced by the MAPs.

cell epitope peptide YX1 in coating buffer overnight at 4°C.
After blocking, serial dilutions of sera (0w, 2w, 4w, 7w,
and 13w) were added at 37°C for 30 min followed with the
HRP-conjugated goat anti-mouse IgG (1:1000 dilution).
The titers of each group were expressed as the geometric mean
of the dilution. For IgG subclass detection, the sera were
diluted at 1:2000 and 1:5000, then incubated with Biotin-
conjugated Rat Anti-Mouse IgG1 or IgG2a (BD Biosciences,
USA) followed by Streptavidin-HRP (BD Biosciences, USA).
The color was developed with tetramethylbenzidine substrate
(TMB, BD Biosciences, USA) and read at 450 nm.

2.6. Cytokine Assay. One week after the final immunization,
mice were sacrificed and splenocytes were separated asepti-
cally using mouse lymphocyte separation medium (Dakewe
Biotech, China). After being centrifuged, the spleen cells were
resuspended and adjusted to 1x 107 cells/ml in complete
RPMI-1640 supplemented with 10% FBS, penicillin
(100 U/ml), and streptomycin (100 pg/ml). For in vitro stim-
ulation, a total of 1 x 10° splenocytes were incubated with
mixed peptides (2.5 yg/ml T2 and T5 individually) in 200 pl
of complete RPMI-1640 for 48h at 37°C in a humidified
atmosphere containing 5% CO,. Splenocytes stimulated
simultaneously with ConA (Sigma-Aldrich, USA; 5 ug/ml)
were served as positive controls. The cytokines IFN-y, IL-2,
IL-4, IL-5, and IL-6 were detected using the corresponding
ELISA kit (BioLegend, USA), according to the manufac-
turer’s instructions.

2.7. Flow Cytometric Analysis. Spleens and ILNs of mice were
harvested on day 7 after the final immunization. The

lymphocytes were collected and analyzed by flow cytometry.
The frequencies of CXCR5"PD-1"CD3"CD4" Tth cells (in
spleens), CXCR5"PD-1"8"CD3*CD4" Tth cells (in ILNs),
and CD25'FoxP3"CD3"CD4" Treg cells (in spleens)
presented within the total CD4" T cells; the frequencies of
GL7"Fas"B220" germinal center (GC) B cells presented
within the total B220" B cells; and the frequencies of
CXCR5"FoxP3"CD3*CD4" Tfr cells presented within the
CD4" T cells (in spleens and ILNs) were detected. Dead cells
were excluded by viability dye staining, and duplicates
were excluded by FSC/A and FSC/W gating analysis. Cells
were analyzed by a BD LSRFortessa™ Flow Cytometry
(BD Biosciences, USA). Data were acquired and analyzed
by BD FACSDIVA™ version 8.0.2 (BD Biosciences, USA).

For surface staining, splenocytes were blocked with anti-
CD16/CD32 mAb (Clone: 93, BD Pharmingen™, USA) and
stained with the following antibodies: anti-CD3e-Percp-Cya-
nine5.5 (Clone: 145-2Cl11, eBioscience, USA), anti-CD4-
FITC (Clone: RM4-5, eBioscience, USA), anti-PD-1-PE
(Clone: J43, eBioscience, USA), and anti-CXCR5-APC
(Clone: SPRCLS5, eBioscience, USA) for Tth cell analysis; with
anti-GL7-FITC (Clone: GL7, BD Pharmingen™, USA), anti-
Fas-PE (Clone: Jo2, BD Pharmingen™, USA), and anti-B220-
PerCP-Cy5.5 (Clone: RA3-6B2, BD Pharmingen™, USA)
mADb for GC B cell analysis. For viability dye staining, Fixable
Viability Dye eFluor™ 450 (eBioscience, USA) was added
with surface staining antibodies.

For intracellularly staining (Treg/Tfr), the splenocytes
were blocked with anti-CD16/CD32 mAb (Clone: 93, BD
Pharmingen™, USA), stained with anti-CD3e-Percp-Cya-
nine5.5, anti-CD4-FITC and anti-CXCR5-APC, or anti-



CD25-APC (Clone: PC61.5, eBioscience, USA), then fixed
with FoxP3 Fixation/Permeabilization working solution
(eBioscience, USA) and permeabilized with Permeabilization
Buffer (eBioscience, USA). After that, the cells were intra-
cellularly stained with anti-FoxP3-PE (Clone: FJK-16s,
eBioscience, USA).

2.8. Immunofluorescence Assay. The spleens from BALB/c
mice were separated one week after the final immunization
and embedded in Optimal Cutting Temperature (OCT)
Compound (SAKURA, USA). The tissues were frozen at
-80°C before sectioning (8ym) on a Cryostat (Leica,
Germany). After being fixed in cold acetone and blocked with
1% BSA in PBS at room temperature for 1 h, the sections were
incubated with Biotinylated Peanut Agglutinin (PNA, 1:100
dilution, VECTOR, USA) at 4°C overnight. DyLight™ 488
Streptavidin (1:100 dilution, BioLegend, USA) was used as
the secondary antibody at room temperature for 1 h. At last,
Alexa Fluor® 647-conjugated anti-mouse CD45R (1:150
dilution, Clone RA3-6B2, BioLegend, USA) was incubated at
room temperature for 1 h. The sections were scanned under
a Pannoramic SCAN instrument (3DHISTECH, Hungary).
For quantification the area of GCs, spleen sections of three
mice from each group were analyzed by Image] software.

2.9. Challenge Experiment. One week after the third
immunization, the remaining five mice of each group were
challenged orally with 400 T. spiralis-infective ML. Six weeks
after the infection, the larvae from the muscle of each
infected mouse were collected and counted. The reduction
rate of ML burden was calculated based on the recovered
larvae per gram (LPG) muscle from the mice immunized
with MAP-TB or MAP-B versus those from the PBS control
group. Specifically, it was calculated as follows: worm burden
reduction rate (%) = (1 — mean number of LPG in vaccinated
mice/mean number of LPG in control mice) x 100%.  Three
independent experiments were carried out.

2.10. Statistical Analysis. Statistical analyses were performed
with One-way ANOVA using SPSS for Windows, version
17.0. All data are expressed as the mean value + standard
deviations (SD) or the mean value + SD. P value < 0.05 were
considered statistically significant.

3. Results

3.1. Mice Immunized with MAP-TB Vaccine Produced
Significant Higher Antibody Responses. BALB/c mice were
immunized with MAP-TB and MAP-B for three times, and
the sera were collected on Ow, 2w, 4w, 7w, and 13w. B cell
epitope peptide YX1 was used as a coating antigen, and the
antibody titers against YX1 were measured by ELISA. Anti-
YX1 IgG titers in five mice immunized with MAP-TB were
greatly elevated after the first immunization and significantly
higher than those in mice immunized with MAP-B or PBS
(Figure 3(a), P < 0.01). The IgG antibody subclass was deter-
mined at a 1:2000 dilution (Figure 3(b)) and 1:5000
(Figure 3(c)) and revealed that MAP-TB induced both IgG1
and IgG2a responses, with IgGl being predominant.
However, MAP-B contains only B epitope and immunization
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of MAP-B induced a Th2 polarization direction which
showed mainly IgG1 and impaired production of IgG2a.

3.2. MAP-TB Vaccination Induced a Mixed Thl and Th2
Cytokine Response in Mice. The cytokines IFN-y, IL-2, IL-4,
IL-5, and IL-6 secreted by splenocytes of immunized mice
upon stimulation of mixed peptides T2 and T5 in vitro were
detected by corresponding specific ELISA. The levels of the
typical Thl cytokines (IFN-y and IL-2), Th2 cytokines (IL-
4 and IL-5), and IL-6 in the culture supernatants of spleno-
cytes upon stimulation were significantly elevated in mice
immunized with MAP-TB as compared with mice immu-
nized with MAP-B or PBS (Figure 4). However, there was
no significant elevation of all cytokine responses in mice
immunized with MAP-B compared with the PBS control
group. These results indicated that MAP-TB vaccination
induced a mixed Th1 and Th2 cytokine response in mice.

3.3. MAP-TB Vaccination Enhanced Expansion of Tfh Cells
and Germinal Center B Cells. The production of high-
affinity antibodies relies on the complex interaction of B
cells with Tth cells in the GC reaction. Seven days after
the final immunization, lymphocytes of spleens and ILNs
were harvested and analyzed by flow cytometry to deter-
mine the frequencies of CXCR5'PD-1*CD3"CD4" Tth
cells (in spleens), CXCR5"PD-1""CD3*CD4" Tfh cells
(in ILNs), GL7'Fas'B220" GC B cells (in spleens),
CXCR5"FoxP3"CD3"CD4" Tir cells [20] (in spleens and
ILNs), and CD25'FoxP3'CD3"CD4" Treg cells (in
spleens). Representative dot plots of flow cytometric analysis
are shown in Figure 5. It has been proved that CXCR5"PD-
1"8"CD3*CD4" T cells residing in lymph node GC represent
a specific Tth subset that correlate with B cell maturation and
IgG production [21]. The frequencies of Tth cells within total
CD4" T cells of spleens and ILNs and GC B cells within total
B220™ B cells of spleens increased in mice immunized with
MAP-TB compared with the MAP-B or PBS group
(Figures 5(a) and 5(b)). Consistently, the frequencies of Tfr
cells within CD4" T cells of spleens and ILNs and the
frequencies of Treg cells within the CD4" T cells of spleens
decreased significantly in mice immunized with MAP-TB
compared with the other two groups (Figures 5(c) and 5(d)).

The formation of GCs through vaccination could be
confirmed by PNA staining [22]. MAP-TB vaccination
greatly enhanced the formation of GCs in the spleens of mice
compared to the MAP-B or PBS group confirmed by immu-
nofluorescence staining (Figure 6).

3.4. Partially Protective Immunity Elicited by MAP-TB
Immunization. Challenge experiments demonstrated that
mice immunized with MAP-TB induced 35.5% ML reduc-
tion compared to the PBS control group (P <0.01), which
was also significantly higher than MAP-B immunization
(12.4% ML reduction, P <0.05). However, there was no
significant difference in the ML burden between the MAP-
B and PBS groups (Table 2). These results indicated that
MAP-TB immunization elicited partial protection against
T. spiralis infection, whereas MAP-B immunization did not
induce significant protection (P < 0.01).
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4. Discussion

During the past decades, researchers have been devoted to
developing vaccines against trichinellosis utilizing different
vaccine platforms, such as crude worm antigens, recombi-
nant proteins, and DNA vaccines. As T. spiralis cannot be
cultured in vitro, it is difficult to obtain a large amount of
parasite antigens. In recent years, researchers have focused
on recombinant proteins and DNA vaccines. For example,
recombinant fructose-1,6-bisphosphate aldolase [23], serine
protease [24], DNase II enzyme [25], and enolase [26] from
T. spiralis exhibited muscle larva reductions range from
17.7% to 62.1%. Different DNA vaccines showed muscle
larva reductions from 15.8% to 71.84% after T. spiralis larval
challenge [10, 26, 27]. A few researches have been done on
peptide vaccines against trichinellosis. It was first reported
in 1995 that a 40-mer synthetic peptide vaccine induced a

64.3% adult worm reduction in subcutaneously immunized
mice [28]. Seven years later, the same research group
reported that intranasal administration of a 30-mer peptide
antigen with cholera toxin B female significantly reduced
worm fecundity (33.3%) compared to the controls [29].
Another research group reported that immunization of mice
with an attenuated Salmonella strain displaying a 30-mer
peptide using the ShdA autotransporter induced significantly
adult worm reduction (61.83%) against T. spiralis infection
[30]. All of the above mentioned peptides are from the T.
spiralis gp43 antigen, which has been proved to be a highly
immunodominant protein.

In our previous study, Ts-Pmy has been proved to be a
good vaccine candidate antigen which induced significant
protection in immunized mice against the challenge of T.
spiralis-infective larvae [14]. However, as a big protein
consisting of 885 amino acids with a predicted molecular
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F1Gure 5: Tth cells, GC B cells, Tfr cells, and Treg cells in the splenocytes and ILN lymphocytes of immunized mice were determined by flow
cytometric analysis seven days after the final immunization. MAP-TB vaccination enhanced expansion of Tth cells and GC B cells, while
decreasing the frequencies of Tfr cells and Treg cells compared with the MAP-B or PBS group. For Tth, Tfr, and Treg analysis,
CD3"CD4" T cells were gated and the gating strategies are shown in (a). (a) Representative dot plots of Tth cells gated on CD4" T cells of
spleens and ILNs. Percentages in the upper right quadrant indicated the frequencies of CXCR5"PD-17CD3*CD4" Tth cells within total
CD4" T cells. (b) Representative dot plots of GC B cells gated on B220™ B cells of the spleens. Percentages in the upper right quadrant
indicated the frequencies of GC B cells within total B220" B cells. (c) Representative dot plots of Tfr cells gated on CD4" T cells of the
spleens and ILNs. Percentages in the upper right quadrant indicated the frequencies of CXCR5 "FoxP3"CD3"CD4" cells within the CD4"*
T cells of the spleens and ILNs. (d) Representative dot plots of Treg cells gated on CD4" T cells of the spleens. Percentages in the upper
right quadrant indicated the frequencies of CD25 FoxP3"CD3"CD4" cells within the total CD4" T cells of the spleens. The graphs are
shown as the mean + SD (one representative experiment out of three). **P < 0.01; *P < 0.05 (n =5).

mass of 102kDa, it is difficult to be expressed as a soluble
recombinant protein in a prokaryotic expression system.
Even in the eukaryotic expression system, only a small
portion of protein could be expressed as soluble protein,
which prevents its scale-up production as a recombinant
protein vaccine. In addition to the difficulties in the yield of
tull-length recombinant protein, the complexity of the whole
protein antigen may cause undesired detrimental side effects
[31]. In recent years, peptide production becomes easily
reproducible, fast, and cost-effective due to the advances in
the peptide synthesis. In addition, chemical synthesis could

remove the concerns associated with the biological contami-
nation of the expression system antigens in the recombinant
protein production. Peptide vaccines also have some other
advantages, such as being water soluble and having high
stability under simple storage conditions (generally does
not require “cold chain”) [32]. Due to these advantages,
peptide-based vaccines are now playing an important role
in the development of cancer and infective disease vaccine
[13, 33]. Some clinical trials for peptide-based vaccines have
been successfully tested as potential candidates for cancer
therapeutic in recent years [33].
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TaBLE 2: Protection elicited by MAP immunization against challenge with 400 T. spiralis ML in mice.

Experiment MAP-TB MAP-B . PBS
(Mean LPG + SD/ML burden reduction)

st 3799 + 565/35.5% 5156 + 543/12.4% 5886 +1101/-

2nd 4024 + 637/37.2% 5469 +701/14.6% 6403 + 1261/-

3rd 4105 + 583/33.0% 5444 + 620/11.1% 6124 + 1086/-

Three independent challenge experiments were carried out to evaluate the protection induced by MAP constructs. *P < 0.01 compared with PBS control group;

PP <0.05 compared with MAP-B group (1 = 5).

However, peptide vaccine also has some disadvantages,
such as poor immunogenicity and the need to conjugate to
a large carrier protein (e.g., KLH and BSA). To increase the
immunogenicity of a peptide-based vaccine, a new strategy
of multiple antigenic peptides (MAPs) becomes a popular
alternative. MAPs are peptides that are artificially branched
by utilizing a lysine-based central backbone to which
multiple peptide chains could be conjugated. The branched
peptides sometimes can greatly increase their immunological
responses because of the high molar ratio of peptide antigen
to the core molecule and the high molecular weight which
make them more immunogenic without the need of conjuga-
tion to a carrier protein [32, 34-36]. MAP vaccines have been
studied in several infectious diseases, such as lymphatic
filariasis [37], Plasmodium falciparum (P. falciparum) [38],
Yersinia pestis [39], and HIV [40]. Clinical studies have been
carried out in MAP vaccine against P. falciparum sporozoites
[41]. In lymphatic filariasis, thioredoxin-transglutaminase
MAP conferred a significantly higher protection of 63.04%
than the whole protein cocktail vaccine did (55.8%) in jird
models [37]. In P. falciparum, anti-MAP-1 (circumsporo-
zoite protein-based) antibodies blocked the invasion of
HepG2 liver cells by P. falciparum sporozoites (highest,
95.16% in HLA-A2 C57BL/6; lowest, 11.21% in BALB/c)
[38]. This study revealed that the immune response induced
by MAP was generally MHC dependent. It highlights the
prospect of MAP constructs that may generate highly effec-
tive antimalarial responses in populations of genetically
diverse HLA types.

Among peptide vaccines, epitope-composed one has
some other unique advantages and becomes a good choice
for vaccine development. This type of vaccine allows us to
focus on the epitopes that possess strong immunogenicity
and could induce robust protective immune effects in immu-

nized animals. Identification and correct selection of these
epitopes are a crucial step in the design of an epitope-based
peptide vaccine. The immunogenic epitopes on the protein
of interest should be identified either by epitope prediction
algorithms using bioinformatics tool [42] or by screening
with antibodies [43]. These epitopes should be tested and
confirmed for their ability to induce strong, long-lasting
humoral (B cell or Th2 epitopes) and/or cellular immunity
(CTL or Thl epitopes) against the target pathogen [32, 42].
In this study, we constructed a MAP based on T/B cell
epitope of Ts-Pmy and evaluated its immunogenicity and
the induced protective immunity compared to the B cell
epitope-conjugated MAP.

Previous studies showed that Th2 immune response was
important in protective immunity against T. spiralis infection
[16]. Therefore, Th2 epitopes should be an essential part of a
vaccine against T. spiralis infection. During the initiation of
immune response, the major histocompatibility complex-
(MHC-) II combined with processed antigen epitope in anti-
gen presenting cells trigger the activation of T helper cells
which further activate cellular immunity and/or humoral
immunity. In our dprevious work, based on the BALB/c
mouse model, H-2%restricted CD4" T cell epitopes (I-A¢
and I-E%) of Ts-Pmy were predicted using the SYFPEITHI
database. The epitope peptides could stimulate splenocytes
of rTs-Pmy-immunized mice to secrete the Th2 cytokines
IL-4 and IL-5. It has been further verified that these epitopes
were immunodominant Th2 epitopes of Ts-Pmy by experi-
ments in vitro and in vivo [17]. In the experiments of identi-
fying and characterizing of CD4" T cell epitopes, stimulation
of splenocytes from mice immunized with rTs-Pmy
produced the highest IL-5 by peptide T5, while T2 stimulated
the highest production of Th2 cytokine IL-4, as compared to
the other T cell epitopes. T5 also stimulated splenocytes of
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mice immunized with T5 to produce the highest IL-4 among
all the candidate CD4" T cell epitopes [17]. According to
these results, T5 and T2 were selected as the CD4" T cell
epitopes to construct MAP in this study. In addition, a pro-
tective B epitope of Ts-Pmy, YXI, located between 88 and
107 amino acids of Ts-Pmy, has been identified by the recog-
nition of a mAb 7E2 which passively transferred the protec-
tion against T. spiralis infection in naive mice [15]. To
evaluate whether Th2 epitopes could coordinate B cell
epitope to produce the better protection against T. spiralis
infection compared with B cell epitope alone, two types of
MAP including MAP-TB and MAP-B were constructed.
MAP-TB combines two Th2 epitopes and one B cell epitope
while MAP-B contains only B cell epitope (Figure 1). The
induced immune responses and protective effects against T.
spiralis infection by immunization with these two MAP
vaccines were further evaluated and compared.

Our previous study showed that a recombinant multiepi-
tope protein (rMEP) combined four CD4" T cell epitopes
and one B cell epitope produced a 55.4% of muscle larval
reduction [19]. In this study, we demonstrated that mice
immunized with MAP-TB induced significantly higher
protection against the challenge of T. spiralis-infective larvae
(35.5% ML reduction) compared to the MAP-B which
induced only 12.4% ML reduction. MAP-TB did not induce
comparable protection as that induced by rMEP possibly
due to the less protective epitopes included in the construct
of MAP-TB. Due to technical limitations of MAP synthesis,
only two of four CD4" T cell epitopes and one B cell epitope
were constructed in MAPs in this study. The nonsterilizing
immunity or low protection is a dilemma not only for vaccine
development against Trichinella infection but also for all
other helminth infections. For example, one of the most
well-researched helminth diseases, schistosomiasis, the bar
to achieve protective efficacy in humans was set at a consis-
tent induction of 40% protection or better by the World
Health Organization (WHO), and although this is a modest
goal, it is yet to be reached with the six most promising schis-
tosomiasis vaccine candidates (Sm28GST, IrV5, Sml4,
paramyosin, TPI, and Sm23) [44, 45]. Vaccine against hook-
worm with less than 30% reduction in worm burden was also
tested in clinical trials [46, 47]. The low protection induced by
single vaccine immunization for helminth infection may be
caused by the complexity of the life cycle, diversity of stage-
specific antigens, immune-evasion strategies, and the modu-
latory effect of host responses [48]. Indeed, the pathology of
parasites is directly related to the number of worms harbored
by the host. Instead, the major benefit of a vaccine would be
the reduction in worm burden with a concomitant reduction
in morbidity, especially for the helminthic parasites, which
induce nonsterilizing immunity in the host [49].

In this study, MAP-TB induced robust humoral immune
response with higher IgG titers than MAP-B did. IgG subtype
examination showed that MAP-TB immunization induced
both IgGl and IgG2a (with IgGl predominant), while
MAP-B mainly induced IgGl, indicating MAP-TB stimu-
lated both Thl and Th2 responses. The cytokine profiles
secreted by the splenocytes also showed that MAP-TB
immunization induced not only Th2 cytokines (IL-4 and
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IL-5) but also Th1 cytokines (IFN-y and IL-2). Th1 cytokine
response was also elevated, and it was speculated that the
epitopes were short peptides and they might be cross-
presented by the dendritic cells.

Further flow cytometry analysis of the lymphocytes in the
spleens and draining lymph nodes demonstrated that mice
immunized with MAP-TB specifically enhanced the genera-
tion of Tth cells and GC B cells and inhibited Tfr/Treg cells.
Immunofluorescence staining of spleen sections also con-
firmed that MAP-TB vaccination enhanced the formation
of GCs. All results indicated that MAP containing Th2 and
B cell epitopes of Ts-Pmy induced better protection than
MAP with B cell epitope alone, which associates with
enhanced humoral immune responses, augmentation of Tth
and GC B cells, and inhibition of Tfr and Treg cells. It
also indicated that B cell epitope alone could not induce
strong humoral immune response, which is associated
with decreased generation of Tth and GC B cells.

Tth cells are the unique CD4" T follicular helper cells that
provide cognate help to B cells to induce high-affinity anti-
body production in GCs [50]. Tth cells depend on CXCR5
to localize in the follicular regions of lymphoid organs and
maintain stable contact with antigen-primed B cells [51].
GCs support intense B cell clonal expansion, somatic hyper-
mutation, selection of high-affinity B cells, and class switch-
ing of immunoglobulin genes. The products of the GC
reaction are memory B cells and long-lived plasma cells that
secrete high-affinity antibodies [22]. Mounting evidence
suggests a strong correlation between the frequencies of Tth
cells and antigen-specific antibody responses, and more
importantly, it was further proved in the human immune
system [52]. Except for the inducement of Tth proliferation,
MAP-TB immunization also induced an elevation of IL-6
which has been shown to be an important regulator for the
differentiation of Tth cells [53]. It was reported that IL-6
played a pivotal role in shaping the acquired immune
response by promoting the differentiation of B cells into
immunoglobulin producing plasma cells and increasing the
gamma globulin level in serum [54]. In addition, IL-6 is also
an essential cytokine that transmits defense signals from a
pathogen invasion or tissue damage site to stimulate acute
phase reactions, immune responses, hematopoiesis, and
various internal organs to prepare for host defense [55].

As a strong association of Tth cells with multiple systemic
and mucosal antibody responses was testified in many
studies, many explorations of vaccine strategies have been
made to enhance the generation of Tth cells through the
modulation of vaccine regimens. For example, an oil-in-
water adjuvant, MF59, has been shown to promote GC B cell
differentiation and Tth induction [56]. Other vaccine strate-
gies, such as incorporating DNA priming and protein boost-
ing [57] or nanoparticle vaccines [58], have showed to
expand Tth cell populations and promote GC development,
leading to enhanced humoral immunity. Antigen dose also
has a positive impact on the induced frequencies of Tth cells
and subsequent serologic responses [59]. Given the impor-
tance of innate immune signals in shaping adaptive
immune responses [60], a particular innate immune
pathway with Tth cell-skewing ability, such as TLRS, has
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been identified for the rational design of Tth cell-targeted
vaccine adjuvants [61]. In our future studies, efforts will
be targeted to trigger stronger antigen-specific Tth
responses induced by the peptide vaccines.

T follicular regulatory (Tfr) cells are a specialized subset
of effector Treg cells that inhibit antibody production [62].
Successful humoral immunity is a delicate balance between
stimulatory Tth cells and inhibitory Tfr cells and not simply
a result of the total number of Tth cells [63]. Tth and Tfr cells
tightly control the size and output of the GC reaction and
thus make them key targets to manipulate the vaccine design.
Increasing Tth cell formation and/or function or reducing
the suppression exerted by Tfr cells in GC may be a rational
strategy to improve vaccine response and efficacy [64]. Our
study showed the increased frequencies of Tth and the
decreased frequencies of Tfr in the spleens and ILNs corre-
lated with the expansion of antibody responses, which is
consistent with previous studies [63, 65].

Treg cells are considered negative regulators of immune
response which could suppress the activation, proliferation,
and effector functions (such as cytokines production) of nat-
ural killer (NK) and NKT cells, B cells, CD4" and CD8" T
cells, and antigen-presenting cells, in vitro and in vivo [66].
As a survival strategy of helminthic parasites, chronic
helminth infection stimulates Tregs to produce regulatory
and anti-inflammatory cytokines that reduce host immune
responses to the invading worms [67]. Many helminth infec-
tions, such as Heligmosomoides polygyrus [68], Schistosoma
japonicum [69], Schistosoma mansoni [70], and Brugia
malayi [71], are known to stimulate an increased number
of Tregs. Recently, our research group has found that Treg
cells were significantly induced at the intestinal stage (6 days
post infection) and newborn larva migration stage (15 days
post infection) during the early T. spiralis infection [72]. In
our study, we identified that immunization with MAP-TB
decreased Treg (P =0.052) and Tfr cells and stimulated Tth
and GC B cells in dLNs and spleens of immunized mice
compared to MAP-B alone, indicating the addition of
T-epitope in MAP-B could offset the immune inhibition
induced by helminth infection and boost humoral immune
response to vaccine antigen. This may also partly explain
the protective effects induced by the immunization of
MAP-TB and MAP-B.

In the current study, we found that peptide vaccine
MAP-TB comprising CD4" T cell epitopes could induce
better protection against T. spiralis infection, which was
associated with enhanced humoral immune response,
compared to the MAP-B and PBS groups. The results from
this study indicate that B-epitope alone is not efficient to
induce robust humoral immune response. It is necessary to
combine CD4" T cell epitopes to construct an epitope-based
peptide vaccine in order to induce better protection against
T. spiralis infection. Similar studies on infective diseases also
showed that potent CD4" T cell epitope is a key vaccine
component to elicit robust immune responses [73, 74]. As a
multivalent antigen peptide vaccine could not only better
cover the diversity of natural pathogen antigen and may even
target several life stages of the pathogen but also better match
the genetic variability of the host immune system [32], there-
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fore, it is a promising strategy for developing vaccine against
multicellular helminth infections such as T. spiralis. In our
future study, including more protective epitopes (both T and
B cell epitopes) in MAP constructs would be a practical way
to improve protection.
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Malaria continues being a high-impact disease regarding public health worldwide; the WHO report for malaria in 2018 estimated
that ~219 million cases occurred in 2017, mostly caused by the parasite Plasmodium falciparum. The disease cost the lives of more
than 400,000 people, mainly in Africa. In spite of great efforts aimed at developing better prevention (i.e., a highly effective vaccine),
diagnosis, and treatment methods for malaria, no efficient solution to this disease has been advanced to date. The Fundacién
Instituto de Inmunologia de Colombia (FIDIC) has been developing studies aimed at furthering the search for vaccine
candidates for controlling P. falciparum malaria. However, vaccine development involves safety and immunogenicity studies
regarding their formulation in animal models before proceeding to clinical studies. The present work has thus been aimed at
evaluating the safety and immunogenicity of a mixture of 23 chemically synthesised, modified peptides (immune protection-
inducing protein structure (IMPIPS)) derived from different P. falciparum proteins. Single and repeat dose assays were thus
used with male and female BALB/c mice which were immunised with the IMPIPS mixture. It was found that single and repeat
dose immunisation with the IMPIPS mixture was safe, both locally and systemically. It was observed that the antibodies so
stimulated recognised the parasite’s native proteins and inhibited merozoite invasion of red blood cells in vitro when evaluating
the humoral immune response induced by the IMPIPS mixture. Such results suggested that the IMPIPS peptide mixture could
be a safe candidate to be tested during the next stage involved in developing an antimalarial vaccine, evaluating local safety,
immunogenicity, and protection in a nonhuman primate model.

1. Introduction

Malaria represents one of the greatest public health problems
worldwide. According to the World Health Organization
(WHO), ~219 million new malaria-related cases occurred
in 2017 accompanied by ~435,000 deaths. The African conti-
nent was the most affected region in the world (92% of cases
and 93% of deaths) [1]. The Global Technical Strategy for
Malaria 2016-2030 (WHO) has suggested reducing malarial

incidence and mortality by at least 90% and eliminating it
in at least 35 countries by 2030 through prevention, diagno-
sis, and treatment strategies [2].

No significant progress has been observed to date regard-
ing the reduction of cases of malaria worldwide despite the
differing strategies used for combating this disease (using
insecticide-impregnated mosquito nets for controlling the
vector, chemoprophylaxis, and case management) [1, 2].
The most recurrent problem is concerned with the increase


https://orcid.org/0000-0001-6466-5181
https://orcid.org/0000-0003-3766-5500
https://orcid.org/0000-0003-1894-4379
https://orcid.org/0000-0002-4751-2500
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/3832513

in strains which are resistant to antimalarial drugs and
insecticide-resistant mosquitoes; this has necessitated the
development and combined use of new control and preven-
tion methods, especially a vaccine having high protection
capability as time elapses [1, 3].

The Fundacién Instituto de Inmunologia de Colombia
(FIDIC) has thoroughly demonstrated the feasibility of a
chemically synthesised, multistage, multiantigen, minimum
subunit-based (~20 amino acid-long peptide) vaccine by fol-
lowing a completely functional approach [4, 5]. This has led
to ascertaining that peptides derived from the main proteins
participating in merozoite (Mrz) invasion of RBCs [6] specif-
ically bind to human RBCs and that sporozoites (Spz) invad-
ing hepatic cells [7, 8] bind to the HepG2 hepatocellular
carcinoma cell line [9-12].

Immunogenicity and protection assays in Aotus monkeys
have shown that high activity binding peptides (HABPs) [12]
having a conserved sequence (cHABP) have not induced an
immune response, suggesting that despite the importance of
their biological role, they are immunologically silent [4, 5].
By contrast, HABPs having a variable sequence (VHABPs)
have induced a nonprotective immune response (or only a
short-term one) [4, 13], an immune evasion mechanism for
these sequences (smokescreens distracting the immune
response) [14-16]. However, when some cHABP residues
[17, 18] have been replaced by amino acids (aa) having simi-
lar mass and volume, but different polarity, modified ana-
logues (mHABPs) have been seen to induce a protective
immune response in Aotus monkeys against experimental
challenge [5, 13, 19-22].

Nuclear magnetic resonance (NMR) and in silico struc-
tural binding studies have shown that mHABPs having
polyproline II (PPIIL) helix structures [23, 24] can bind
to HLA-DRS1# molecules covering most MHC-II allele
variants [21, 25, 26] and have greater interaction with
the T cell receptor (TCR). This would suggest the stable
formation of the MHC-II-mHABP-TCR trimer complex
and thus the capability for inducing a protective immune
response [27-31]. Protection-inducing mHABPs have thus
been called Pf immune protection-inducing protein struc-
tures (IMPIPS) in view of their close structure-protection
relationship [32, 33].

This study thus used a murine model for evaluating the
immunogenicity, local toxicity, and systemic toxicity [34-38]
of a mixture of 23 IMPIPS. These were derived from the main
P. falciparum Spz (circumsporozoite protein 1 (CSP-1),
thrombospondin-related anonymous protein (TRAP), spo-
rozoite threonine and asparagine-rich protein (STARP),
sporozoite microneme proteins essential for cell traversal
(SPECT-1 and SPECT-2), cell-traversal protein for ooki-
netes and sporozoites (CelTOS), and sporozoite invasion-
associated protein 1 and 2 (SIAP-1 and SIAP-2)) [9, 11,
39, 40], as well as Mrz proteins (apical membrane antigen-1
(AMA-1), erythrocyte-binding protein 175 (EBA-175),
erythrocyte-binding protein 140 (EBA-140), serine repeat
antigen (SERA-5), merozoite surface protein-1 (MSP-1),
and histidine-rich protein II (HRP-II)) [10, 39, 40]. Previous
studies testing these peptides individually have shown that
the antibodies induced were able to recognise the original
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template protein when expressed as a recombinant (Supple-
mentary Table 1).

2. Materials and Methods

2.1. Peptide Synthesis and Purification. Twenty-three poly-
mer peptides (Table 1) were modified following previously
reported principles [32, 33, 40, 41] to render them immuno-
genic and then synthesised using solid-phase multiple pep-
tide synthesis following the tert-butyloxycarbonyl (t-Boc)
synthesis strategy described by Merrifield [42] and modified
by Houghten [43]. All peptides were derived from fully con-
served and functionally relevant regions of the corresponding
proteins. Such a Merck-Hitachi L-6200 A chromatograph
(Merck) fitted with a UV-VIS L-4250 210nm wavelength
detector was used for determining synthesised peptide purity
by high-performance reversed-phase liquid chromatography.
A Microflex mass spectrometer (Bruker Daltonics) was then
used for characterising them by matrix-assisted laser deso-
rption/ionisation-time of flight (MALDI-TOEF).

2.2. Animals. Forty BALB/c mice (20 males and 20 females)
were used for evaluating the formulation’s safety and immu-
nogenicity. The mice were aged 5 to 6 weeks when they were
immunised, according to WHO recommendations [37]. The
mice were acquired from the Universidad Nacional de
Colombia’s Faculty of Animal Science’s Biotherium.

2.2.1. Single Dose Local Tolerance. This assay enabled deter-
mining possible inflammatory reactions at the different treat-
ments’ inoculation sites [37]; this involved using 18 BALB/c
mice (9 males and 9 females), following the protocols estab-
lished by the regulatory authorities [34-37]. The animals
were randomly assigned to 3 groups (Table 2), each consist-
ing of 3 males and 3 females, in line with the principles of
reduction and refinement [44].

The animals were immunised by subcutaneous (SC)
route at the base of the tail with 100 uL of the formulation.
The animals were observed twice a day after they had been
immunised for detecting changes in their behaviour, signs
of disease, or toxicity. The injection site and the tissue around
it were examined 1, 3, 24, 48, and 72 hours after immunisa-
tion to ascertain the presence of erythema, oedema, eschar,
and necrosis; the parameters described by Cox were used
for evaluating their degree [45]. The animals were anesthetised
with ketamine (80-120 mg/kg) and xylazine (5-16 mg/kg)
by intraperitoneal (IP) route on the third day and sacri-
ficed by cervical dislocation.

2.2.2. Repeat Doses. Twenty-two BALB/c 5- to 6-week-old
mice (11 males and 11 females) were randomly distributed
into three groups for evaluating possible toxic reactions pro-
duced by repeat inoculations (SC) of the Pf-IMPIPS peptide
mixture (30 ug in total). Toxicity due to repeat doses can
occur as a result of repeat administration of a product over
a specific period [35-37] (Table 3).

The animals were immunised 4 times with a 14-day inter-
val as the amount of doses in an animal model must be equal
to or greater than the amount of doses for clinical assays [37],
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TaBLE 1: List of peptides (IMPIPS) included in the mixture.
mHABP Sequence Protein Theoretical mass (kDa) Mass (m/z)
32958 CGGNGNGQGLNMNNPPNENVDENAGC CSP 2,436.8 2,436.9
25608 CGKNSFSLGENPNANPGC CSP 1,809.3 1,807.1
24312 CGDLGHVNGRDTMNNIVDENKYGC TRAP 2,715.4 2,713.3
24242 CGVWDEWSPVSTAVGMGTRSRKGC TRAP 2,568.8 2,567.3
24250 CGKSLDIERKMADPQAQDNNGC TRAP 2,393.8 2,392.2
24254 CGGAATPYSGEPSPFDEVLGEEGC TRAP 2,372.9 2,373.2
24320 CGVIKHMRFHADYQAPFLGGGYGC STARP 2,628.8 2,626.0
38150 CGTDLILKALGKLQNTNKGC SPECT 2,090.9 2,089.3
38890 CGSDYTKALAAEAKVSYWGIGC SPECT-2 2,435.1 2,436.2
38128 CGKLTPISDSFDSDDTKESYDKGC SPECT-2 2,612.3 2,611.7
38976 CGVDTTIWSGVNNLSHVALDGGC SPECT-2 2,316.0 2,316.3
38880 CGETAVGALQADEIWNYNTGC CELTOS 2,212.9 2,213.9
38162 CGKTQGHSYHLRRKNGVKHPVYGC SIAP-1 2,726.6 2,729.2
38884 CGGLHYSTDSQPNLDISFGELGC SIAP-2 2,411.0 2,411.3
13486 CGMIKASFDPTGAFKSPRYKSHGC AMA-1 2,589.6 2,588.8
37206 CGNDKLYFDEYWKVIKKDGC EBA-175 2,425.2 2,405.3
24292 CGLTNQNINIDQEENLMKHGFHGC EBA-175 2,734.4 2,732.0
22690 CGNNIPSRYNLYDKMLDLDGC EBA-175 2,405.2 2,402.2
36620 CGLKNKETTKDYDMFQKIDSFLGC EBA-140 2,785.6 2,781.7
22796 CGDNILVKMFKVIENNDKSELIGC SERA 2,683.6 2,681.7
23426 CGKKVQNLTGDDTADLATNIVGGC SERA 2,394.0 2,395.4
10014 CGEVLYHVPLAGVYRSLKKQLEGC MSP-1 2,663.5 2,662.9
24230 CGSAFDDNLTAANAMGLILNKRGC HRP-2 2,456.4 2,453.4
m/z: mass-to-charge ratio.
TaBLE 2: Single dose: distribution of the groups of mice according to treatment.
Treatment Size
Group 1 Physiological saline solution (PSS) (control) 3M+3F
Group 2 IMPIPS mixture (30 pg in total)+PSS (1:1) 3M+3F
Group 3 IMPIPS mixture (30 pg in total)+Freund’s adjuvant® (1:1) 3M+3F

*The immunisation was made with complete Freund’s adjuvant.

TABLE 3: Repeat doses: distribution of the groups of mice according
to treatment.

Treatment Size
Group 1  Physiological saline solution (PSS) (control) 3M+3F
Group 2 IMPIPS mixture+PSS (1:1) 4M+4F
Group 3  IMPIPS mixture+Freund’s adjuvant® (1:1)  4M+4F

*The first immunisation was made with complete Freund’s adjuvant and
those thereafter with Freund’s incomplete adjuvant.

and it would be expected that the amount of doses adminis-
tered would not exceed two in clinical assays (Figure 1).

Each group was immunised with 100 uL of the formula-
tion on days 0, 14, 28, and 42; the formulation was adminis-
tered by SC route at the base the tail. The immunisation sites
were examined 1, 3, and 24 h after each injection looking for
signs of erythema, oedema, eschar, and necrosis.

The animals were observed twice per day for evidence of
any adverse reaction to the injection or the presence of dis-
ease, and a weekly physical examination was made for mon-
itoring every animal’s overall state of health. Their weight
and food consumption were also monitored before beginning
the immunisation protocol and after immunisation on days
0, 3, and 7 and every week thereafter until day 70.

Mouse body temperature was measured with an infra-
red thermometer (Benetech GM320) before and after each
immunisation (0, 4, and 24 h) at five different sites on their
abdomens. The average of five readings was recorded [46].

Blood samples were taken from the facial vein before
immunisation and on days 1, 3, 40, 43, and 70 following
the first immunisation to rule out acute and chronic alter-
ations and in case of any abnormal findings. These samples
were used for evaluating blood urea nitrogen (BUN), creati-
nine (CRE), haematocrit (HCT), red blood cell (RBC) count,
white blood cell (WBC) count, and total plasma protein
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FIGURE 1: Immunisation scheme for evaluating local tolerance and systemic toxicity due to repeat doses in mice.

(TPP) levels. The animals were anesthetised with ketamine
(80-120 mg/kg) and xylazine (5-16 mg/kg) on day 70 by IP
route and sacrificed by cervical dislocation [47].

The mice were necropsied, and kidney, heart, duode-
num, spleen, and liver samples were taken for histological
study to evaluate possible damage. The samples were kept in
10% formaldehyde and processed and analysed at the Uni-
versidad de Ciencias Aplicadas y Ambientales (U.D.C.A)
pathology laboratory.

2.3. Immunogenicity

2.3.1. Indirect Immunofluorescence Assay (IFA). The indirect
immunofluorescence assay (IFA) was used for evaluating an
antibody’s ability to recognise the parasite’s native proteins,
according to a previously reported methodology [48]. Briefly,
RBC infected with mature schizont-stage parasites were
taken from a P. falciparum FCB2 strain continuous culture
synchronised with 5% sorbitol, at 5% to 7% parasitaemia.
The RBCs were washed three times with phosphate-buffered
saline (PBS) (7.2 to 7.4 pH) and spun at 1,200 g for 5min.
The pellet was suspended in filtered PBS until reaching 1%
final dilution, 20 uL/well of this suspension was seeded on 8-
well slides and left to settle for 20 minutes, and the supernatant
was collected. The slides were left to dry at room temperature
(RT); they were then blocked with 30uL/well PBS-1%
skimmed milk for 10min at (RT), washed once with PBS
(7.2 to 7.4 pH) for 5min, and left to dry.

Then, in duplicate, 2.5uL/well serum from the final
bleeding was seeded on 8-well slides at 1:20 dilution in
PBS. The slides were incubated in a moist chamber for
30 min, washed with PBS (7.2 to 7.4 pH) six times for 5 min
each wash, and left to dry. This was followed by placing
10 uL/well fluorescein isothiocyanate- (FITC-) labelled anti-
mouse IgG (Vector Laboratories, Inc.) in each well at 1:20
dilution in PBS as well as 1: 80 4 uL/well Evans blue to reduce
background and increase contrast in the imaging/reading.
The slides were incubated in a moist chamber in the dark
for 30 min, washed, and left to dry. The slides were observed

with a fluorescence microscope (Olympus B51) at 1,000x
magnification. The assay was made by pooling all the sera
from each group due to the low serum volume available.
Serum from a P. berghei-infected mouse was used as the pos-
itive control. The immunofluorescence signal was analysed
semiquantitatively in the photographs already taken as fol-
lows: (+++) corresponds to the maximum fluorescence
(positive control), (0+) to the negative control, (++) to
IMPIPS plus adjuvant, and (+) to IMPIPS plus PSS.

2.3.2. Invasion Inhibition Assay. The P. falciparum FCB-2
strain (parasite ring stage) culture, previously synchronised
with 5% sorbitol, 1-8 h postinvasion, was used for determin-
ing the ability of serum from the mice immunised with the
IMPIPS mixture to inhibit Mrz invasion of erythrocytes
[49]. A 384-well plate [50] seeded with 1.7 uL/well parasite
culture (2% haematocrit and 0.1% parasitaemia) was incu-
bated with 10 uL/well of serum from the final bleeding
which had been inactivated (preimmune and postimmune)
at 20%, 10%, 5%, and 2.5% concentrations (%v/v). Each
well’s final volume was 50 uL, which was completed with
RPMI 1640 media (Gibco); each sample was analysed in
duplicate. The plate was incubated at 37°C for 48h in a
5% O,, 5% CO,, and 90% N, atmosphere. Parasitised RBCs
(pRBCs) and sera from control group mice (day 0) were
used as the negative control, whilst human RBCs with chlo-
roquine (150 nM) were used as the positive control for the
invasion inhibition assay. Parasite culture supplemented
with healthy human plasma was used as the culture control.
The plate was spun at 1,800 rpm after 48 h incubation, and
the culture supernatants were removed; the cells were then
labelled with 1X 50 uL SYBR Green (1:10,000) (Invitrogen)
for 30 min in the dark. Cell suspensions were washed three
times with PBS and analysed by flow cytometry (FACS-
Canto II, Becton Dickinson). FlowJo 7.5 (Tree Star, Inc.)
was used for analysing the data [51]. The assay was made
by pooling all the sera from each group due to the low
serum volume available.
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2.4. Statistical Analysis. GraphPad Prism 7 software was
used for statistically analysing the data for each group of
animals (minimum and maximum values, the mean and
standard deviation (SD)). The Shapiro-Wilk test of normality
was used for comparing the groups of animals according to
treatment; ANOVA was then used for analysing normally
distributed data, whilst nonnormally distributed data was
analysed by the Tukey or Kruskal-Wallis multiple compari-
son test and Dunn’s multiple comparison test. Differences
were considered statistically significant at p <0.05. Stata
software’s linear regression model was used for statistically
analysing histopathological results, using Pearson’s X? test,
for determining whether the IMPIPS mixture was toxic for
the organs and tissues analysed here.

2.5. Ethical Statements. The mice were maintained according
to the bioethical regulations laid down in Colombian Law
84/1989 [52], Colombian Ministry of Health resolution
8430/1993 [53], and the Guide for the Care and Use of Labo-
ratory Animals of the National Institutes of Health [54]. Reg-
ulations stipulated by the American Veterinary Medical
Association’s (AVMA) Panel on Euthanasia (2013) were also
considered [47]. All the animals were fed on Rodent Diet
5010 (LabDiet) and provided with water ad libitum. The Uni-
versidad de Ciencias Aplicadas y Ambientales (U.D.C.A)
ethics committee, regulated by Agreement 285/2008, Chapter
VII, endorsed this research.

3. Results

3.1. Local Tolerance: Single Dose in Mice. No deaths occurred
in any of the groups being studied for this assay. None of the
animals (females or males) in the different groups treated
and evaluated 1, 3, 24, 48, and 72h postimmunisation had
lesions at the inoculation site, compared to the control group
(not immunised).

3.2. Local and Systemic Tolerance: Repeat Doses in Mice.
There were no deaths in any of the groups of animals when
evaluating local toxicity due to repeat doses of the IMPIPS
mixture. No local adverse reactions were observed (postim-
munisation), such as erythema, oedema, eschar, or necrosis,
at the inoculation site in any of the groups.

3.2.1. Physiological Parameters. The Shapiro-Wilk test of
normality confirmed a normal distribution for male and
female weight values. Average weight gain according to the
means for each experimental group and the SD (mean + SD)
obtained for each treatment for male mice immunised with
PSS, IMPIPS+PSS, and MPIPS+adjuvant was 25.32+2.56 g,
25.04+3.06g, and 23.34+3.38g, respectively, whilst for
the females immunised with just PSS, IMPIPS+PSS, and
IMPIPS+adjuvant, this was 19.70+1.99g, 19.23+2.39¢,
and 19.38 £3.01, respectively (Supplementary Figure 1).
Statistical analysis revealed no significant differences between
the groups (p > 0.05).

Mean weekly consumption of food by the males immu-
nised with PSS, IMPIPS+PSS, and MPIPS+adjuvant was
30.69 + 1.43g,30.2+ 1.25g, and 30.97 + 2.99 g, respectively,
compared to the females immunised with PSS, IMPIPS+

PSS, and MPIPS+adjuvant (24.05+1.25g, 24.88+1.20g,
and 25.27 + 1.72 g, respectively) (Supplementary Figure 1).
Statistical analysis did not reveal any significant differences
between the groups (p > 0.05).

The temperature of male mice immunised with PSS,
IMPIPS+adjuvant, and IMPIPS+PSS ranged from 30.72°C
to 32.27°C, 29.56°C to 32.63°C, and 30.57°C to 32.23°C,
respectively, during the study, whilst for females immunised
with PSS, IMPIPS+adjuvant, and IMPIPS+PSS, it ranged from
31.05°C to 37.57°C, 29.62°C to 33.91°C, and 31.2°C to 33.35°C,
respectively (Supplementary Figure 1). Overall, temperatures
remained between the minimum and maximum ranges of
the control group.

3.2.2. Haematological Parameters. The haematic picture eval-
uated parameters related to erythrocytes (erythrocyte count
(RBC), haematocrit (HCT), haemoglobin (Hb), and total
plasma proteins (TPP)) and leukocytes (leukocyte (WBC)
count) for determining possible alterations caused by the
formulation. The reference values for analysing each bio-
chemical parameter were determined by mean control + SD;
no significant differences (p > 0.05) were observed regarding
either erythrocytes or leukocytes. Complete blood cell count
(CBC) values came within the stated parameters, except for
day 3 when control group females had a slight reduction in
haematocrit and haemoglobin, possibly due to previous bleed-
ings. By contrast, an increase in leukocytes was observed in
control group males; this increase could have been caused by
stress due to the bleeding.

Renal function was evaluated by measuring BUN and
CRE. ANOVA analysis identified no statistically significant
differences between the different treatments when comparing
values between the groups or when comparing control group
values (saline solution) to those for the other study groups
(p > 0.05) (Figure 2). The reference values for analysing each
biochemical parameter were determined from the means for
the controls + SD (Figure 2).

3.2.3. Histopathology. Microcirculatory changes related to
slight and moderate vascular congestion were observed in
the myocardium in 2/4 females immunised with the
IMPIPS+adjuvant formulation; there was no evidence of
congestion in the other animals from the same group or from
the other groups (p>0.05). No microcirculatory changes
were seen in any of the immunised animals, such as oedema
and/or haemorrhage, inflammatory infiltrate, structural
changes, or binucleation (Figure 3).

Slight congestion was observed in the kidneys of at least
one animal from every group. These changes occurred more
in females than in males, since a lesion was found in just one
male compared to 6 females (2 from each group) in which
congestion was observed. No microcirculatory changes such
as oedema and haemorrhage, inflammatory infiltrate, struc-
tural changes, or binucleations were observed in any of the
study groups (Figure 4).

No macroscopic or microscopic alterations were observed
when analysing the duodenum, though 50% of the mice
immunised with IMPIPS+adjuvant had mixed inflammatory
infiltrate in the mesentery (Figure 5). Likewise, follicular



6 Journal of Immunology Research

60 - 60 1
s =N | . SO
> o 404
& g
Z
5 5
/M M 20 A
0 .
Ohour Dayl Day2 Day40 Day43 Day 70 Ohour Dayl Day2 Day40 Day43 Day70
m PSS m PSS
O IMPIPS+PSS 0O IMPIPS+PSS
O IMPIPS+adj O IMPIPS+adj
(a) (b)
3.0 3.0+
2.5 1 2.5
g 2.0 A F,_c] 2.0
T B
E 154 E 1.5
23]
8§ 10 e T | % 1.0
0.5 A ill' 0.5
0.0 :-i.'f'-':‘“ . 1 . 1 NI 0.0

Ohour Dayl Day2 Day40 Day 43 Day 70

m PSS
O IMPIPS+PSS
O IMPIPS+adj

O] (d)

m PSS
O IMPIPS+PSS
O IMPIPS+adj

FIGURE 2: Means for the biochemical parameters: blood urea nitrogen (BUN) and creatinine (CRE). BUN and CRE values are shown for females
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(b)

F1cuRrE 3: Histological section of the myocardium on day 70, stained with haematoxylin-eosin: (a) histology for the normal myocardium in a
mouse treated with physiological saline solution (100x); (b) section of the myocardium from a mouse belonging to the group immunised with
IMPIPS+adjuvant; microcirculatory changes related to moderate vascular congestion were observed (100x).

hyperplasia was observed in 100% of the mice immunised  immunised with IMPIPS+PSS had this reaction to a slight
with IMPIPS+adjuvant when analysing lymphoid tissue,  degree and 25% to a moderate degree. Two (33.3%) control
50% being slight and 50% moderate. 37.5% of the mice  group mice had slight follicular hyperplasia (Figure 6). A
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FiGURrk 4: Histological section of the kidney on day 70, stained with haematoxylin-eosin: (a) histology for the normal kidney in a mouse
treated with physiological saline solution (400x); (b) section of the kidney from a mouse from the group immunised with IMPIPS
+adjuvant had microcirculatory changes regarding slight congestion (arrow) (400x).

F1GURE 5: Histological section of the mouse mesentery on day 70, stained with haematoxylin-eosin: (a) histology for the normal mesentery of
a mouse treated with saline solution (400x); (b) mesentery having mixed inflammatory infiltrate from a mouse treated with IMPIPS+adjuvant
(400x).

F1GURE 6: Histological section of mouse lymphoid tissue on day 70, stained with haematoxylin-eosin: (a) histology of mouse normal lymphoid
tissue treated with saline solution (100x); (b) lymphoid tissue from a mouse treated with IMPIPS+adjuvant having nodular hyperplasia
(100x).
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FiGure 7: Immunofluorescence assay with mouse anti-IMPIPS antibodies in Plasmodium falciparum-infected erythrocytes (FCB2 strain).
Results were analysed semiquantitatively according to fluorescence intensity from null (0+) to maximum fluorescence (+++). (a) PBS
(negative control) (0+). (b) Serum from a P. berghei-infected mouse (positive control) (+++). (c) Serum from the group of mice
immunised with IMPIPS plus adjuvant (++). (d) Serum from the group immunised with IMPIPS plus PSS (+). Each study was done in
duplicate. Mouse serum and the FITC-labelled anti-mouse IgG (green fluorescence) were used at 1:20 dilution. The samples were
analysed with a fluorescence microscope (Olympus B51) with an immersion objective (1,000x).

scale was generated to semiquantify follicular hyperplasia
according to the number of nodules using a magnification
of 400x (Supplementary Table 2).

3.3. Immunogenicity

3.3.1. Determining Anti-IMPIPS Serum Ability to Recognise
P. falciparum-Infected RBC by IFA. An indirect immunofluo-
rescence assay was used for determining anti-IMPIPS serum
ability to recognise pRBC. The serum from mice immunised
with IMPIPS+adjuvant as well as that from those immu-
nised with IMPIPS+PSS was able to recognise pRBC
(Figure 7). Considering that some P. berghei proteins share
high identity with their P. falciparum counterparts, such as
enolase [55], the higher fluorescence intensity observed in
the positive control might be due to the higher number of
proteins being recognised versus just the six blood-stage
proteins being recognised from animals immunised with
the peptide mixture.

3.3.2. Determining Anti-IMPIPS Antibodies’ Merozoite
Invasion Inhibition Capability. The functional role of anti-
bodies stimulated by immunisation with IMPIPS was deter-
mined by an in vitro invasion inhibition assay. The serum
from animals immunised with the IMPIPS peptide mix-
ture+PSS was able to inhibit invasion, maximum values
being 61.84% for males and 68.34% for females. Likewise,

the serum from the animals immunised with the IMPIPS
peptide mixture+adjuvant had 67.62% maximum invasion
inhibition values for males and 70.82% for females. It
was found that inhibition was concentration dependent
(p<0.05). No statistical difference was observed between
inhibition percentages for the females compared to those
for the males (p > 0.05) (Figure 8). Sera surpassing 70% were
considered strong inhibitors, whilst those ranging from 50%
to 69% were considered medium-high inhibitors. Those hav-
ing 30% to 49% were considered medium-low inhibitors,
those from 10%-29% are low inhibitors, and those < 9% were
considered negative.

4. Discussion

Toxicological studies of the formulation to be used in clinical
studies are of the utmost importance when developing vac-
cines as they provide information about possible adverse
effects which might arise due to the formulation, either at
the inoculation site or in the different organs and tissues of
subjects being vaccinated [37, 38]. This study thus evaluated
the safety and immunogenicity of a mixture of 23 modified
peptides derived from 8 Spz proteins (CSP-1, TRAP, STARP,
SPECT-1 and SPECT-2, CelTOS, and SIAP-1 and SIAP-2)
and 6 Mrz proteins (AMA-1, EBA-175, EBA-140, SERA-5,
MSP-1, and HRP-II) [9-11] in a murine model as a synthetic
antimalarial vaccine candidate.
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FIGURE 8: Percentage invasion inhibition of anti-IMPIPS serum. (a) Males. (b) Females. The assay was done in duplicate in three different
experiments. Different serum concentrations were used (5, 10, and 20%v/v); pRBC (C-), npRBC (C+), and chloroquine (C+) were used as
controls of the test. Control group mice (day 0) were used as the positive control of invasion (pink). Significance was determined at *p < 0.05.

The single dose local tolerance study was aimed at evalu-
ating the site exposed to the formulation 72 h postimmunisa-
tion; no adverse reactions such as erythema, oedema, eschar,
or necrosis were observed in the mice immunised with the
IMPIPS mixture+PSS or in those immunised with IMPIPS
+adjuvant. This suggested that the IMPIPS mixture did not
produce local toxic effects due to single dose SC immunisa-
tion. The forgoing led to continuing local and systemic toler-
ance studies regarding repeat doses (4 immunisations) where
SC immunisation also did not produce adverse effects such as
erythema, oedema, eschar, or necrosis at the administration

site, suggesting that repeat IMPIPS doses did not produce
irritation or toxicity at the immunisation site.

Male and female mice immunised with the IMPIPS
peptide mixture+PSS or IMPIPS+adjuvant gained weight
and increased their weekly food consumption, and their
body temperature was within established parameters (i.e.,
regarding the formulation’s systemic effects) [56], thereby
supporting the idea that the IMPIPS mixture did not
affect physiology.

Blood chemistry analysis showed that creatinine values
did not exceed the parameters compared to control values
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during the first bleeding. Creatinine values on day 40
exceeded the parameters; however, they became reduced by
day 70, coming within normal parameters for the males. Such
transitory increase could have been due to stress or dehydra-
tion since, unlike other mammals, mice excrete creatinine in
their urine. Once the situation had become resolved, creati-
nine returned to its normal values [56]. BUN values came
within normal parameters. Since no other damage was
observed on day 70, the histological study of the kidneys ver-
ified that an increase in creatinine was due to prerenal causes
and not to renal damage.

Regarding histological analysis, the microcirculatory
changes in the myocardium compatible with congestion did
not arise from administering the IMPIPS peptide mixture,
since control group animals also had this pathology. Such
changes could mainly have been due to the hypovolemic
shock caused by the final bleeding; this would have occurred
because haemorrhagic shock affects tissue perfusion [57].

Mixed inflammatory infiltrate was observed in the histo-
logical study of the mesentery; this description refers to local-
ised accumulations of mononuclear and polymorphonuclear
cells, indicating the presence of a foreign body in acute phase,
i.e., causing the antigenic stimulus to continue. This finding
in the animals immunised with IMPIPS+adjuvant and not
in those immunised with IMPIPS+PPS or in the control
group indicated that the antigen continued being active. This
could have been caused by the formation of a deposit at the
injection site due to the adjuvant’s mechanism of action
(doses 2, 3, and 4 of the formulation were administered by
IP route) [58].

The nodular hyperplasia observed in animals’ lymphoid
tissue is mainly due to normal lymphoid nodule inflamma-
tion in response to an antigen. Such response in this case
was triggered by the immunisation; such reaction is also
known as reactive lymphoid hyperplasia [59] which, as
expected, was much stronger in the animals immunised with
the formulation containing IMPIPS+adjuvant.

FIDIC’s previous studies have shown that individual
immunisation of IMPIPS in Aotus monkeys has stimulated
the production of antibodies which have been able to recog-
nise parasite proteins in their native form and induce a pro-
tective immune response, determined by the total absence
of parasites in the blood following experimental challenge
[30, 32, 33]. The present study highlighted the fact that serum
from male and female mice immunised with the IMPIPS
mixture+adjuvant or IMPIPS+PSS recognised the parasite
in the Mrz stage. This indicated that although the peptides
had been modified for their presentation by human MHC-
II [27, 29, 31], the mixture was capable of inducing an
immune response against the native proteins from which
they were derived, even in a murine model, thereby reinforc-
ing the idea of using IMPIPS in an antimalarial vaccine [60].
Such response was seen in the immunofluorescence and
invasion inhibition assays.

5. Conclusions

Local tolerance and systemic safety tests regarding single and
repeat doses in this study showed no toxicity induced by the

Journal of Immunology Research

IMPIPS mixture in a murine model 70 days after the first
immunisation, reaffirming that peptide-based vaccines can
represent a safe option. The IMPIPS mixture was immuno-
genic in a murine model, even when the peptides were
designed for human MHC-IL. Such results suggested that
the IMPIPS mixture is safe and thus further immunogenic-
ity and protection assays in a nonhuman primate model
such as the Aotus spp. monkey but delivered with adjuvants
authorised for human use are recommended.
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Sublancin is a glycosylated antimicrobial peptide produced by Bacillus subtilis 168 possessing antibacterial and immunomodulatory
activities. This study was aimed at investigating the effects of sublancin on immune functions and serum antibody titer in specific
pathogen-free (SPF) broiler chickens vaccinated with Newcastle disease (ND) vaccine. For this purpose, 3 experiments were
performed. Experiment 1: SPF broiler chicks (14 days old) were randomly allotted to 1 of 7 groups including a blank control (BC),
vaccine control (VC), and 5 (3-7) vaccinated and sublancin supplemented at 5, 15, 30, 45, and 60 mg activity/L of water,
respectively. Vaccinated groups (2-7) were vaccinated with ND vaccine by intranasal and intraocular routes at the 14" day. On 7,
14, 21, and 28 days post vaccination (dpv), the blood samples were collected for the determination of serum hemagglutination
inhibition (HI) antibody titer. Experiment 2: SPF broiler chicks were divided into 1 of 3 groups, i.e., blank control (BC), vaccine
control (VC), and sublancin treatment (ST). On 7, 14, and 21 dpv, the blood samples were collected for measuring HI antibody
titer by micromethod. Experiment 3: the design of this experiment was the same as that of experiment 2. On 7 and 21 dpv,
pinocytosis of peritoneal macrophages, B lymphocyte proliferation assay, measurement of CD4" and CD8" T cells, and serum
cytokine quantitation were carried out. It was noted that sublancin promoted B lymphocyte proliferation, increased the
proportion of CD8" T lymphocyte subpopulations, and enhanced the antibody titer in broiler chickens. In addition, it was also
observed that sublancin has the potential to induce the secretion of IFN-y, IL-10, and IL-4. In conclusion, these findings suggested
that sublancin could promote both humoral and cellular immune responses and has the potential to be a promising vaccine adjuvant.

1. Introduction

Infectious diseases, especially viral diseases, remain one of
the most critical challenges in poultry industry partly due
to the genetic variation of viruses or the inferior quality of
the vaccines. It is widely recognized that the application of
vaccines coupled with immunopotentiator could improve
the efficacy of vaccination [1]. However, commonly used

adjuvants, e.g., aluminum and oil emulsion, are reported to
produce some side effects, such as carcinogenesis, strong
local stimulation, or failure to enhance immunogenicity of
weak antigens [2]. Hence, the development of a new type of
adjuvant with low toxicity and high efficiency could be of
great significance and of immediate practical value in safe-
guarding the health-associated risk factors in the poultry
industry.
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Antimicrobial peptides (AMPs) are various naturally
occurring molecules which provide immediate and nonspe-
cific defense against invading pathogens [3]. A number of
studies pointed out that AMPs participate in the modulation
of the immune response [4, 5]. These immunopotentiating
properties of AMPs make them a suitable candidate for the
adjuvant design. Sublancin is a 37-amino acid AMP isolated
from Bacillus subtilis 168 with high stability [6]. In our previ-
ous studies, we noted that sublancin alleviated Clostridium
perfringens-induced necrotic enteritis in broilers mainly by
alleviating the inflammatory response [7]. Importantly, we
also found that sublancin possess the ability to activate mac-
rophages, thereby protecting mice from cyclophosphamide-
induced immunosuppression [8]. In addition, intragastric
administration of sublancin induced a mixed immune
response of Thl and Th2 in ovalbumin-immunized mice
[9]. These reports elucidated that sublancin could be a prom-
ising immunomodulator.

However, the immunomodulatory effects of sublancin on
SPF broiler chickens remain poorly understood. Addition-
ally, whether sublancin can improve the immune response
of ND vaccine in SPF broilers is yet to be known. Although
AMPs can improve the cellular and humoral immunity in
animals [4], whether sublancin exhibits similar effects in
SPF chickens remains to be investigated. Therefore, the pres-
ent study evaluated the effects of sublancin on immune
response for inducing humoral and cellular immunity
against ND vaccine in SPF broilers.

2. Material and Methods

All experiments involving animals were approved by the
China Agricultural University Institutional Animal Care
and Use Committee (ID: SKLAB-B-2010-003).

2.1. Preparation of Sublancin. Sublancin was produced in
our laboratory using a highly efficient expression system
involving Bacillus subtilis 800 as described previously
[10]. The amino acid sequence of sublancin was deter-
mined as GLGKAQCAALWLQCASGGTIGCGGGAVA
CQNYRQEFCR, and the peptide purity was >99.6% as
determined by high-performance liquid chromatography.
Sublancin was produced as lyophilized powder and stored
at —20°C until further use.

2.2. Animals. Fourteen-day-old SPF broiler chicks were
obtained from the Quality Control Department of Beijing
Merial Vital Laboratory Animal Technology Co., Ltd.
(Beijing, China) and were housed under standard conditions
of temperature (22-26°C), relative humidity (40-65%), and
light intensity (150-300 lux). The broilers were fed with
Co®-irradiated sterile nutritious feed in Complete Feed
(Beijing Keao Feed Co., Ltd, Beijing, China) while clean
and fresh water was made available ad libitum.

2.3. Experimental Design

2.3.1. Experiment 1. Ninety-one, 14-day-old SPF broiler
chicks were randomly allotted to 1 of 7 groups with 13 chicks
in each treatment. The treatments included a blank control

Journal of Immunology Research

(BC), vaccine control (VC), and 5 sublancin treatments in
which sublancin was supplemented at 5, 15, 30, 45, and
60 mg activity/L of water, respectively. Briefly, soluble sub-
lancin powder was mixed in 1-L drinking barrel located in
each group at the rate of 5, 15, 30, 45, and 60 mg activity/L
of water. Fresh sublancin was administered daily throughout
the experiment. When the barrel containing sublancin was
emptied, purified water without treatment was added to the
barrel for the remainder of the day. The broilers in the BC
and VC treatments had access to purified water without
sublancin treatment all day. All the broilers except the
BC group were vaccinated with LaSota ND vaccine by
intranasal and intraocular routes at the 14™ day. On 7,
14, 21, and 28 dpv, the blood samples were collected from
the brachial vein for the determination of serum HI antibody
titer by micromethod.

2.3.2. Experiment 2. Thirty, 14-day-old SPF broiler chicks
were divided into 1 of 3 groups with 10 chicks in each group.
The experimental treatments were similar to Exp. 1 except
only one sublancin treatment was used in this experiment.
In the ST group, birds were provided purified water mixed
with sublancin at 30 mg activity/L of water and vaccinated
with ND vaccine as in experiment 1. On 7, 14, and 21 dpv,
the blood samples from the brachial vein were collected for
the determination of HI antibody titer by micromethod.

2.3.3. Experiment 3. Thirty-six, 14-day-old SPF broiler chicks
were randomly allocated to 1 of 3 groups with 12 chicks in
each group. The design of this experiment was the same as
that of experiment 2. On 7 and 21 dpv, 6 chickens per group
were selected randomly for the determination of pinocytosis
of peritoneal macrophages, B lymphocyte proliferation assay,
measurement of CD4" and CD8" T cells, and serum cytokine
quantitation.

2.4. Serum HI Antibody Assay. Blood samples (0.5mL per
chick) were collected from the brachial vein, put into 2mL
Eppendorf tubes, and allowed to clot at 37°C for 2 h. Serum
was separated by centrifugation at 3000 rpm for 15min for
the determination of HI antibody. Serum HI antibody assay
was performed as previously described [11]. The geometric
mean titer was presented as reciprocal log, values of the
highest dilution that displayed HI.

2.5. Determination of Pinocytosis of Peritoneal Macrophages.
Peritoneal cells were harvested by peritoneal lavage with
20mL RPMI-1640 (Gibco) medium. The cell-rich lavage
fluid was aspirated and centrifuged at 1500 rpm for 15 min.
The pellet was resuspended at 1x 10° cells/mL in RPMI-
1640 medium supplemented with 10% fetal bovine serum
(FBS) and 100 units/mL penicillin/streptomycin (Life Tech-
nologies) and seeded in 96-well plates at 100 uL/well. Cells
were purified by adherence to culture plates for 3 h. Thereaf-
ter, the culture medium was discarded and 100 mL/well of
0.075% neutral red was added and incubated for 1h. After
washing with PBS for 3 times, 200 uL of lysis solution
(alcohol :acetic acid, 1:1 v/v) was added into each well
and maintained at 37°C for 10min. The absorbance was
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measured at 570 nm by a microplate reader (IMARK type,
Bio-Rad, USA).

2.6. Proliferation Assay of B Lymphocyte. Blood samples from
the heart were collected and then carefully layered on the
surface of the lymphocyte separation medium. After centri-
fugation at 1500 rpm for 15 min, a white cloud-like lympho-
cyte band was collected and washed twice with RPMI-1640
medium. The cell pellet was resuspended at 1 x 10° cells/mL
with RPMI-1640 medium and seeded in 96-well plates at
80uL per well, then another 20 uL LPS (10pug/mL) was
added. The plates were incubated at 37°C in a humidified
atmosphere with 5% CO,. After 44h, 20uL of MTT
(5 ug/mL) was added into each well. The plates were reincu-
bated for 4h and then centrifuged at 1500 rpm for 10 min.
The supernatant was removed carefully, and 100uL of
DMSO was added into each well. The absorbance at
450nm was measured by a microplate auto reader as the
index of B lymphocyte proliferation.

2.7. Measurement of CD4" and CD8" T Cells. Cellular popula-
tions in the peripheral blood from the broilers were analyzed
using flow cytometry. The lymphocytes were stained with
CD3-PE, CD4-FITC, and CD8-SPRD at 4°C for 30 min and
then analyzed by flow cytometry (Gallios, Beckman Coulter,
Brea, CA, USA). The antibodies were purchased from
Southern Biotech.

2.8. Serum Cytokine Quantitation. Blood samples from the
brachial vein were allowed to clot at 37°C for 2h and subse-
quently centrifuged at 3000 rpm for 15 min to separate the
serum. The concentrations of INF-y, IL-2, IL-4, and IL-10
in serum were measured using commercially available
chicken Enzyme-Linked Immunosorbent Assay (ELISA) kits
(Cusabio Biotech Company, Wuhan, China).

2.9. Statistical Analysis. All the data were analyzed by
ANOVA using SPSS Version 20.0 (SPSS Inc., Chicago, IL).
Statistical differences among treatments were determined
using Duncan’s Multiple Range Test. Results are presented
as means + SD. P value < 0.05 was considered significant.

3. Results
3.1. Experiment 1

3.1.1. The Dynamic Changes of Antibody Titer. The dynamic
changes of antibody titer in experiment 1 are presented in
Figure 1. On 21dpv, the sublancin treatments with 30 and
60 mg activity/L of water significantly increased (P < 0.05)
the antibody titer compared with the VC group. A numerical
increase in antibody titer was observed in the 5 sublancin
treatments compared with the VC group on 7, 14, and
28 dpv, although there was no statistical difference. Overall,
compared with the VC group, the sublancin treatments
increased the antibody titer by 1.72~40%.

3.2. Experiment 2

3.2.1. Effect of Sublancin on Serum ND Antibody Titers.
Figure 2 shows the effect of sublancin on serum ND HI
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antibody titers in experiment 2. In agreement with the
results of experiment 1, the antibody titers in the sublan-
cin treatment with 30 mg activity/L of water were signifi-
cantly higher (P <0.05) than those in the VC group on
21dpv. On 7 and 14dpv, the sublancin treatment with
30 mg activity/L of water resulted in a numerical increase
in antibody titers by 11.76 and 21.15% compared with
the VC group, although there was no statistical difference.

3.3. Experiment 3

3.3.1. Effect of Sublancin on Pinocytosis of Peritoneal
Macrophages. The pinocytosis activity of broiler peritoneal
macrophages was examined by the uptake of neutral red.
As shown in Figure 3, the sublancin treatment with 30 mg
activity/L of water had no significant effect on the pinocytosis
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activity compared with the BC and VC groups on 7 and
21dpv.

3.3.2. The Dynamic Changes of B Lymphocyte Proliferation.
The dynamic changes of the A,;, value are presented in
Figure 4. On 7 dpv, the A5, values did not differ among the
3 groups. However, on 21 dpv, the A, values in the sublan-
cin treatment with 30 mg activity/L of water were higher than
those in the BC and VC groups (P < 0.05).

3.3.3. Effect of Sublancin on T Lymphocyte Subpopulations.
The CD4" and CD8" subsets of T lymphocytes are primarily
involved in the immune responses to specific antigenic chal-
lenges. We found that the percentage of CD8" peripheral
blood lymphocytes in each group remained unchanged
between the groups (P> 0.05) on 7 and 21 dpv. However,
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the percentage of CD4" peripheral blood lymphocytes in
the sublancin treatment was higher (P < 0.05) than that in
the BC and VC groups on 7dpv (Figure 5). Likewise, the
values of CD4¥/CD8" were higher (P < 0.05) than those in
the BC and VC groups on 21 dpv.

3.3.4. Effect of Sublancin on Cytokine Production. As shown
in Figure 6, on 7 dpv, a numerical increase in serum concen-
trations of INF-y and IL-10 was observed in the sublancin
treatment compared with the BC group (P > 0.05), although
there was no statistical difference. On 21 dpv, the IL-4 con-
centration in the sublancin treatment also showed numerical
increase when compared with that in the BC group (P > 0.05).

4. Discussion

Naturally occurring AMPs exhibit antibacterial properties
and are also suggested to possess immune-enhancing activi-
ties [12], which make them promising adjuvant candidates
for vaccine design. Ribosomally synthesized and posttransla-
tionally modified peptides are a fast-expanding class of natu-
ral products that display a wide range of interesting biological
activities. Sublancin is a member of the glycocin family
containing 2a-helices and a well-defined interhelical loop
connected by an S-glucosidic linkage to Cys [13]. Mature
sublancin has a molecular mass of 3879.8 Da [10]. It has pre-
viously been reported that sublancin possesses immunomod-
ulatory properties [8, 14]. Acquired immunity comprising
the humoral and cellular immunity constitutes an integral
component of bird’s health. Humoral immunity mediated
by B lymphocytes is a crucial immune reaction against infec-
tions, thereby a change in the antibody titer reflects the state
of humoral immunity in animals [15]. In our study, sublan-
cin significantly increased the serum ND antibody titers
compared with the VC group, suggesting that sublancin
could promote humoral immunity.

It is well known that B cells are primarily responsible for
humoral immunity, whereas T cells participate in cellular
immunity. B lymphocytes mainly secrete antigens by binding
the antibodies from effector B cells to eliminate antigens and
participate in the humoral immune process of the body. In
addition, cytokines can also be released to participate in
immune regulation [16]. We noted that sublancin treatment
with 30 mg activity/L of water significantly increased the pro-
liferation of B lymphocytes, indicating that B lymphocytes
were activated by sublancin. To further test the efficacy of
sublancin on cellular immunity, we determined the amount
of CD4" and CD8" T lymphocyte subpopulations. CD4™ T
lymphocytes can be activated by immunoreactive reactions
with polypeptide antigens presented by major histocompati-
bility complex class IT molecules. CD8" T lymphocytes recog-
nize antigens presented by major histocompatibility complex
class I molecules and directly kill infected or variant cells. The
number and status of CD4" and CD8" T lymphocytes
directly reflect the status of immunity of the body [17]. Gen-
erally, the ratio of CD4"/CD8" T remains relatively stable, so
the value and proportion of CD4*/CD8" T lymphocyte sub-
sets in the peripheral blood and the ability to produce cyto-
kines can be measured in order to assess the immune status
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of the body cells [18]. Our results showed that the broilers
receiving sublancin at 30 mg activity/L of water had an
increased value of CD4" T lymphocytes on days 7 and 21
after the vaccination. The value of CD4"/CD8" was signifi-
cantly increased on days 7 and 21 after the vaccination. These
results are in agreement with Xiaofei et al. [19] who reported
that compound mucosal immune adjuvant can increase the
percentage of CD4" T and CD8" T lymphocytes in chicken
orally vaccinated with attenuated Newcastle disease vaccine.

Phagocytosis is one of the primary functions of macro-
phages, and this process is extremely crucial in excluding for-
eign bodies [20]. In the present study, we evaluated the
phagocytic activity of macrophages by phagocytic index via
neutral red uptake. The results showed that sublancin treat-
ment with 30 mg activity/L of water had no significant effect
on the phagocytic activity of macrophages compared with
that in the BC and VC groups. These findings suggested that
sublancin had no effect on the regulation of macrophages in
SPF broilers. On the contrary, our previous study in mice

demonstrated that oral administration of sublancin could
enhance phagocytic activity of peritoneal macrophages under
normal conditions and attenuate the cyclophosphamide-
induced inhibition of peritoneal macrophages phagocytic
activity [8]. This discrepancy is most likely due to a species
difference or physiological state of the birds.

In addition to stimulating the proliferation of immune
cells, sublancin has the potential to induce the secretion of
IFN-y, IL-10, and IL-4. The Thl cytokine IFN-y provides
protective immunity against intracellular infections by
organisms including bacteria, viruses, and protozoa [21]
whereas IL-10 and IL-4 participate in the Th2 immune
response. In this study, sublancin was administered via oral
route, thus the possibility of a loss of glucosylation, reduction
of disulfides, and/or attack by endogenous proteases on this
peptide during its transit through the intestine cannot be
ignored. Such reactions would modify some or all character-
istics of the mature sublancin. Therefore, it can be postulated
that the observed effects of sublancin in the present study
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might be due to the action of a partially modified mature
sublancin or sublancin-derived peptides.

5. Conclusion

In summary, our study demonstrated that sublancin exhib-
ited immunostimulatory properties which effectively acti-
vated B lymphocytes, increased the value of CD4"/CD8",
enhanced the ability to respond to antigens, and conse-
quently increased the serum ND antibody titers in SPF
broilers. Hence, the present study suggested that sublancin
is a potential candidate to be a vaccine adjuvant.
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Background. Small ruminant morbillivirus or peste des petits ruminants virus (PPRV) is an acute and highly contagious viral
disease of goats, sheep, and other livestock. This study aimed at predicting an effective multiepitope vaccine against PPRV from
the immunogenic proteins haemagglutinin (H), matrix (M), fusion (F), and nucleoprotein (N) using immunoinformatics tools.
Materials and Methods. The sequences of the immunogenic proteins were retrieved from GenBank of the National Center for
Biotechnology Information (NCBI). BioEdit software was used to align each protein from the retrieved sequences for
conservancy. Immune Epitope Database (IEDB) analysis resources were used to predict B and T cell epitopes. For B cells, the
criteria for electing epitopes depend on the epitope linearity, surface accessibility, and antigenicity. Results. Nine epitopes from
the H protein, eight epitopes from the M protein, and ten epitopes from each of the F and N proteins were predicted as linear
epitopes. The surface accessibility method proposed seven surface epitopes from each of the H and F proteins in addition to six
and four epitopes from the M and N proteins, respectively. For antigenicity, only two epitopes ;,,PPERV s and ;;DPLSP,, were
predicted as antigenic from H and M, respectively. For T cells, MHC-I binding prediction tools showed multiple epitopes that
interacted strongly with BoLA alleles. For instance, the epitope ,sMFLSLIGLL.; from the H protein interacted with four BoLA
alleles, while ,,,FKKILCYPL,g, predicted from the M protein interacted with two alleles. Although F and N proteins
demonstrated no favorable interaction with B cells, they strongly interacted with T cells. For instance, ;5,STKSCARTL ;44 from
the F protein interacted with five alleles, followed by ;,,SOQNALYPMS;,s and ,,,IDLGPAISL,,, that interacted with three alleles
each. The epitopes from the N protein displayed strong interaction with BoLA alleles such as ,o,RSAEALFRL ., that interacted
with five alleles, followed by two epitopes ,LATLLKSLAL,, and ;,,QQLGEVAPYj,, that interacted with four alleles each. In
addition to that, four epitopes ;TLLKSLALF,;, ;5sYFDPAYFRL;y,, 350AYFRLGQEM ¢, and ,;,PRQAQVSFL,,, interacted with
three alleles each. Conclusion. Fourteen epitopes were predicted as promising vaccine candidates against PPRV from four
immunogenic proteins. These epitopes should be validated experimentally through in vitro and in vivo studies.

1. Introduction ruminant diseases. It is among the priority diseases indicated

in the FAO-OIE Global Framework for the Progressive Con-
Small ruminant morbillivirus (previously called peste des  trol of Transboundary Animal Diseases (GF-TADs) in the 5-
petits ruminants virus (PPRV)) is one of the most damaging  year Action Plan [1, 2]. PPRV is one of the top ten diseases in
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sheep and goats that are having a high impact on the poor
rural small ruminant farmers [3]. The disease is considered
an acute and highly contagious viral disease with a high
morbidity and mortality rate in small ruminants, such as
goats and sheep and related wild animals [4, 5]. The disease
is characterized by high fever, depression, anorexia, ocular
and nasal discharge, pneumonia, necrosis and ulceration of
mucous membranes, and inflammation of the gastrointesti-
nal tract leading to severe diarrhea [6, 7]. It causes high death
rates in goats and sheep up to 100% and 90%, respectively.
However, sheep can be subclinically infected and play a
major role in the silent spread of PPRV over large distances
and across borders [1]. The disease is widely distributed in
Africa, on the Arabian Peninsula, and in the Middle East
and Asia [5, 8, 9]. Morbilliviruses are rapidly inactivated
at environmental temperature by solar radiation and desic-
cation. This indicated that the transmission occurred by
direct contact with infected animals or their excretions.
Transmission of PPRV occurs primarily by droplet infec-
tion but may also occur by ingestion of contaminated feed
or water [6].

PPRV is an enveloped single strand of negative sense
RNA virus, belonging to the genus Morbillivirus, in the
family Paramyxoviridae which is closely related to rinder-
pest virus (RPV), canine distemper virus (CDV), and mea-
sles virus (MeV) [5, 10, 11]. The genome of morbilliviruses
is organized into six transcriptional units encoding six
structural proteins. These structural proteins include the
nucleoprotein (N protein), matrix protein (M protein),
polymerase or large protein (L protein), phosphoprotein
(P protein), and two envelope glycoproteins, the haemagglu-
tinin protein (H protein) and the fusion protein (F protein)
[12-14]. The N protein played an important role in the viral
life cycle, interacting with both viral and cellular proteins. It
also interacted with the viral RNA to form the nucleocapsid
structures seen in both the virions and infected cells [13].
The viral L and P proteins interact with the nucleocapsids
to form the functional transcription/replication unit of the
virion [13]. The C-termini of morbillivirus N proteins also
interacted with cellular regulatory proteins such as heat
shock protein Hsp72, interferon regulator factor- (IRF-) 3,
and a novel cell surface receptor (genetically engineered
receptor) [13]. The F protein facilitated the virus penetration
of the host cell membrane. This protein is also critical for the
induction of an effective protective immune response [15].
The M protein of paramyxoviruses forms an inner coat to
the viral envelope and thus serves as a bridge between the
surface viral glycoproteins and the ribonucleoprotein core.
By virtue of its position, M appeared to play a central role
in viral assembly by formation of new virions which were
liberated from the infected cell by budding [16, 17]. Interac-
tion of the PPRV H and F proteins with the host plasma
membrane led to viral entry by binding of the H protein to
receptors [17]. Generally, the protective cell-mediated and
humoral immune responses against morbilliviruses are
directed mainly against H, F, M, and N proteins. Moreover,
PPRV is genetically grouped into four distinct lineages (I,
I1, 111, and IV) based on the analysis of the fusion (F) gene.
This classification of PPRV into lineages has broadened the
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understanding of the molecular epidemiology and worldwide
movement of PPR viruses [7, 18-20].

Vaccination is the main tool for controlling and eradicat-
ing the PPR virus [12]. Despite the fact that live attenuated
vaccines have been widely used to protect small ruminants
against circulating PPRV [1, 3, 7], the continuous spread of
PPR disease indicated two possible hypotheses. The first is
the emergence of new PPRV strains with new genetic
makeup and greater fitness in the face of vaccine-elicited
protection. The second is the lapses in regulatory control that
ultimately lead to movement of diseased/infected individuals
across the region/state/country without proper monitoring
and surveillance [1].

The advances made in the field of immunoinformatics
tools coinciding with the knowledge on the host immune
response lead to new disciplines in vaccine design against dis-
eases via computer in silico epitope predictions. The epitope-
driven vaccine is a new concept that is being successfully
applied in multiple studies, particularly to the development
of vaccines targeting conserved epitopes in variable or rapidly
mutating pathogens [21-23]. The identification of specific
epitopes derived from infectious disease has significantly
advanced the development of peptide-based vaccines.
Peptides elicited more desirable manipulation of immune
response through the use of the B cell epitopes. These
epitopes mainly induce antibody production from B cells
and cellular response and cytokine secretion from T cells.
The approach regarding the molecular basis of antigen recog-
nition and HLA binding motifs to host class I and class II
MHC proteins is highly supported by the immunoinfor-
matics which aids in designing epitope-based vaccine motifs
that serve as therapeutic candidates for many infectious
diseases [24].

The main objective of this study was to analyze multiple
immunogenic proteins from the PPR genome for designing
a safe multiepitope vaccine using immunoinformatics tools
present in the Immune Epitope Database (IEDB). These
proteins include haemagglutinin protein (H), matrix protein
(M), fusion protein (F), and nucleoprotein (N) sequences of
PPRYV strains reported in the (NCBI) database.

2. Materials and Methods

2.1. Sequence Retrieval. Four immunogenic protein sequences
of PPRV (updated August 2018) were retrieved from GenBank
of the National Center for Biotechnology Information (NCBI)
(http://www.ncbinlm.nih.gov/protein) in Oct. 2018. These
included 82 sequences from the haemagglutinin protein (H
protein), 67 sequences from the matrix protein (M protein),
94 sequences from the fusion protein (F protein), and 80
sequences from the nucleoprotein (N protein). All sequences
were retrieved in FASTA format. The retrieved sequences,
their accession numbers, and geographical locations are listed
in Tables 1-4.

2.2. Phylogenetic Evolution. A phylogenetic tree of the
retrieved sequences of each immunogenic protein was
constricted using MEGA7.0.26 (7170509) software [25].
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FiGurE 1: Phylogenetic tree of retrieved strains of H and M proteins. The retrieved strains demonstrated divergence in their common

ancestors.
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ARP51869.NP_Mongolia
-AUB45018 NP_China
-APD77391.NP_China
A0035463 NP_China
AMQ48344.NP_China
AMQ48343 NP_China
-AMQ48342.NP_China
-AFC87740.NP_Nigeria
-ADM32485.NP_India
AIL54006.NP_India

AAS68026.NP_India

]

ACN62116.NP_India
ACN62115.NP_India
-AEX61010.NP_India
ABY61984.NP_India
ADNO03214.NP_India
-ADN03211.NP_India
AKG94165.NP_India
YP_133821.NP_Turkey
CAH61252.NP_Turkey
CAD91555.NP_Turkey
AGJ84027.NP_Morocco
AGG09141.NP_Morocco
-ART66992.NP_Algeria
ASY05917.NP_Georgia
-AIL53998 NP_Ethiopia

T

ANG60355.NP_Nigeria
ANS54228 NP_Liberia
KT04317.NP_Cote dlvoire
AIL19898.NP_Senegal
ATS17282.NP_Sierra Leone
1D07004.NP_Ghana

-AKT04301.NP_Benin

i

-ANG60363.NP_Nigeria

AKT04309.NP_Benin

BX75307.NP_Nigeria
AFC87763.NP_Nigeria
AUP34034.NP_Nigeria

AFC87761.NP_Nigeria
-ADX95989.NP_Nigeria
AFC87752.NP_Nigeria
-AFC87747 NP_Nigeria
AFC87750.NP_Nigeria
AFC87754.NP_Nigeria
-AFC87753.NP_Nigeria

nis

AFC87764.NP_Nigeria
AFC87762.NP_Nigeria
AFC87760.NP_Nigeria
AFC87759.NP_Nigeria
AFC87758 NP_Nigeria
AFC87757 NP_Nigeria
-AFC87756.NP_Nigeria

AFC87755.NP_Nigeria
AFC87749.NP_Nigeria
AFC87748 NP_Nigeria
CAA52454.NP_Nigeria
AJT59435.NP_Senegal

Yill

L_ABX75299.NP_Cote dlvoire
AIN40487.NP_Kenya
AIL54014.NP_Uganda

I

ADX95994.FP_Nigeria
AUP34039.FP_Nigeria
CAJ01699.FP_Nigeria
AKT04314.FP_Benin
AKT04306.FP_Benin
AKT04322.FP_Cote dlvoire
ANS54232.FP_Liberia
AID07001.FP_Ghana
ATS17277.FP_Sierra
AIK19903.FP_Senegal

AJT59440.FP_Senegal
C ABX75303.FP_Cote dlvoire

AIL54035.FP_United Arab Emirates
AIL54027.FP_Oman
-AIL53995.FP_Ethiopia
-AIN40491.FP_Kenya
AIL54019.FP_Uganda

AIL53990.NP_Ethiopia
AFC87739.NP_Nigeria
ATL54030.NP_United Arab Emirates
-AIL54022.NP_Oman
AFC87741.NP_Nigeria

FIGURE 2: Phylogenetic tree of retrieved strains of F and N proteins. The retrieved strains demonstrated divergence in their common

ancestors.
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Each protein tree was constructed using the maximum likeli-
hood parameter in the software.

2.3. Multiple Sequence Alignment. The complete protein
sequences of each immunogenic protein of PPRV were aligned
via BioEdit software (version 7.2.5) to generate a multiple
sequence alignment (MSA) with the ClustalW tool [26].

2.4. Epitope Prediction. Several immunobioinformatics tools
were used for prediction of multiple epitopes from the four
immunogenic proteins of PPRV. Tools from the Immune
Epitope Database analysis resource (http://www.iedb.org/)
[27] were used to analyze the immunogenic proteins. The
input was the reference sequences of H protein (YP_
133827.2), M protein (YP_133825.1), F protein (YP_
133826.1), and N protein (YP_133821.1). They were submit-
ted to Epitope Analysis Resources to predict B and T cell
epitopes. The predicted epitopes were further investigated
in aligned retrieved sequences for conservancy to identify
the proposed candidate epitopes.

2.4.1. B Cell Epitope Prediction. Epitopes that interacted with
the B lymphocytes are a discrete part from the antigenic
molecule that is recognized by the B cell receptor and elicited
immunoglobulin production. These predicted epitopes are
characterized by their surface accessibility and their antigenic
reactivity with theimmunoglobulins of the humoral immunity
[24]. Epitope prediction tools of the Immune Epitope Data-
base (IEDB) at http://tools.iedb.org/bcell/ [27] were used for
this purpose. Linear B cell epitopes were predicted by BepiPred
linear epitope prediction (http://tools.iedb.org/beell/result/)
[28]. The Emini surface accessibility prediction tool was
performed to detect the surface accessible epitopes (http://
tools.iedb.org/beell/) [29], while prediction of antigenic epi-
topes was performed to identify the antigenic determinants
on proteins based on the physicochemical properties of amino
acid residues using the Kolaskar and Tongaonkar antigenicity
method (http://tools.immuneepitope.org/bcell/) [30].

2.4.2. Cytotoxic T Lymphocyte Epitope Prediction. IEDB tools
(http://tools.iedb.org/mhci/) were used to predict different
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cytotoxic T cell (CTL) epitopes that bind to the major histo-
compatibility complex class I alleles (MHC class I) [31].
Analysis was done using cow alleles (BoLA-D18.4, BoLA-
HD6, BoLA-JSP.1, BoLA-T2a, BoLA-T2b, and BoLA-T2c).
An artificial neural network (ANN) was used to predict the
binding affinity [32, 33]. The peptide length for all selected
epitopes was set to 9 amino acids (9mers). Percentile rank
required for the peptide’s binding to the specific MHC-I
molecules was set in the range from 1 to 3.

2.5. Homology Modeling

2.5.1. The Three-Dimensional (3D) Structures of the Reference
Sequences of PPRV. The prediction of the three-dimensional
(3D) structure of H, M, and F protein reference sequences of
PPRV was performed using the RaptorX structure prediction
server (http://raptorx.uchicago.edu/StructurePrediction/
predict/) [34-36], while the N protein sequence was submit-
ted to the SPARKS-X server (http://sparks-lab.org/yueyang/

server/SPARKS-X/) [37]. The 3D structure of each protein
reference sequence was later treated with Chimera software
1.8 to show the position of proposed epitopes [38].

3. Results and Discussion

The validity and benefits of peptide vaccines designed by bio-
informatics tools had been verified by appreciable research
[24]. The availability of the complete genome, proteome
sequences, and pathogenesis of many pathogenic microor-
ganisms contributed to the production of a vaccine through
bioinformatics [24, 39]. In this study, the predicted epitopes
from B and T lymphocytes would help in the development
of a more effective, reliable, preventive, and therapeutic
vaccine against the PPRV than the conventional methods.

3.1. Phylogenetic Evolution. A phylogenetic tree was
constructed using MEGA7.0.26 (7170509). The evolutionary
divergence among each protein was analyzed. As shown in
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FiGurek 5: The prediction of the three-dimensional (3D) structure of H, M, and F protein reference sequences of PPRV was performed using
the RaptorX structure prediction server, while the N protein sequence was submitted to the SPARKS-X server.

M protein

FIGURE 6: The positions of the proposed B cell epitopes in the 3D structure of the reference sequences of PPRV H and M proteins.

Figure 1, the retrieved strains of the H protein revealed that
Asian strains were clustered together as well as the European
and African strains. However, strains from the United Arab
Emirates and Oman were closely related to African strains
(namely to Ethiopian strains). With regard to the phylog-
eny of the M protein strains, the African strains were also
clustered together, but among them, the Oman and United
Arab Emirates strains were observed to be close to the
Ethiopian strains same as those of the H protein. This
result may indicate the transfer of the H and M strain seg-
ments between these countries. Also, some European and
Turkish strains were clustered together. As shown in
Figure 2, the retrieved strains of F and N proteins from
the Asian strains were clustered together with molecular

divergence among them as well as the strains retrieved
from the African countries. Also, the Omanis and Emiratis
strains showed close relationship to the African strains.
These results indicated that these strain segments were
widely distributed in Africa, Asia, Europe, and the Arab
region.

3.2. Sequence Alignment. Multiple sequence alignment was
performed using ClustalW in BioEdit software. As shown
in Figure 3, the aligned sequences of each of the four analyzed
proteins (H, M, F, and N proteins) showed considerable con-
servancy among the retrieved strains. However, some regions
exhibited differences (mutations) in some amino acids in var-
ious sequences.
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TaBLE 5: B cell epitope prediction from H, M, F, and N proteins; the position of peptides is according to the position of amino acids in the

protein of the PPR virus.

H protein Peptide Start End Length Emini 1.000 Kolaskar 1.041
1 PHNK 16 19 4 2.683 0.969
2 SIDHQ 83 87 5 1.169 1.03
3 PPERV”* 142 146 5 1.904 1.047
4 TVTL 305 308 4 0.505 1.113
5 TLGG 330 333 4 0.462 0.977
6 EANWVVPSTDVRDLQ 362 376 15 1.022 1.039
7 KTRPPSFCNGTG 387 398 12 1.314 0.982
8 GPWSEGRIP 400 408 9 1.023 0.962
9 DVSR 530 533 4 1.29 1.034
M protein Peptide Start End Length Emini 1.000 Kolaskar 1.037
1 SAWDV 10 14 5 0.533 1.044
2 GDRK 43 46 4 2.478 0.886
3 EDNDPLSP* 60 67 8 3.167 0.969
4 DPLSP** 63 67 5 1.332 1.051
5 VGRT 69 72 4 0.795 1.01
6 PEEL 87 90 4 1.464 1.004
7 DNGYYS* 167 172 6 2.116 0.975
8 INDD 325 328 4 1.203 0.915
F protein Peptide Start End Length Emini 1.000 Kolaskar 1.054
1 TGSA 34 37 4 0.867 0.965
2 SNQA 153 156 4 1.691 0.967
3 SLRDP 216 220 5 2.058 1.013
4 QEWYT 305 309 5 2.625 0.966
5 VETP 331 334 4 0.643 1.112
6 GTVC 336 339 4 0.255 1.144
7 GSTKS 357 361 5 1.888 0.947
8 QDPDK 402 406 5 5.498 0.948
9 VGSREYPD 428 435 8 2.837 1.01
10 LKPDLTGTSKS 531 541 11 3.269 0.996
N protein Peptide Start End Length Emini 1.000 Kolaskar 1.014
1 DKAPTASGSGGATI" 16 28 13 0.249 0.981
2 IPGDSSI 39 45 7 0.345 1.019
3 GDPDINGS 60 67 8 0.735 0.935
4 TDDPDV 92 97 6 1.569 0.992
5 STRSQS 107 112 6 2.397 0.972
6 GADLD* 120 124 5 0.619 0.984
7 VTAPDTAADS 182 191 10 0.594 1.02
8 RTPGNKPR 242 249 8 4.853 0.92
9 KFSA 323 326 4 0.83 1.024
10 RGTGPRQA* 408 415 8 1.69 0.943

*Peptides revealed a higher score if they were shortened in all tools. “Epitopes that passed all the B cell prediction methods and were proposed as B cell epitopes.

3.3. Prediction of B Cell Epitopes. B cell epitope prediction
methods aimed are at identifying the antigens recognized
by B lymphocytes to initiate humoral immunity [24]. The
important criteria for selecting a potential epitope for vaccine
development are surface accessibility, hydrophobicity, flexi-

bility, and antigenicity [40]. The predicted epitopes should
be located on the surface of the cells so that it is more acces-
sible for both the humoral and the cellular immune systems.
Antigenicity also is one of the important features of an anti-
gen for vaccine development [40]. Depending on binding
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TaBLE 6: Position of CTL epitopes in the H protein, M protein, F protein, and N protein of PPRV that bind with high affinity with the BoLA
class I alleles.

Peptide Start End Allele Percentile rank
BoLA-T2a 2
DLVKFISDK 113 121
BoLA-T2C 1.9
FLRVFEIGL 251 259 BoLA-HD6 1
BoLA-D18.4 2.3
GRIPAYGVI 405 413
BoLA-T2b 2.1
BoLA-HD6 1.5
LLAJAGIRL 52 60
BoLA-T2b 2.3
LSLIGLLAI 47 55 BoLA-T2a 2.9
H protein LVKFISDKI 114 122 BoLA-HD6 1.3
BoLA-HD6 2.1
BoLA-JSP.1 1.
MEFLSLIGLL 45 53 oLAJS 7
BoLA-T2b 1.4
BoLA-T2C 1.7
BoLA-JSP.1 2.6
VMFLSLIGL 44 52
BoLA-T2C 1.7
WCYHDCLIY 578 586 BoLA-T2a 1.2
WSEGRIPAY 402 410 BoLA-JSP.1 2.2
SAWDVKGSI 10 18 BoLA-HD6 1.8
EELLREATE 88 96 BoLA-T2b 1
ELLREATEL 89 97 BoLA-HD6 1.3
PQRFRVVYM 152 160 BoLA-JSP.1 1.7
HVGNFRRKK 220 228 BoLA-T2a 2.4
M protein GGIGGTSLH 251 259 BoLA-T2a 2
LHAQLGFKK 270 278 BoLA-T2a 1.2
AQLGFKKIL 272 280 BoLA-T2C 24
BoLA-D18.4 1.2
FKKILCYPL 276 284
BoLA-HD6 1.3
EFRVYDDVI 316 324 BoLA-HD6 2.6
AGVALHQSL 129 137 BoLA-T2C 1.7
ASVLCKCYT 387 395 BoLA-T2a 1.4
AYPTLSEIK 280 288 BoLA-T2a 2.9
BoLA-JSP.1 2.3
CSQNALYPM 339 347
BoLA-T2a 2.5
DETSCVFTP 326 334 BoLA-T2b 2.7
DLGPAISLE 443 451 BoLA-T2C 1.3
EKLDVGTNL 451 459 BoLA-T2b 2.7
GSTKSCART 357 365 BoLA-T2a 2.6
, BoLA-JSP.1 2.5
F protein GTVCSQNAL 336 344
BoLA-T2b 1.6
GVALHQSLM 130 138 BoLA-HD6 2.1
BoLA-HD6 2.9
TAYPTLSEI 279 287
BoLA-JSP.1 2.3
BoLA-D18.4 2.1
IDLGPAISL 442 450 BoLA-T2b 1.4
BoLA-T2C 1.2
IQALSYALG 227 235 BoLA-T2b 2.7
IQVGSREYP 426 434 BoLA-D18.4 2.8

KGIKARVTY 259 267 BoLA-D18.4 1.2
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TaBLE 6: Continued.
KPDLTGTSK 532 540 BoLA-T2a 2.6
LEKLDVGTN 450 458 BoLA-T2b 3
LIANCASVL 382 390 BoLA-HD6 1.6
LSKGNLIAN 377 385 BoLA-T2a 3
BoLA-HD6 1.8
LSYALGGDI 230 238
BoLA-JSP.1 1.2
NALYPMSPL 342 350 BoLA-T2b 1.5
PMSPLLQEC 346 354 BoLA-T2C 3
RFILSKGNL 374 382 BoLA-T2b 2
SIQALSYAL 226 234 BoLA-T2b 1
BoLA-D18.4 3
SLMNSQAIE 136 144
BoLA-T2C 2.5
BoLA-D18.4 2.7
SQNALYPMS 340 348 BoLA-HD6 1.7
BoLA-D18.4 2.3
BoLA-D18.4 3
BoLA-HD6 2.7
STKSCARTL 358 366 BoLA-JSP.1 1.6
BoLA-T2b 2.9
BoLA-T2C 2.7
TGTSKSYVR 536 544 BoLA-T2a 2.9
TKSCARTLV 359 367 BoLA-D18.4 2.3
BoLA-D18.4 24
TLSEIKGVI 283 291
BoLA-T2C 1.8
BoLA-HD6 2
YVATQGYLI 314 322
BoLA-T2C 2.8
BoLA-D18.4 1.6
BoLA-JSP.1 1.3
ATLLKSLAL 2 10
BoLA-T2a 2.6
BoLA-T2b 1.9
BoLA-D18.4 2.6
TLLKSLALF 3 11 BoLA-HD6 3
BoLA-T2C 1.3
BoLA-HD6 2.2
BoLA-JSP.1 3
QQLGEVAPY 304 312
BoLA-T2a 1.4
BoLA-T2b 2.9
BoLA-JSP.1 1.3
N protein YFDPAYFRL 356 364 BoLA-T2b 2.4
BoLA-T2C 1.5
BoLA-HD6 1.6
AYFRLGQEM 360 368 BoLA-JSP.1 2.1
BoLA-T2C 29
BoLA-JSP.1 1.7
PRQAQVSFL 412 420 BoLA-T2b 22
BoLA-T2C 2.6
BoLA-D18.4 1.2
BoLA-HD6 1.2
RSAEALFRL 490 498 BoLA-T2a 1.9
BoLA-T2b 2.9
BoLA-T2C 2.7
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FIGURE 7: The positions of the predicted T cell epitopes in the 3D structure of the reference sequences of PPRV H, M, F, and N proteins.

affinity to B lymphocytes, the BepiPred linear epitope predic-
tion method predicted nine linear epitopes from the H pro-
tein, eight epitopes from M proteins, and ten epitopes for
each of the F and N proteins. Analysis of these linear epitopes
for surface accessibility proposed seven surface epitopes from
each of the H and F proteins, six epitopes from the M protein,
and four epitopes from the N protein.

As shown in Figure 4, the threshold values were 0.350
and 1.000 for all epitopes predicted through the BepiPred lin-
ear epitope (conserved epitopes) and Emini prediction
methods (surface accessibility), respectively. The antigenicity
prediction method proposed only two epitopes for all test
immunogenic proteins of PPRV. Also, Figure 4 shows that
the antigenic epitopes were predicted from H, M, F, and N
proteins using the Kolaskar and Tongaonkar antigenicity
method under threshold values of 1.014, 1.037, 1.054, and
1.014, respectively. However, no epitopes successfully passed
the threshold for the F and N proteins.

Only one epitope from each of the H and M proteins
successfully overlapped all the B cell antigenic index predic-
tion methods. Namely, these epitopes were ,,,PPERV ¢
from the H protein and ;;DPLSP,, from the M protein. The

3D structure of the four proteins (H, M, F, and N) is shown
in Figure 5. The positions of the best B cells that predicted
epitopes from the H and M proteins are demonstrated in
Figure 6. The overall predicted epitopes from the four pro-
teins are illustrated in Table 5.

3.4. Prediction of CTL Epitopes That Interacted with MHC
Class I (BoLA Alleles). CD8+ and CD4+ T cells have a prin-
cipal role in the stimulation of immune response as well as
antigen-mediated clonal expression of the B cell [14].
Unfortunately, the bovine genome project did not assemble
a complete sequence of the bovine MHC-II locus [41-43].
Thus, the analysis was completed with BoLA MHC-I alleles
only. Cell-mediated immunity induced by cytotoxic T lym-
phocytes (CTLs) is vital for the defense against viral diseases.
CTLs are responsible for the immune elimination of intracel-
lular pathogens such as viruses because these cells recognize
the presented endogenous antigenic peptides by the MHC
class I molecules [44].

In this study, MHC-I binding prediction methods
using the IEDB database predicted different CTL epitopes
that strongly interacted with various BoLA alleles. The
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fusion (F) protein proposed a higher number of predicted
epitopes with strong interaction with BoLA alleles. Ten
epitopes were proposed based on the number of the
interacted alleles. The best one was ;5,STKSCARTL;
that associated with five alleles, followed by ,,,IDLG-
PAISL,;, and ;,,SQNALYPMS,,; as they linked to
three alleles each. However, seven epitopes, namely,
330CSQNALYPMS, ., 53sGTVCSQNAL;,,, ,,,JAYPTLSEL,,
1oLSYALGGDL,,s, 3.SLMNSQAIE,,,, ,4;TLSEIKGVL,,,,
and ;,,YVATQGYLI,,, were predicted to interact with
two alleles.

The nucleoprotein (N) also displayed strong interaction
activity with BoLA alleles. Seven epitopes were proposed with
strong interaction with BoLA alleles. The top N protein epi-
tope was 4, RSAEALFRL 4, which was associated with five
alleles, followed by two epitopes, namely, ,ATLLKSLAL,,,
and ;,,QQLGEVAPY,, that linked to four alleles each. In
addition to that, four epitopes ;TLLKSLALF,;, ;5;YFD-
PAYFRL ., 350AYFRLGQEM;4 and ,;,PRQAQVSFL,,,
interacted with three bovine alleles each. Surprisingly, these
two proteins (F and N) achieved promising results in CTL
prediction methods, although they failed to predict any
epitope carrying all the ideal traits in B cells.

The haemagglutinin (H) protein predicted five CTL
epitopes, but one epitope was predicted as the best peptide,
4sMFLSLIGLL 5, as it linked to four BoLA alleles, followed
by four peptides that interacted with two alleles each. They
were ,,;DLVKFISDK ,,, ,,sGRIPAYGVI,,,, -,LLAIAGIRL,
and ,,VMFLSLIGL,. However, this protein showed a some-
what satisfactory result in B and T cell prediction methods.
The M protein showed unsatisfactory results in CTL predic-
tion methods different from that predicted by B cell methods.
The results suggested only one epitope; ,,,FKKILCYPL,,,
interacted with only two alleles. The overall epitopes that
were proposed to interact with CTL alleles are illustrated in
Table 6 for all proteins. The positions of the best CTL-
predicted epitopes in their immunogenic protein structure
are shown in Figure 7.

Vaccination is considered the most effective way of con-
trolling PPR. The infection by morbillivirus is associated with
severe immunosuppression that is characterized by a massive
virus-specific immune response. Protection is mediated by
cell-mediated and humoral immune responses directed
mainly against particular proteins in the viral structure. These
proteins included H, F, and N proteins [45-47]. It was
reported that the envelope glycoproteins H and F of PPRV
demonstrated a protective and neutralizing antibody response
[3, 48-50]. In this study, using the immunoinformatics pre-
diction methods, the H protein demonstrated affinity to inter-
act with B cells that was characterized by antibody production.
This result coincided with the previously published reports [3,
48-50], while the F protein failed to interact with B cells; i.e.,
no epitopes from the F protein had passed the threshold of
the B cell prediction methods. However, this protein revealed
multiple predicted epitopes that demonstrated high affinity to
the alleles of CTLs. The M protein which is believed to play a
very significant role in morbillivirus assembly and budding by
concentrating the F, H, and N proteins at the virus-assembly
site [16, 17] showed moderate affinity to B cells. One epitope
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from the M protein as well as the H protein was predicted as
a B cell epitope. Moreover, the M protein revealed multiple
epitopes that interacted with CTLs of the cell-mediated
immunity. This result indicated that the M protein besides
its role in the virus assembly may also contain antigenic deter-
minants that could be elected as vaccine candidates.

In addition to that, cell-mediated immunity plays a role
in protection against the viral infection. Despite the N pro-
tein being the most frequent viral protein in PPRV, it does
not induce a neutralizing antibody response in the host
[50]. However, it has been found to induce a strong cell-
mediated immune response, which is believed to contribute
to protection. Here, in this report, the same result was
obtained. The N protein demonstrated no affinity to elicit
the humoral immune response. However, it showed favor-
able affinity to interact with a cell-mediated response. It is
noteworthy that five out of seven epitopes predicted from
the nucleoprotein of PPRV in this study were found to be
proposed by another in silico study using mouse alleles and
NetMHCI methods [51]. The proposed epitopes from that
study were ATLLKSLAL, TLLKSLALF, YFDPAYFRL,
AYFRLGQEM, and RSAEALFRL. Thus, the predictions for
the different epitopes that bound to different alleles particu-
larly from the N protein of PPRV were somewhat in agree-
ment regardless of the alleles (cow and mouse alleles) and
algorithm used (ANN, NetMHCI).

In general, epitope-based vaccines that are chemically
well-characterized have become desirable candidate vaccines
due to their relative ease of production and construction,
chemical stability, and lack of infectious potential [52]. Many
in silico studies have shown the value of using prediction pro-
grams to evaluate the efficiency of binding of putative
epitopes to various human and animal alleles [33, 52-55].

4. Conclusion

This study focused mainly on the production of a peptide vac-
cineagainst H, M, F,and N proteins of PPRV using immunoin-
formatics tools. Epitopes that showed conservancy and high
binding affinities to many MHC alleles are considered the best
candidates for in vitro and in vivo testing. Epitopes that were
predicted from B cell prediction methods like ,,,PPERV ¢
and ;). TVTL;,, from the H protein and ,;DPLSP, and
64PLSP, from the M protein could act as good B cell epitopes
toinduce humoralimmunity. While the Fand N proteins failed
to fulfill all B cell indexes used in this study for the prediction of
promising epitopes, however, these proteins predicted epi-
topes that interacted with various BoOLA MHC-I alleles. For
instance, the best epitopes were predicted from F
(356STKSCARTL ;) and N (,9,RSAEALFRL ,,,) proteins as
they interacted with five MHC-I BoLA alleles, followed by
4sMFLSLIGLL; proposed from the H protein and linked with
four alleles, while the ,,,FKKILCYPL ,, epitope was predicted
from the M protein linked with only two alleles. Although bio-
informatics studies have been established to facilitate the pep-
tide design, not all peptides that are predicted in silico are
optimallyimmunogenic in vivo and it remains necessary to test
the expected peptides in vivo to ensure that the T cell responses
are elicited.
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Methicillin-resistant Staphylococcus aureus (MRSA) is the major pathogen responsible for community and hospital bacterial
infections. Sublancin, a glucosylated antimicrobial peptide isolated from Bacillus subtilis 168, possesses antibacterial infective
effects. In this study, we investigated the role and anti-infection mechanism of sublancin in a mouse model of MRSA-induced
sublethal infection. Sublancin could modulate innate immunity by inducing the production of IL-1f, IL-6, TNF-«, and nitric
oxide, enhancing phagocytosis and MRSA-killing activity in both RAW264.7 cells and mouse peritoneal macrophages. The
enhanced macrophage function by the peptide in vitro correlated with stronger protective activity in vivo in the MRSA-invasive
sublethal infection model. Macrophage activation by sublancin was found to be partly dependent on TLR4 and the NF-xB and
MAPK signaling pathways. Moreover, oral administration of sublancin increased the frequencies of CD*" and CD®*" T cells in
mesenteric lymph nodes. The protective activity of sublancin was associated with in vivo augmenting phagocytic activity of
peritoneal macrophages and partly improving T cell-mediated immunity. Macrophages thus represent a potentially pivotal and
novel target for future development of innate defense regulator therapeutics against S. aureus infection.

1. Introduction number of approvals of new antibacterials in the past three
decades [4].

Macrophages are professional phagocytes of the innate
immune system, providing a first line of defense against

infections. It has been reported that macrophages play an

Concurrent with the success of antibiotics for treating infec-
tions, their excessive use contributes to the emergence of
antibiotic-resistant bacteria [1]. Methicillin-resistant Staphy-

lococcus aureus (MRSA) is widespread and multiresistant;
thus, it has challenged the effectiveness of antibiotics includ-
ing f3-lactams, macrolides, and quinolones, as well as vanco-
mycin which has been accepted as the first-line option for
treating infections due to MRSA [2]. Antibiotic resistance
has become an increasingly serious health care problem in
the world [3]. This has been aggravated by a collapse in the

important role in the clearance of S. aureus in the infected
mice [5]. Mice that have been depleted of macrophages are
susceptible to MRSA infection [6]. Nevertheless, some inves-
tigators have pointed out several characteristics of MRSA
that may enable it to thwart the macrophage-mediated host
defense [7]. Macrophages can kill bacteria directly through
phagocytosis and indirectly via releasing inflammatory
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molecules and nitric oxide (NO), as well as by secreting pro-
inflammatory factors, such as interleukin-6 (IL-6), IL-1f,
and tumor necrosis factor-a (TNF-«) [8, 9]. Macrophages
are the first immune cells that are recruited to the infection
site, and they are the main source of proinflammatory cyto-
kines after activation [10]. Many investigators have reported
that progressing macrophage dysfunction may contribute to
severe sepsis [11, 12].

Antimicrobial peptides (AMPs) are important compo-
nents of the innate immune defense against a wide range of
invading pathogens [13, 14]. Sublancin is a 37-amino-acid
AMP isolated from the Gram-positive soil bacterium Bacillus
subtilis 168 [15]. It is not a lantibiotic but rather a very
unusual S-linked glycopeptide [16]. Sublancin contains two
a-helices and a well-defined interhelical loop connected by
a S-glucosidic linkage to a Cys [17]. Mature sublancin has a
molecular mass of 3879.8 Da [18]. In our previous studies,
we showed that sublancin was protective in several in vivo
infection models. Although the minimum inhibitory concen-
tration (MIC) of sublancin was much higher than that of
traditional antibiotics in vitro, it was demonstrated that sub-
lancin was effective against Clostridium perfringens-induced
necrotic enteritis in broilers [19]. We also found that sublan-
cin has potential for the prevention of S. aureus infection in
mice [18]. Moreover, sublancin was further found to protect
against drug-resistant bacteria in a mouse MRSA infection
model [20]. Several reports have demonstrated that AMPs
were capable of activating macrophage function [13, 21].
Recently, we revealed the capability of sublancin in activating
macrophages and improving the innate immunity of mice
in vivo [22]. Hence, the goal of the present study was to
explore the potential anti-infection mechanism of this pep-
tide. In the present study, we investigated whether sublancin
can (i) activate macrophages and the signaling pathway
involved in this process, (ii) inhibit bacterial growth in a
model of MRSA-infected mice and macrophages, and (iii)
improve immune function in mice under healthy and
MRSA-induced sublethal infection conditions.

2. Materials and Methods

2.1. Mice, Cell Lines, Peritoneal Macrophages, and Chemicals.
Female BALB/c mice were used for the experiments. The
murine macrophage cell line RAW264.7 was obtained from
China Infrastructure of Cell Line Resource (Beijing, China)
and maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM) (Gibco) containing 10% fetal bovine serum (Life
Technologies). Peritoneal macrophages (P-Mac) were iso-
lated from BALB/c mice as previously described [23]. Briefly,
mice were intraperitoneally injected with 2 ml 4% thioglycol-
late. Three days after injection, peritoneal exudate cells were
harvested by lavaging the peritoneal cavity with sterile ice-
cold Hank’s balanced salt solution (HBSS) (Gibco, Life Tech-
nologies). These cells were incubated for 2h, and adherent
cells were used as peritoneal macrophages. Sublancin was
generated in our laboratory using a highly efficient expres-
sion system involving Bacillus subtilis 800 as described previ-
ously [18]. The purity of this peptide was above 99.6% as
determined by high-performance liquid chromatography.

Journal of Immunology Research

Sublancin was produced as lyophilized powder, and the
endotoxin concentration of the peptide was less than
0.05EU/mg, as detected by the E-Toxate Kit (Sigma-
Aldrich). Sublancin was resuspended in endotoxin-free water
(Sigma-Aldrich) and stored at -20°C. All reagents used in this
study were tested for endotoxin to eliminate the interference
of endotoxin contamination.

2.2. Cytokine Assays. The culture supernatants of RAW264.7
cells or mouse peritoneal macrophages treated with sublan-
cin (25, 50, 100, or 200 uM) for 24 h were collected for the
detection of IL-1p, IL-6, and TNF-« levels using commer-
cially available cytometric bead arrays (BD Biosciences)
according to the protocol of the manufacturer. Data were
acquired with a FACSCalibur flow cytometer and analyzed
with BD CBA Software (BD Biosciences).

2.3. NO Production. The nitrite accumulated in the culture
medium was determined by Griess reaction. RAW264.7 cells
or mouse peritoneal macrophages were treated with various
concentrations of sublancin (25, 50, 100, or 200 uM). After
24 h, culture supernatants were mixed with an equal volume
of Griess reagent (1% sulfanilamide, 0.1% N-1-naphthylene-
diamine dihydrochloride in 2.5% phosphoric acid) and incu-
bated at room temperature for 10 min. The absorbance was
detected at 540 nm, and NO concentration was determined
from a calibration curve of standard sodium nitrite concen-
trations against absorbance.

2.4. Quantitative Real-Time PCR. To detect the effect of sub-
lancin on gene expression, RAW264.7 cells or mouse perito-
neal macrophages (1 x 10° cells/well) were preincubated on
6-well plates and treated with sublancin (25, 50, 100, or 200
uM) for 12h at 37°C in an atmosphere containing 5% CO,.
Total RNA were isolated using a RNeasy Mini Kit
(Qiagen, Hilden, Germany). The quality and quantity of
total RNA were determined by gel electrophoresis and a
NanoDrop Spectrophotometer (Implen NanoPhotometer
P330, Germany). cDNA was synthesized from the extracted
RNA (1 ug) using a PrimeScript 1st Strand cDNA Synthesis
Kit (Takara Bio Inc., Otsu, Japan) according to the manufac-
turer’s protocol. Real-time PCR was performed on an Applied
Biosystems 7500 Real-Time PCR System (Applied Biosystems,
Singapore) with the SYBR Green PCR Master Mix (Takara Bio
Inc., Otsu, Japan). The PCR system contained 5.0 yl of SYBR
Green qPCR Mix, 1.0 ul of cDNA, 0.4yl of primer pairs
(25uM forward and 25uM reverse), and 3.6l double-
distilled water in a final volume of 10 ul. The protocols for
all genes included a denaturation program (1min at 95°C)
and an amplification and quantification program repeated
for 40 cycles (5s at 95°C, 30's at 60°C), followed by the melting
curve program at 60-95°C with a heating rate of 0.1°C per sec-
ond and continuous fluorescence measurement. Relative gene
expression data were normalized against GAPDH and ana-
lyzed using the 2724t method [24]. Primers for the selected
genes are given in Table S1.

2.5. Measurement of Phagocytic Uptake. RAW264.7 cells
(1 x 10° cells/well) or mouse peritoneal macrophages were
cultured in 6-well plates until 80% confluent. The cells were
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treated with various concentrations of sublancin (25, 50, 100,
or 200 uM) for 12 h. Thereafter, 100 ul of suspended fluores-
cent microspheres in PBS was added to the wells (cells to
beads ratio 1:20) and the cells were incubated at 37°C for
1 h. Phagocytosis was terminated by the addition of 2ml of
ice-cold PBS, and then the cells were washed three times with
cold PBS and harvested. Flow cytometric analysis was
performed using a FACSCalibur flow cytometer using BD
CellQuest software (BD Biosciences, San Jose, CA, USA).

2.6. Determination of Macrophage MRSA-Killing Activity.
MRSA ATCC43300, obtained from the American Type
Culture Collection (Manassas, VA), were grown overnight
at 37°C in LB broth, washed in PBS, and adjusted to
10’ CFU/ml in DMEM medium. RAW264.7 cells or mouse
peritoneal macrophages (2 x 10° cells/well) in 24-well plates
were treated with or without sublancin (25 yM) for 12 hours.
After being washed with antibiotic-free DMEM medium,
cells were incubated with MRSA ATCC43300 for 1hour
(20 bacteria/macrophage). After infection, nonadherent bac-
teria were washed away using PBS, and macrophages were
incubated for 30 minutes (for phagocytosis) or 24 hours (for
bacteria killing) in the presence of 10 ug/ml lysostaphin to
eliminate the remaining extracellular bacteria. Intracellular
bacteria were released by lysing the macrophages in 0.1% Tri-
ton X-100, and the number was determined by plating serial
dilutions of cell lysates on agar plates. The bacterial killing
was expressed as percent changes in bacteria counts using
the following formula: (bacterial count at 24 hours/bacterial
countat 1 hour) x 100.

2.7. Western Blot Analysis. The RAW264.7 cells grown in a
100mm dish were treated with 100 M sublancin for the
indicated time periods, or sublancin (25, 50, 100, or
200 uM) for 30min. Protein was extracted by incubating
the RAW264.7 cells with ice-cold lysis buffer containing
150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate,
0.1% SDS, 50mM Tris-HCl at pH7.4, and a protease-
inhibitor cocktail (Applygene, Beijing, China) for 30 min.
Subsequently cell extracts were centrifuged at 12,000 x g at
4°C for 10 min. Protein containing supernatant was collected
and quantified using a BCA Protein Assay Kit (Pierce, Rock-
ford, IL, USA). Fifty ug of protein samples was electropho-
resed on SDS polyacrylamine gels and electrotransferred to
polyvinylidene difluoride membranes (Millipore, Bedford,
MA, USA). Membranes were blocked with 1 x TBST con-
taining 5% of BSA (Sigma-Aldrich, St. Louis, MO) for 2 h at
room temperature. The membranes were incubated with cor-
responding primary antibodies (1:1000 dilution overnight at
4°C) against p-p38 (Thr180/Tyr182) (Cell Signaling Tech-
nology, Cat: 4511S), p38 (Cell Signaling Technology, Cat:
8690S), p-ERK1/2 (Thr202/Tyr204) (Cell Signaling Technol-
ogy, Cat: 4370S), ERK1/2 (Cell Signaling Technology, Cat:
4695S), p-JNK (Thr183/Tyr185) (Cell Signaling Technology,
Cat: 4668S), INK (Cell Signaling Technology, Cat: 92525),
p-NE-«B (Ser536) (Cell Signaling Technology, Cat: 3033P),
NF-«B (Cell Signaling Technology, Cat: 8242P), IxB-«
(Cell Signaling Technology, Cat: 4812S), and GAPDH
(Santa Cruz Biotechnology Inc., Cat: sc-25778). After the

washing of membranes with 1 x TBST, membranes were incu-
bated with a secondary antibody (horseradish peroxidase-
conjugated goat anti-rabbit IgG) (Huaxingbio Biotechnology,
Beijing, China, Cat: HX2031) at a ratio of 1:10,000 dilution
for 1h at room temperature. The chemifluorescence was
detected with the Western Blot Luminance Reagent (Apply-
gene, Beijing, China) using an ImageQuant LAS 4000 mini
system (GE Healthcare) and quantified using a gel-imaging
system with ImageQuant TL Software (GE Healthcare).

2.8. Animal Experiments. Female BALB/c mice 4-6 weeks old
were used for all studies. Mice were obtained from the HFK
Bioscience Co. Ltd. (Beijing, China). All mice used in this
study were housed in plastic cages under 12 h light/dark cycle
and had access to food and water ad libitum. All the tech-
niques for the care and handing of the animals in this
study were approved by the China Agricultural University
Institutional Animal Care and Use Committee (ID:
SKLAB-B-2010-003).

2.8.1. Animal Experiment 1: Sublancin-Mediated Immune
Modulation in Mice under Healthy Conditions. The mice
were randomly divided into three groups: control, sublancin
low-dose group (0.3mg/kg or 0.6mg/kg), and sublancin
high-dose group (1.0 mg/kg or 1.2 mg/kg). Mice were given
sublancin by gavage once a day for 28 days (0.3 mg/kg and
1.0 mg/kg, n = 4/group) or 14 days (0.6 mg/kg and 1.2 mg/kg,
n=5/group). The control group was orally administered
with distilled water daily. Twenty-four hours after the last
dose, the animals were killed and blood was withdrawn for
peripheral hemogram analysis. Under an aseptic technique,
a laparotomy was performed through a midline incision,
and peritoneal macrophages were harvested for phagocytosis
assay. The peritoneal cells and spleen were collected for
culture.

2.8.2. Animal Experiment 2: In Vivo Efficacy against MRSA-
Induced Sublethal Infection. To study the anti-infective role
of sublancin in an experimental model of MRSA-induced
sublethal infection, mice were randomly allocated to one of
three groups (n =7 to 9/group): (i) untreated, (ii) sublancin
low-dose group (0.3 mg/kg or 0.6 mg/kg), and (iii) sublancin
high-dose group (1.0 mg/kg or 1.2 mg/kg). Mice were orally
administered with sublancin at the indicated doses for 14
consecutive days, while the untreated mice were given dis-
tilled water during the same periods. Twenty-four hours after
the last drug administration, all mice were given a sublethal
dose of MRSA ATCC43300 (1.0 x 107 CFU/mouse) intraper-
itoneally. Animals were euthanized 36 and 72 hours after
infection and peritoneal lavage was collected in 2ml of cold
HBSS. The staphylococcal load in the peritoneal lavage was
enumerated as described previously [25]. Peritoneal macro-
phages were collected for red fluorescent protein- (RFP-)
labeled E. coli (Thermo Fisher Scientific, Waltham, MA)
phagocytosis assay. The mesenteric lymph nodes (MLNs)
were excised for flow cytometry.

2.9. NK Cell Activity. The tumor cell line Yac-1 was obtained
from the American Type Culture Collection (Rockville, MD).
Splenocytes were collected from mice in animal experiment 1



and cocultured with Yac-1 cells to obtain an E: T (splenocy-
tes: Yac-1) ratio of 75: 1 in V-bottomed 96-well plates. After
4h, cytotoxicity was determined by the lactate dehydroge-
nase (LDH) assay using a LDH Cytotoxicity Assay Kit
(Roche, Basel, Switzerland).

2.10. Cell Culture. Single-cell suspensions from spleens of
mice in animal experiment 1 were prepared passing cells
through a 100 uM strainer. The splenocytes were plated at
a density of 1 x 10°/ml and stimulated with 2 ug/ml anti-
CD3 and 1pug/ml anti-CD28 antibodies (BD PharMingen,
San Diego, CA, USA). The peritoneal macrophages from
mice in animal experiment 1 were cultured in the presence
of 1ug/ml LPS (Sigma-Aldrich, St. Louis, MO) in DMEM
at a density of 1 x 10%/ml. The cells were cultured at 37°C
for 24hours before supernatant collection. Supernatants
from splenocyte cultures were collected and analyzed by
ELISA for INF-y. The supernatants from peritoneal macro-
phage cultures were analyzed for TNF-a. All ELISA kits were
purchased from eBioscience Inc. (San Diego, CA, USA).

2.11. Flow Cytometry. Cells from MLNs of mice in animal
experiment 2 were stained with CD62L-PE, CD44-APC,
CD4-PerCP-Cy5.5, and CD8-PE-Cy7 at 4°C for 30 minutes
and then analyzed by flow cytometry (Gallios; Beckman
Coulter Inc., Brea, CA, USA). The antibodies were purchased
from BioLegend (San Diego, CA, USA), Beijing QuantoBio
Biotechnology Co. Ltd. (Beijing, China), BD PharMingen,
or eBioscience Inc.

2.12. Statistical Analysis. Data are expressed as means + SEM
and were statistically analyzed using one-way analysis of
variance followed by Tukey’s post hoc test (Prism Software,
version 5). P values < 0.05 were taken to indicate statistical
significance.

3. Results

3.1. Sublancin Promoted the Secretion of Cytokines and NO
from RAW264.7 Cells and Mouse Peritoneal Macrophages.
Activated macrophages produce cytokines such as IL-1,
IL-6, and TNF-« and also secrete cytotoxic and inflamma-
tory molecules such as nitric oxide (NO) [26, 27]. Hence,
the effect of sublancin on cytokine production by
RAW264.7 cells and mouse peritoneal macrophages (P-
Mac) was investigated. Untreated RAW264.7 cells secreted
a basal level of TNF-q, but they secreted barely detectable
amounts of IL-18 and IL-6 (Figure S1). The addition of
sublancin significantly stimulated the production of IL-
13, IL-6, and TNF-a in a concentration-dependent
manner (P <0.05). To study the effect of sublancin on
NO production in RAW264.7 cells, we measured the
secretion of NO in the culture supernatant of RAW264.7
cells stimulated with sublancin alone. Compared to the
control, the addition of sublancin resulted in a marked
increase in NO production in a dose-dependent manner
(P<0.001; Figure S1). Similar results were observed in
P-Mac.
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FiGure 1: Effect of sublancin on phagocytic activity of RAW264.7
cells and mouse peritoneal macrophages (P-Mac) in vitro.
RAW264.7 cells and P-Mac were treated with sublancin (0-
200 uM) or LPS (1ug/ml) for 12h. Phagocytic activity of
macrophage cells was assessed in terms of the population of
phagocytic cells relative to the total number of cells for RAW264.7
cells and P-Mac. The values are presented as mean + SEM (n =6).
Significant differences with control cells were designated as *P <
0.05 or **P<0.01.

3.2. Sublancin Regulated mRNA Expression of Inflammatory
Factors, Chemokines, and Costimulatory Molecules in
RAW264.7 Cells and Peritoneal Macrophages. Due to the
crucial role of inflammatory factors, chemokines, and
costimulatory molecules in the activation and function of
macrophages, we used quantitative RT-PCR to investigate
the potentials for sublancin to regulate the expression of
these mediators in RAW264.7 cells and P-Mac at the mRNA
level. Consistent with the results at the protein level, a signif-
icant upregulation of IL-1f3, IL-6, TNF-a, and iNOS mRNA
expression was seen in the RAW264.7 cells or P-Mac treated
with sublancin (P < 0.05) (Figure S2). COX-2 is an important
upstream regulator for prostaglandin E, expression. The
sublancin treatments resulted in a notable increase in the
mRNA expression of COX-2 compared to that of the
control cells. IL-8 and monocyte chemoattractant protein-1
(MCP-1) are the primary chemokines that recruit
neutrophils and monocytes, respectively. We found that
sublancin increased mRNA expression of IL-8 and MCP-1
in both RAW264.7 cells and P-Mac. B7-1 and B7-2 are two
classical surface markers of activated macrophages. It was
found that the expression of B7-1 and B7-2 was also
increased significantly in sublancin treatments, suggesting
that sublancin directly induces macrophage activation.

3.3. Influence of Sublancin on Macrophage Phagocytic
Activity In Vitro. Phagocytosis is one of the primary func-
tions of macrophages, and it is specialized in excluding
foreign bodies [28]. We examined the effect of sublancin on
the phagocytic uptake of fluorescent microspheres in
RAW?264.7 cells and peritoneal macrophages using a flow
cytometer. As shown in Figure 1, sublancin stimulated the
phagocytic activity of RAW264.7 cells or peritoneal macro-
phages compared with that of the control.
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FiGure 2: The antimicrobial peptide sublancin promoted the capacity of RAW264.7 macrophages and mouse peritoneal macrophages
(P-Mac) to kill Staphylococcus aureus ATCC43300. RAW264.7 macrophages and P-Mac were cultured 12hours with or without
sublancin (25 M) and then exposed to ATCC43300 (MOI 20). Phagocytosis (a) and killing (b) of bacteria were quantified as described in
Materials and Methods. Data are presented as mean + SEM (n = 6). Significant difference with control cells was designated as **P < 0.01.
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FIGURE 3: Analysis of p38, ERK, and JNK signaling pathways in RAW264.7 cells treated with sublancin for different times. RAW264.7 cells
were treated with 100 #M sublancin for the indicated times, and the phosphorylation of p38, ERK1/2, and JNK were detected by Western blot
analysis. Representative immunoblots and quantitation of the phosphorylation abundance of p38 (a), ERK1/2 (b), and JNK (c). The values are
presented as mean + SEM (n = 3). Significant differences with control cells were designated as *P < 0.05, **P < 0.01, or ***P < 0.001.

3.4. Sublancin  Enhances  Bactericidal —Capacity  of
Macrophages In Vitro. Phagocytosis is the first step of the
bactericidal activity of macrophages. After 1 hour, the phago-
cytosis of MRSA remained unchanged in RAW264.7 cells or
peritoneal macrophages preincubated with 25 yM sublancin.
Bacterial killing by macrophages was assayed after 24 hours
of incubation. We observed that a marked decline in viable
bacteria occurred in sublancin-treated cells (Figure 2).

3.5. Sublancin Activates RAW264.7 Cells Partly Depending on
TLR4-NF-kB/MAPK Signaling Pathways. TLR4 plays a
critical role in the activation of innate immune response by
recognizing specific molecular patterns. To explore whether
TLR4 is involved in sublancin-induced macrophage
activation, RAW264.7 cells were pretreated with a TLR4
inhibitor (TAK-242). Then, the mRNA expression of cyto-
kines was detected using quantitative RT-PCR. As shown in

Figure S3A to S3C, with the presence of the TLR4 inhibitor,
the mRNA expression of IL-1f3, IL-6, and iNOS induced by
sublancin was drastically suppressed and was significantly
lower than those without an inhibitor (P <0.001). The
results show that the immunostimulatory effect of sublancin
in macrophages is exerted probably through the activation
of TLR4. The stimulation of the TLR4 signaling pathway
ultimately triggers the activation of the phosphorylation of
MAP kinases and transcription of NF-xB [29]. MAPKs
are well-conserved protein kinases including p38 MAP
kinases, extracellular signal-regulated kinase, and JNK
[30-32]. Treatment with 100 M sublancin resulted in a
significant increase in the phosphorylation of all three
MAPKs (p38, ERK, and JNK) and the phosphorylation
peaked 30min after sublancin exposure (Figure 3). We
also investigated the phosphorylation status of the above
mediators after treatment with sublancin at different
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FIGURE 4: Sublancin regulates the MAPK and NF-xB signaling pathways in macrophages. Representative Western blots for phosphorylated
p38 and total p38 (a), ERK1/2 (b), JNK (c), and p65 (d) in RAW264.7 cells treated with sublancin (0-200 uM) or LPS (1 pg/ml) for 30 min.
Relative abundance was represented as phosphorylated protein to total protein expression. (e) Western blot analysis and quantification of

IxB-a in RAW264.7 cells treated with sublancin (0-200 M) or LPS

(1 pg/ml) for 30 min. The values are presented as mean + SEM (n = 3).

Significant differences with control cells were designated as *P < 0.05, **P < 0.01, or ***P < 0.001.

concentrations for 30min. Sublancin  significantly
upregulated the phosphorylation of all the three MAPKSs in
RAW264.7 cells in a concentration-dependent manner
(Figure 4). In macrophages, NF-«B is an important
regulator of immune activation through the induction of
many  cytokines [33]. Sublancin  stimulated the
phosphorylation of NF-«B p65, while it correspondingly
decreased IxB-« in the cytosol (Figure 4). To further
confirm whether sublancin activates macrophages through
MAPK and NF-«B pathways, we used inhibitors to inhibit
the initiation of signal transduction. Sublancin-induced
mRNA expression of IL-13 and IL-6 was significantly
suppressed by the NF-«B (Bayl1-7082) inhibitor (P < 0.05)
(Figures S3D, S3E). In addition, the ERK (U0126) and
p38 (SB203580) inhibitors significantly exerted the
inhibition of iNOS mRNA expression (P <0.001)
(Figure S3F). Moreover, the phosphorylation of p38
MAPK, ERKI1/2, and JNK induced by sublancin was
dramatically inhibited by the TLR4 inhibitor (Figure S3G).
These data indicated that the activation of macrophages
induced by sublancin was partly dependent on the TLR4-
NF-«B/MAPK signaling pathways.

3.6. In Vivo Sublancin-Mediated Immune Modulation. To
evaluate the in vivo effect of sublancin, mice were orally
administered with sublancin for the indicated time, and P-
Mac were collected to assess phagocytosis activity and the
capability of TNF-a production. Compared to the control
group, the three levels of sublancin treatments (1.0 mg/kg
for 28 days; 0.6 mg/kg and 1.2mg/kg for 14 days) signifi-
cantly enhanced the phagocytosis activity of P-Mac
(Figures 5(a) and 5(b)), which is consistent with the data of
the phagocytosis activity obtained from the in vitro study.
However, no significant TNF-a promotion was found in P-
Mac isolated from sublancin-treated mice (Figure 5(c)).

It has been reported that NK cells play a central role in
the innate immune response to tumors and infections [34].
The sublancin treatment of 1.2mg/kg had a tendency
(P=0.07) to promote NK cell activity compared with the
control group (Figure 5(d)). Activated T cells (anti-CD3
and anti-CD28 stimulation for 24hours) from the spleen
were examined for IFN-y production. As shown in
Figure 5(e), spleen T cells from 1.2 mg/kg sublancin-treated
mice secreted more IFN-y than that from the control
(P <0.05).
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FiGure 5: Effects of sublancin on the function of peritoneal cells and splenocytes in vivo. Sublancin enhanced the phagocytic activity of
peritoneal macrophages ex vivo (a and b). Four- to six-week-old female BALB/c mice were separated into three groups: control, sublancin
low-dose group (0.3 mg/kg or 0.6 mg/kg), and sublancin high-dose group (1.0 mg/kg or 1.2 mg/kg). The mice were orally administered
with sublancin for 28 days (0.3 mg/kg and 1.0 mg/kg) or 14 days (0.6 mg/kg and 1.2 mg/kg). Mice in the control group were given distilled
water by gavage. Peritoneal macrophages were harvested and incubated with fluorescent microspheres for the determination of phagocytic
activity. (c) Comparison of TNF-a production in peritoneal macrophages stimulated with LPS (1 pg/ml). (d) Sublancin (1.2 mg/kg)
promoted a weak level of NK cell activity. Splenocytes were isolated from mice and cocultured with Yac-1 cells by a ratio
(splenocytes: Yac-1) of 75:1 for 4h. Cytotoxicity was measured by the lactate dehydrogenase assay. (e¢) Comparison of IFN-y level in
activated splenic T cells (2 ug/ml anti-CD3 and 1 yg/ml anti-CD28 antibodies). Data shown are means + SEM and derived from 4 to 5
mice in each group. Significant difference with the control group were designated as *P < 0.05 and **P < 0.01.

3.7. Protection of Mice from MRSA-Induced Sublethal
Infection by Sublancin. Because of the potent and promis-
ing immunomodulatory property of sublancin, this peptide
was tested for its anti-infective potential. Sublancin was
administered by gavage daily at the indicated doses for
14 consecutive days. Twenty-four hours after the last drug
administration, mice were subjected to a sublethal dose
(1.0 x 10 CFU/mouse) of MRSA ATCC43300. As shown
in Figure 6, treatment with the three sublancin levels
(0.6, 1.0, and 1.2mg/kg) tended to decrease (P <0.1) the
number of viable bacterial counts in the peritoneal fluid
72 hours after infection. Additionally, mice treated with
1.2mg/kg sublancin had fewer (P <0.05) viable bacterial
counts in the peritoneal lavage than the control mice 36
hours after infection.

Macrophages have been shown to phagocytose and
directly kill bacteria. Therefore, P-Mac were collected 36
and 72 hours after infection for the RFP-labeled Escherichia
coli phagocytosis assay. Compared with the control group,
the sublancin (1.0mg/kg) treatment stimulated the phago-
cytic activity of P-Mac (Figure 6(c)), which may account for
the decreased number of viable bacterial counts in the perito-
neal lavage. As T cells, especially CD4" and CD8" subsets of
T cells, play a critical role in the immune responses to specific

antigenic challenges, the changes of T cells in MLNs were
examined. Compared with control mice, mice treated with
1.0 mg/kg sublancin displayed a dramatic increase in the fre-
quency of CD4" and CD8" T cells, with a corresponding
increase in the frequency of naive CD4" T cells and memory
CD8" T cells (Figure 7). This difference was reflected by an
increased total number of CD8" T cells and naive CD4" T
cells, as well as an increased number of memory CD8" T cells
and naive CD4" T cells (Figure 7). Similarly, mice treated
with 1.2 mg/kg sublancin showed increased frequencies of
CD4" (P<0.05) and CD8" (P =0.06) T cells 36 hours after
infection (Figure 8). The frequencies of activated CD4", naive
CD4", and naive CD8" T cells were significantly increased in
MLNSs of 0.6 mg/kg and 1.2mg/kg sublancin-treated mice
(P <0.05) (Figure 8). However, no differences in T cell fre-
quency or cell number were observed in MLNs 72 hours after
infection among the different treatments (Figure S4).

4. Discussion

Antimicrobial peptides provide immediate, effective, and
nonspecific defenses against infections through direct bacte-
ricidal activity or through indirect modulation of the host
defense system by enhancing immune-responsive cells [35].
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Ficurk 6: Efficacy of sublancin in the MRSA-induced sublethal infection model. (a) Mice were orally administered with sublancin at
0.3 mg/kg or 1.0 mg/kg once a day for 14 consecutive days before intraperitoneal inoculation of MRSA ATCC43300. The staphylococcal
load in the peritoneal lavage was enumerated at 36 and 72h of infection. (b) Sublancin (0.6 mg/kg or 1.2 mg/kg) was administered by
gavage daily for 14 days before infection. Mice were analyzed for bacterial counts in the peritoneal lavage at 36 and 72 h of infection. (c)
Peritoneal macrophages were collected 36 and 72 hours after infection for red fluorescent protein- (RFP-) labeled Escherichia coli
phagocytosis assay. Data shown are means + SEM and derived from 3 to 4 mice in each group. Significant differences with the control

group were designated as *P < 0.05 and **P < 0.01.

Sublancin, produced by Bacillus subtilis 168, has been studied
extensively for its antibacterial mechanisms [36, 37]. Follow-
ing our previous studies of the anti-infective efficacy of sub-
lancin in several in vivo infection models [18, 19], we
examined its role and anti-infection mechanism in a mouse
model of MRSA-induced sublethal infection.

Macrophage activation is the key event in innate immu-
nity for host defense against bacterial infections, and many
immunomodulatory agents activate immune responses pri-
marily by the activation of macrophages [38, 39]. Activated
macrophages are considered to be associated with the gener-
ation of IL-1f3, IL-6, TNF-a, and NO. Upon stimulation by
AMPs, different immune cells have been demonstrated to
produce cytokines or chemokines. For example, human neu-
trophil peptides 1 and 3 were found to stimulate the produc-
tion of IL-1, IL-4, IL-6, and TNF-« in monocytes [40] and
MCP-1 in lung epithelial cells [41]. In addition, the AMP
LL-37 was shown to increase the release of IL-8 in airway epi-

thelial cells [42]. Here, we show that sublancin stimulated
both the protein and mRNA levels of IL-18, IL-6, TNF-q,
and NO in RAW264.7 cells and mouse peritoneal macro-
phages. Consistently, the mRNA expression of chemokines
(such as IL-8 and MCP-1) and costimulatory molecules
(B7-1 and B7-2) was also increased by sublancin in
RAW264.7 cells and mouse peritoneal macrophages. These
observations suggest that sublancin could directly enhance
the activation of macrophages.

A critical finding in this study was that sublancin signifi-
cantly enhanced the phagocytic activity of a macrophage
against MRSA both in vitro and in vivo. Wan et al. in 2014
reported that LL-37 elevated bacterial phagocytosis by
human macrophages [43]. Furthermore, it has also been
demonstrated that human neutrophil peptides 1-3 enhance
bacterial phagocytosis by macrophages [44]. Consistent with
the above notions, we found that sublancin can simulate the
phagocytosis of fluorescent microspheres in RAW264.7 cells
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F1GuRrke 7: Effects of sublancin on the immune cell subset in the mesenteric lymph nodes (MLNs) of MRSA-challenged mice. Mice were orally
administered with sublancin (0.3 mg/kg or 1.0 mg/kg) for 14 consecutive days before infection. Phenotypic analysis of single-cell suspensions
collected from the MLNs (the MLNs were excised from the mice 36 hours after infection). The phenotype of CD4" and CD8" T cells was
further characterized by the expression of CD44 and CD62L, cell surface receptors which are differentially expressed on memory

(CD44"CD62LM) and naive (CD44'°CD62L™) T cell populations.

and peritoneal macrophages. Next, the effect of sublancin on
the phagocytic activity was determined using mouse perito-
neal macrophages ex vivo. In healthy or MRSA-challenged
mice, the oral administration of sublancin enhanced the
phagocytic activity of peritoneal macrophages. Mice pre-
treated with sublancin before the MRSA infection acquired
a potent antibacterial activity. It was found that sublancin
tended to decrease the bacterial burden in the peritoneal

cavity. Our previous research has shown that monocytes/-
macrophages are pivotal for the protective effect of sublan-
cin [20]. Therefore, we further tested whether sublancin
could enhance macrophage function by the augmentation
of the bacterial clearance. In the present study, we found
that the preincubation of macrophages with sublancin pro-
moted the MRSA-killing activity in macrophages. We spec-
ulate that the sublancin-enhanced microbicidal activity of
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macrophages may be due to the activation of macrophages
induced by sublancin. Further studies are clearly warranted
to elucidate the property of sublancin in facilitating bacterial
clearance by macrophages.

Increasing evidence has demonstrated that signaling
via TLRs leads to the production of a mass of proinflam-
matory mediators including cytokines (such as IL-1, IL-6,
and TNF-«) and NO [45]. TLR4 is known to stimulate
the innate immune response through recognizing specific
molecular patterns. In the study presented here, sublancin-
upregulated mRNA expression of IL-1f, IL-6, TNF-a, and
iNOS was drastically suppressed by the TLR4 inhibitor
(TAK-242), suggesting that sublancin activates macrophages
probably via the TLR4 signaling pathway. It is well known
that NF-kB and MAPKs are involved in regulating cyto-
kine release via the phosphorylation of transcription factors
[46, 47]. We found that sublancin induced the phosphoryla-
tion of the three MAPKs (p38 MAPK, ERK1/2, and JNK) in

RAW264.7 macrophages. In addition, both NF-xB p65
and IxB-a were responsive to sublancin stimulation by
enhancing the phosphorylation of NF-xkB p65 and the
IxB-a degradation, indicating that NF-xB and MAPK sig-
naling pathways were responsible for sublancin-induced
macrophage activation. Furthermore, sublancin-induced
mRNA expression of iNOS was significantly inhibited by
ERK (U0126) and p38 (SB203580) inhibitors. The NF-xB
(Bayl1-7082) inhibitor also decreased the mRNA expres-
sion of IL-1f and IL-6 in RAW264.7 macrophages stimu-
lated with sublancin. These observations highlight the
prominent role for the ERK1/2, p38, and NF-«B pathways
in the sublancin-induced macrophage activation. Addition-
ally, sublancin-upregulated phosphorylation of p38 MAPK,
ERK1/2, and JNK was obviously depressed by the TLR4
(TAK-242) inhibitor, further confirming that sublancin acts
directly on macrophages partly depending on TLR4 signal-
ing pathways.
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The results obtained from the in vitro assays prompted us
to explore the in vivo immunomodulatory properties of sub-
lancin in mice. Firstly, the peripheral hemogram analysis
from mice that were treated with sublancin (0.3 mg/kg and
1.0 mg/kg) for 28 days showed no disturbances in the blood
parameters (data no shown), implying that sublancin did
not cause apparent toxicity in vivo. IFN-y has been recog-
nized as the pivotal cytokine of Thl-polarized immunity
[48]. In the study presented here, sublancin enhanced the
ability of spleen T cells to secrete INF-y, indicating that
sublancin slightly triggered the Thl immunity response. No
promotion was observed in the TNF-a production of P-
Mac isolated from sublancin-treated mice, which indicates
that sublancin will not trigger an extensive inflammatory
response under healthy conditions.

Importantly, treatment with sublancin protected mice
from sublethal infection induced by MRSA ATCC43300.
This protection was demonstrated as a significantly acceler-
ated clearance of bacteria and was mediated partly by
enhanced macrophage function. Additionally, emerging evi-
dence also shows that T cell-mediated immunity is crucial to
protect against S. aureus infection [49]. In the study pre-
sented here, sublancin stimulated a dramatic increase in the
frequencies of CD4" and CD8" T cells in MLNs 36 h postin-
fection. It is considered that the retention of naive CD4" and
CD8" T cells reflects a better immune response [50, 51]. In
addition, it was also reported that cellular memory responses
are also critical for the antistaphylococcal immunity [52]. In
the study presented here, sublancin increased the frequencies
of naive CD4" and CD8" T cells, as well as memory CD8" T
cells in MLNs at 36 hours after infection. However, there
was no significant difference in T cell frequency in MLNs
among the different treatments at 72 hours after infection.
These findings imply that sublancin could improve T cell-
mediated immunity in an early infection phase. In the
present in vivo study, sublancin was given by oral admin-
istration. During the transit of this peptide through the
gastrointestinal tract of mice, reduction of disulfides, loss
of glucosylation, and/or attack of the peptide by endoge-
nous proteases may modify some characteristics of mature
sublancin. Accordingly, it could happen that the observed
effects of sublancin in this study may be due to the action
of sublancin-derived peptides or a partially modified
mature sublancin.

In summary, sublancin might enhance not only T cell-
mediated immunity but also macrophage function. Our
results suggest that sublancin is an excellent alternative to
counter the MRSA infections and is worthy of further inves-
tigation to successfully translate sublancin to the clinic.
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Supplementary Materials

Table S1: sequence of the primers used for quantitative PCR.
Figure S1: effect of sublancin on the production of cytokines
(A to C) and nitric oxide (D) from RAW264.7 cells and
mouse peritoneal macrophages (P-Mac). RAW264.7 cells
and P-Mac were treated with sublancin (0-200 uM) or LPS
(1 pug/ml) for 24h. The data are expressed as mean + SEM
(n=6). Significant differences with control cells were desig-
nated as *P <0.05, **P<0.01, or ***P <0.001. Figure S2:
the mRNA expression of inflammatory factors (A to E), che-
mokines (F and G), and costimulatory molecules (H and I) in
RAW264.7 cells and mouse peritoneal macrophages (P-Mac)
treated with sublancin. RAW264.7 cells and P-Mac were
treated with sublancin (0-200 yM) or LPS (1 ug/ml) for
12h. The expression of target genes was detected by real-
time PCR. GAPDH was used as an internal standard for nor-
malization. The values are presented as mean + SEM (n = 6).
Significant differences with control cells were designated as
*P <0.05, **P<0.01, or ***P <0.001. Figure S3: sublancin
activated RAW264.7 cells through TLR4 signaling pathways.
(A-C) Sublancin-mediated mRNA expression of cytokines
via TLR4. RAW264.7 cells were pretreated for 3h at 37°C
with the TLR4 inhibitor TAK-242 (20 pg/ml) before stimula-
tion with sublancin (100 #M) for 12 h. LPS was used as a pos-
itive control. The cell pellet was used to determine the mRNA
expression of target genes by real-time PCR. Data are
presented as mean+SEM (n=4). Compared with the
sublancin-treated cells, statistical significance is shown with
“**P <0.001. Compared with the LPS-treated cells, statistical
significance is shown with ###P <0.001. (D-F) Sublancin-
mediated mRNA expression of cytokines depends on
ERK1/2, p38, and NF-xB activation. RAW264.7 cells were
pretreated for 30 min with the ERK1/2 inhibitor U0126
(10 uM) or the p38 inhibitor SB203580 (20 uM) or pretreated
for 1h with the NF-xB inhibitor Bay11-7082 (5uM) or the
JNK inhibitor SP600125 (20 uM) and then stimulated with
sublancin (100 uM). After 12h of incubation, the cell pellet
was used to determine the mRNA expression of target genes
by real-time PCR. Data are expressed as mean + SEM (n = 4).
Significant differences with the sublancin-treated cells were
designated as *P < 0.05, **P < 0.01, or ***P < 0.001. (G) Sub-
lancin induced the phosphorylation of p38, ERK1/2, and JNK
through TLR4. RAW264.7 cells were pretreated for 3 h with
the TLR4 inhibitor TAK-242 (20 ug/ml) before exposure to
sublancin (100 ¢M) for 30 min. Whole protein was extracted,
and then phosphorylated p38, ERK1/2, and JNK were ana-
lyzed by Western blot. The figure shown is representative of
three independent experiments. Figure S4: no difference in
T cell frequency or cell number was observed in MLNs 72
hours after infection among the different treatments. Mice
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were orally administered with sublancin (0.6 mg/kg or
1.2mg/kg) for 14 consecutive days before infection. Phe-
notypic analysis of single-cell suspensions collected from
the MLNs (the MLNs were excised from the mice 72
hours after infection). The phenotype of CD4" and CD8"
T cells was further characterized by the expression of
CD44 and CD62L, cell surface receptors which are differ-
entially expressed on activated (CD44"CD62L'"°), memory
(CD44MCD62LM), and naive (CD44'°CD62L™) T cell pop-
ulations. (Supplementary Materials)
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