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Vaccination produces profound and long lasting modifica-
tions in the adaptive immune system comprising T and
B cells. Vaccines are curative not mere palliative remedies
and thus vaccination is the most efficient method to pre-
vent and to lesser extent treat infectious diseases, cancer,
and allergy conditions. Currently, there is an increasing
interest in developing vaccines based on synthetic peptides
encompassing B and T cell epitopes that precisely trigger a
protective immune response. Because they are synthetic, pep-
tide vaccines are intrinsically safer than alternative vaccine
formulations. Moreover, peptide-based vaccines will allow
focusing solely on relevant epitopes, avoiding those that lead
to nonprotective responses, immune evasion, or unwanted
side effects, such as autoimmunity. However, developing
a successful peptide-based vaccine requires addressing a
number of significant difficulties, such as overcoming the low
intrinsic immunogenicity of individual peptides. In this spe-
cial issue on peptide-based vaccines, we have incorporated 9
original articles and two reviews that deal with and examine
various aspects of peptide-based vaccine design.

The review by H. Kimura et al. offers new insights
into the function of the immunoproteasome in immune
and nonimmune cells. Cleavage of intracellular proteins by
immunoproteasome is a key step on the MHC class I antigen
presentation pathway and this review highlights the relevance
of understanding immunoproteasome function for devel-
oping peptide-based vaccines and novel pharmacological
treatments. The second review by Y.-F. Xiao et al. offers an
outstanding analysis on peptide-based treatments for cancer.
The authors divide peptide-based cancer treatments into
three types, peptide-alone therapy, peptide vaccines, and
peptide-conjugated nanomaterials, describing new advances

in using peptides to treat lung, pancreatic, prostate, and gas-
tric cancers. Moreover, the authors masterly collect evidence
on how peptides represent ideal tumor immunotherapeutics
as one can specifically target tumor cells with little toxicity
and efficient immunoreaction.

The original articles incorporated in this issue consist of
cutting-edge computational and experimental reports that
are relevant for the design of peptide-based vaccines. Within
the in silico manuscripts, we include a work by D. Kanduc
et al. in which the authors compared the proteome of
poliovirus with that of humans and found unique poliovirus
peptide sequences that could be basis for developing a spe-
cific/universal vaccine, with no cross-reactions with human
proteins. As an additional advantage, the authors argue that
a peptide-based vaccine instead of current antipolio DNA
vaccines would eliminate the rare postpoliomyelitis cases
and other disabling symptoms that may appear following
vaccination. Computer-assisted design of peptide-based vac-
cines often relies on more complex predictive models to
select peptide fragments within antigens containing T and B
cell epitopes. Generation of predictive models requires the
assembling of categorized datasets for training the models.
Dataset assembly is labor intense and time consuming. S.
C. Pro et al. have masterly addressed the problem, devising
a method to automate the generation of validated specific
epitope sets from the IEDB database (http://www.iedb.org/).
The availability of the disease-specific sequence data enables
the use of predictive tools that reveal entire epitomes thus
facilitating the development of epitope-based vaccines. How-
ever, in large and complex pathogens the potential T cell
epitome can be so sizeable that it will challenge experimental
validation. To address this problem M. Molero-Abraham
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et al. report a method and resource, EPIPOX, that allows
downsizing the relevant T cell epitome for variola virus
according to conservation criteria and antigen features such
as expression and localization.

The experimental articles contained in the issue have
a wide scope and include a phase II clinical trial by S.
Yutani et al. The study is based on a personalized peptide
vaccination with both a hepatitis C virus- (HCV-) derived
peptide and peptides from tumor-associated antigens (TAA)
for the treatment of HCV-positive advanced hepatocellular
carcinoma patients. The authors show that the peptide-
based vaccine (PPV) was safe and elicited HCV specific
CTL responses as well as peptide-specific IgG1 responses to
both the viral peptides and TAA-derived peptides supporting
further clinical study of PPV. Identification of the antigens
that are targeted by the immune system and characterizing
the type of response are clearly a step forward towards
designing a useful peptide-based vaccine. In this context,
M. Niki et al. present an evaluation of humoral immu-
nity to Mycobacterium tuberculosis- (TB-) specific antigens
concluding that the induction of antigen-specific humoral
immunity, especially for IgA response, is relevant for TB pro-
tection. Similarly, A. N. Kamali et al. show that Plasmodium
antigens isolated by antibody affinity of sera from malaria-
self-resistant ICR mice are capable of delaying infection
when inoculated into BALB/c mice. Thereby, the authors
conclude that immunoaffinity purified antigens using IgGs
from protected individuals can be relevant for developing
multiantigen blood-stage malaria vaccines. Vaccine develop-
ment and optimization require finding appropriated animal
models for testing. In this issue, I. Sominskaya et al. show that
rabbits are suitable animalmodels to test the immunogenicity
of core peptides from hepatitis C virus, promoting the use of
rabbit models for preclinical trials of HCV vaccines.

Peptides exhibit little immunogenicity and thereby it is
key to devise means of increasing their immunogenicity for
vaccine design purposes. In this issue, A. Yano et al. show
that combining amyloid beta (A𝛽) peptides with toxoid (DT)
enhanced the immunogenicity of the peptide on cynomolgus
monkeys and guinea pigs that were first immunized with
conventional diphtheria-tetanus. Moreover, the peptide vac-
cine induced anti-A𝛽 antibodies in cynomolgus monkeys
and guinea pigs without chemical adjuvants, and excessive
immune responses were not observed. Peptides can also have
immunomodulatory properties as shown in the article by J.-P.
Vernot et al., in which the authors show that it is possible to
modulate p56Lck in T cells by a chimeric peptide comprising
two functionally different motifs of Tip from Herpesvirus
saimiri.

In conclusion, this special issue surveyed many aspects of
peptide-based vaccines and we hope readers will find it both
interesting and inspiring. It certainly has been a pleasure for
us to select the work presented in this issue.

Pedro Reche
Darren R. Flower

Masha Fridkis-Hareli
Yoshihiko Hoshino
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Recent studies on the primate protection fromHCV infection stressed the importance of immune response against structural viral
proteins. Strong immune response against nucleocapsid (core) protein was difficult to achieve, requesting further experimentation
in large animals. Here, we analyzed the immunogenicity of core aa 1–173, 1–152, and 147–191 and of itsmain alternative reading frame
product F-protein in rabbits. Core aa 147–191was synthesized; other polypeptideswere obtained by expression inE. coli. Rabbitswere
immunized by polypeptide primes followed by multiple boosts and screened for specific anti-protein and anti-peptide antibodies.
Antibody titers to core aa 147–191 reached 105; core aa 1–152, 5 × 105; core aa 1–173 and F-protein, 106. Strong immunogenicity of
the last two proteins indicated that they may compete for the induction of immune response. The C-terminally truncated core
was also weakly immunogenic on the T-cell level. To enhance core-specific cellular response, we immunized rabbits with the core
aa 1–152 gene forbidding F-protein formation. Repeated DNA immunization induced a weak antibody and sustained proliferative
response of broad specificity confirming a gain of cellular immunogenicity. Epitopes recognized in rabbits overlapped those inHCV
infection. Our data promotes the use of rabbits for the immunogenicity tests of prototype HCV vaccines.

1. Introduction

Nucleocapsid (core) protein of hepatitis C virus (HCV) is
the most conserved HCV antigen capable of inducing strong
broadly cross-reactive responses, and therefore an attractive
component of a genotype-non-restricted HCV vaccine. As
such, it has been included in a number of HCV vaccine
candidates including ones reaching primate trials [1]. The
responses observed were described as limited. In immuniza-
tions,HCVcore demonstrated features of aweak immunogen
capable of inducing mainly CTL and low or no CD4+ T-cell
responses withmoderate IFN-gamma, weak IL-2 production,
and no antibodies [2, 3]. In primate trials, HCV core induced

stable low-level T-cell response of CD4+ and CD8+ T-cells
manifested by IFN-gamma, but no IL-2 or IL-4 responses,
weak T-cell proliferation, and low titer of core-specific anti-
bodies [4–8]. Attempts to achieve a more efficient anticore
immune response met with difficulties [9–11] even when
using viral vectors [12].

Interestingly, in natural infection HCV core acts as a
strong humoral immunogen inducing an early potent anti-
body production, but limited cellular response. Furthermore,
in patients developing chronic infection, antibody response
to HCV core protein continues to expand, whereas the
cellular responses shrink [13].This scenario points at a limited
(low to no) protective potential of core-specific humoral
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responses. At the same time, in primate trials, the responses to
structural HCVproteins including core were shown to signif-
icantly correlate with primate protection against HCV chal-
lenge (whereas no protectionwas rendered by immunizations
with nonstructural proteins) [1]. This indicates a potential
positive input of anticore response (moderate as it was) on
the observed protection effects, emphasizing the necessity to
achieve an effective core-specific cellular response. Achieving
stronger core-specific responses required the addition of
recombinant HCV core protein or core-derived peptides
[9, 14], involvement of the Th2-tilting carriers as HBcAg
[15], or coadministration of cytokines such as IL-2, IL-4,
or granulocyte-macrophage CSF [16], altogether pointing at
the necessity of a shift towards the Th2-type T-helper cell
response. Interestingly, these particular responses (of CD4+
T-cells) are involved in the spontaneous clearance of HCV
infection, contrary to the CTL response reported to be
stunned and ineffective [13, 17].

The reasons for a deficiency of such response in natural
infection are not yet fully understood. Several explanations
can be named, firstly, the well-known immunomodulating
properties of HCV core protein [18–20]. The other reason
could be the abundance of HCV core as an antigen. The core
antigen quantity correlates with the virus load and can reach
high levels in chronic HCV infection [21, 22], whereas the
induction of potent cellular response appears to rely on the
low immunogen doses [23]. An interference was also implied
by the proteins translated from the HCV alternative reading
frames (ARFs) [24, 25].Most of the core gene products appear
to be contaminated with the proteins translated from the
HCV alternative reading frames (ARFPs) [24, 25]. The dif-
ference in anti-F response between chronic and self-limiting
infection, the cross-reactivity irrespective of genotype, and
the correlation of anti-F response to the response against
other structural and nonstructural HCV antigens pointed at
the immune response to F-protein as an integral part of the
natural HCV infection [26]. As in case of HCV core, strong
antibody response to F-protein correlates with the chronical
course ofHCV infection [27]. Kong et al. showed recently that
presence of anti-F-specific antibodies negatively correlates
with HCVRNA viral load suggesting that F-protein may par-
ticipate in viral clearance [28]. However, other results suggest
the potential involvement of F-protein (as of core antigen) in
increasing the frequency of CD4+CD25+FoxP3+ T-cell-like
population and IL-10-producing CD4+CD25+ T-cells [24]
and biased cytokine responses (significantly decreased IFN-
𝛾 and/or IL-2 and significantly increased IL-4 and/or IL-5
levels) [25] predisposing to persistent HCV infection. ARFPs
may induce some of the negative effects ascribed toHCV core
[29] and also sidetrack the immune response away fromHCV
core. The true role of anti-ARFP responses in resistance to
viral infection or vaccine protection is yet unknown.

In this workwe aimed to directly compare immunogenic-
ity of protein products encoded by 5 end of HCV RNA in
comparatively large animals, namely, in rabbits, which have
numerous advantages over mice and are regularly used prior
to testing vaccines in primates. Specifically, we compared
immunogenicity of the main form of HCV core, core aa 1–
173, its shorter form core aa 1–152, the C-terminal core aa

147–191, and F-protein as an ARFP form with the longest
unique protein domain.All polypeptides generated extremely
potent humoral response resembling that in chronic HCV
infection. At the same time, a synthetic gene for the C-
terminally truncated HCV core forbidding F-protein syn-
thesis generated a sustained T-cell and only low antibody
response indicating a clear shift towards cellular immunity
deemed essential for an effective HCV vaccine.

2. Materials and Methods

2.1. E. coli Strains. E. coli strain DH5𝛼 [F− gyrA96 (Nalr)
recA1 relA1 endA1 thi-1 hsdR17 (rk

−mk
+) glnV44 deoR

Δ(laczya-argF) U169 [Φ80dΔ(lacZ)M15] was used for genetic
manipulations and E. coli strains JM109 [F traD36 proA+B+

lacIq Δ(lacZ)M15/Δ(lac-proAB) glnV44 e14− (McrA−)
gyrA96 (Nalr) recA1 relA1 endA1 thi-1 hsdR17 (rk

−mk
+)] and

BL21(DE3) [F− ompT dcm lon hsdS (rB
−mB
−) gal 𝜆(DE3)]

were used for expression.

2.2. Plasmids for Expression of HCV Core. Fragment corre-
sponding to HCV core 1–173 aa was obtained by polymerase
chain reaction (PCR) using cDNA of HCV AD78 isolate
genotype 1b (GenBank accession number AJ132996 [30]) as a
template and two primers: forward 5-GATCCATGGGCA-
CGAATCCTAAACCTCA contained NcoI site and reverse
5-GTGATGAGATCTAGAGCAACCGGGCAGATTCCC-
TGTTGCA contained BglII site. Second codon AGC from
AJ132996 was substituted for GGC and thus gave us S to
G substitution. NcoI/BglII PCR fragment was ligated into
NcoI/BglII pQE-60 plasmid (Qiagen). The resulting plas-
mid was named pQE/core 173 (GenBank accession number
KT824963).

Amplification of the DNA fragment corresponding to
1–10 aa of core and in +1 frame of the core from aa 11
to aa 143 and two additional aa (LE) was performed by
PCR using 5-GAGCATATGAGCACGAATCCTAAACCT-
CAAAGAAAACCAAACGTA as forward primer and 5-
GTGGTGCTCGAGTGGTGGCGCCGACGAGCGGA as
reverse primer; harboring NdeI and XhoI restriction sites,
respectively, was done from plasmid bearing HCV core
fragment corresponding to 1–191 aa of HCV 1b isolate
274933RU (GenBank accession #AF176573 [31]). After ampli-
fication and treatment with restriction endonucleases NdeI
and XhoI fragment was ligated into NdeI/XhoI pET22b(+).
pET22b(+) plasmid contains T7 promoter and 6xHis-tag
coding sequence at 3 end of the cloned DNA fragment. The
resulting plasmid was named pET22/ARFP.

2.3. Sources of HCV-Derived Peptides. Polypeptide represent-
ing aa 147–191 of HCV core VARALAHGVRVLEDGVNY-
ATGNLPGCSFSIFLLALLSCLTIPASA (core 147–191) was
purchased from GL Biochem (Shanghai, China) and was at
least 70% pure by HPLC.

HCV core-derived synthetic peptides used in analysis of
immune response were purchased fromGL Biochem (Shang-
hai, China) or kindly provided by Mati Sällberg (Karolinska
Institutet, Sweden); and F-protein-derived peptideswere pur-
chased from Peptron (South Korea). Peptides were purified
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Table 1: A panel of overlapping peptides derived from HCV core and F-protein used in the tests of humoral and cellular immune response.
First and last amino acid position are given according to HCV AD78 isolate genotype 1b (GenBank accession number AJ132996 [30, 36]).

Protein Amino acid positions Amino acid sequence

HCV core

1–35 MSTNPKPQRKTKRNTNRRPQDVKFPGGGQIVGGVY
21–55 DVKFPGGGQIVGGGVYLLPRRGPRLGVRATRKTSER
41–75 GPRLGVRATRKTSERSQPRGRRQPIPKARRPEGRT
61–95 RRQPIPKARRPEGRTWAQPGYPWPLYGNEGMGWAG
81–115 YPWPLYGNEGMGWAGWLLSPRGSRPSWGPNDPRRR
101–135 RGSRPSWGPNDPRRRSRNLGKVIDTLTCGFADLMG
121–155 KVIDTLTCGFADLMGYIPLVGAPLGGAARALAHGV
161–195 GVNYATGNLPGCSFSILLALLSCLTTIPASAYEVR
1–18 MSTIPKPQRKTKRNTNRR
13–33 RNTNRRPQDVKFPGGGQIVGG
34–42 VYLLPRRGP
67–81 KARRPEGRTWAQPGY
129–145 GFADLMGYIPLVGAPLG
141–160 GAPLGGAARALAHGVRVLED

F-protein

30–49 SLAEFTCCRAGAPGWACARL
45–64 ACARLGRLPSGRNLVEGDNL
60–79 EGDNLSPRLAIPRAGPGLSL
75–94 PGLSLGTLGPSMAMRAWGGQ
90–109 AWGGQDGSCHPVALGLVGAP

by HPLC to 70% purity. The list of synthetic peptides used is
given in Table 1.

2.4. Sources of HCV Polyproteins. Expression of HCV core aa
1–152 (core 1–152) and core aa 1–173 (core 1–173) was carried
out in the E. coli strain JM109 as was described earlier in [32]
and [33], respectively.

F-proteinwas expressed in E. coliBL21(DE3) transformed
with pET22/ARFP. Transformed bacterial cells were grown at
37∘C in 2x TY medium (16 g/L bacto-peptone (Difco), 10 g/L
yeast extract (Difco), and 5 g/L NaCl), supplemented with
100 𝜇g/mL ampicillin, to an OD 540 of 0.8–1.0, and protein
expression was induced with 0.2mM IPTG. Induction was
continued for 4 h at 37∘C; after that cells were sedimented
by low-speed centrifugation (10min at 4,000×g) and frozen
at −20∘C. Frozen biomass was thawed and suspended in
10 volumes of 8M urea containing 100mM Tris-HCl, pH
8.0, and ultrasonicated with ten 60 s ultrasound pulses of
22 kHz. After ultrasonication incubation on ice was con-
tinued for 60min. After clarification (30min at 10000×g),
supernatant was collected and dithiothreitol (DTT) was
added to 100mM and incubation was continued overnight
by shaking on rotary shaker at 4∘C. After repeated clarifica-
tion (30min at 10000×g) before loading onto immobilized-
metal affinity chromatography (IMAC)Ni-superflow agarose
(Qiagen, Hilde, Germany), buffer exchange was performed
with Sephadex G-25 column to replace 100mM DTT with
5mM 𝛽-mercaptoethanol (𝛽-ME). The recombinant protein
was purified by IMAC under denaturing conditions (8M
urea, 5mM 𝛽-ME, 100mM Tris-HCl, and pH 8.0) accord-
ing to the manufacturer’s instructions. F-protein containing

fractions were pooled, and purified protein was diluted to
final concentration of 0.5mg/mL. The proteins were sub-
sequently dialyzed two times (overnight and for 4 to 6 h)
using refolding buffer I (2M urea, 100mMPB (Na

2
HPO
4
:

94.7mM; NaH
2
PO
4
: 5.3mM), pH 8.0, 0.5M arginine, 5mM

glutathione reduced [GSH], and 0.5mM glutathione oxi-
dized [GSSG]) and refolding buffer II (100mMPB, pH 8.0,
0.5M arginine, 5mMGSH, and 0.5mMGSSG) and then PBS
with 10% glycerin. Soluble proteins were concentrated using
Amicon Ultra-15 10 K centrifugal filter device 10,000MWCO
(Millipore, Ireland). Its purity according to Coomassie blue
staining of the SDS-PAGE gel was 95%.

2.5. SDS-PAGE and Western Blot Analysis. The purified
proteins were analyzed on 15% SDS-PAGE by standard pro-
cedures (under denaturing conditions). Proteins were trans-
ferred to nitrocellulose membrane (Thermo Scientific). After
blocking, the membranes were probed with rabbit antibodies
specific to HCV core [34] or anti-core 1–173 or F-protein
antibodies obtained here (see Section 2.6) diluted 1 : 10000,
followed by a protein A horseradish peroxidase-conjugated
antibody diluted 1 : 1000. Detection was performed with the
DAB Substrate Kit (Thermo Scientific) according to the
manufacturer’s protocol.

2.6. Immunization of Rabbits. All animal experiments were
performed in accordance with the Russian Federation
law and were approved by the institutional ethical com-
mittee for animal experiments. Moscow strain of Chin-
chilla grey rabbits (female, 2-month-old, 1.5 to 1.8 kg) was
obtained from the laboratory animal breeders “Manikhino”
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(settlement Manikhino, Ivanovskoe, Moscow region, Russia)
or “Krolinfo” (Orekhovo-Zuevo, Moscow region, Russia,
http://krolinfo.umi.ru). The animals were maintained at 20
to 22∘C and a relative humidity of 50% ± 10% on a 12 h
light/dark cycle, fed with commercial rodent chow and herbal
vitamin flour (“Krosha” and “Meadow grass,” both from
Zoomir, Russia), and provided with tap water ad libitum.
The treatment of animals was in accordance with regulations
outlined in the USDAAnimalWelfare Act and the conditions
specified in the guide for care and use of laboratory animals
[35].

In protein immunizations, groups of two Chinchilla
rabbits were immunized with injections of recombinant core
147–191 (numbers 87, 88), core 1–152 (89/4, 90/5), F-protein
(91, 92), and core 1–173 (93, 94) or mock-immunized with
PBS (95, 96). At week 0 animals were administered 100 𝜇g
of the respective polypeptides in 400 𝜇L PBS mixed (1 : 1
v/v) with the complete Freund Adjuvant (CFA) and a week
later (week 1) with 100 𝜇g of the respective polypeptides in
400 𝜇L PBS mixed (1 : 1 v/v) with the incomplete Freund
Adjuvant (IFA). Injections were done subcutaneously at four
sites along the back. Animals were boosted three times
with one-month intervals by the intravenous injections of
50𝜇g of polypeptides in 200𝜇L PBS mixed with IFA (1 : 1
v/v). Control animals (95, 96) received the adjuvants mixed
with PBS. Rabbits were bled from the ear vein two weeks
after each immunization. Sera were prepared and stored
at −20∘C until further analysis. A portion of blood was
collected in the heparinized Vacutainer tubes, and peripheral
mononuclear cells (PBMCs) were isolated by Ficoll Paque
gradient centrifugation.

DNA immunizations were performed with pUC8-based
plasmid encoding core aa 1–152 [36] under the control of
CMV promoter and HPV16 polyA [37] (DNAcore152). For
this, four rabbits (nn 98, 99, 101, and 102) were injected
with 90 𝜇g DNAcore152 in 400 𝜇L water intramuscularly in
tibialis anterior on weeks 1 and 2. Two rabbits (101, 102) were
further boosted with 90 𝜇g DNAcore152 in 400𝜇L on weeks
5 (boost 1), 18 (2), 37 (3), and 54 (4). Control rabbits (43, 44)
were immunizedwith empty pCMVvector [37] administered
repeatedly along the same scheme. Rabbits were bled at weeks
0, 3, 4, 8, 20, 36, 38, 41, 54, 56, and 57. Sera and PBMC samples
were prepared and treated as described above for the protein
immunization.

2.7. Antibody Assays. Sera were assessed for the levels of
antibodies against HCV core-derived polypeptides and F-
protein.

Core-derived peptides (Table 1) and core 147–191 were
coated onto 96-well MaxiSorp plates and core polypeptides
on the 96-well PolySorp plates (both from Nunc, Denmark).
Coating was done overnight at 4∘C in 50mM carbonate
buffer, pH 9.6, at antigen concentration of 10 𝜇g/mL. After
blocking with PBS containing 1% BSA for 1 h at 37∘C, serial
dilutions of rabbit sera were applied on the plates and
incubated for an additional hour at 37∘C. Incubation was fol-
lowed by three washings with PBS containing 0.05% Tween-
20. Afterwards, plates were incubated for 1 h at 37∘C with
the protein A horseradish peroxidase-conjugated antibody

(Sigma, USA) diluted 1 : 20000. Following three washes with
PBS containing 0.05% Tween-20, the substrate OPD (Sigma,
USA)was added, incubated at room temperature for 15min in
the dark, and stopped with 1NH

2
SO
4
. Plates were read on an

automatic reader (Multiscan, Sweden) at a dual length of 492
versus 630 nm. Immune serum was considered positive for
anti-core antibodies whenever a specific OD value exceeded,
by at least twofold, the signals generated by preimmune
serum reacting with core-derived antigen and by immune
serum reacting with BSA-coated wells.

2.8. PBMC Proliferation Assay. Peripheral mononuclear cells
(PBMCs) were isolated by Ficoll Paque gradient centrifuga-
tion of blood which was collected in heparinized Vacutainer
tubes. PBMCs were subjected to in vitro stimulation with
core-derived synthetic peptides (Table 1) using the procedure
described by us earlier [38]. In brief, T-cell proliferation
assaywas performed in triplicate with RPMI containingHCV
core-derived peptides, all at 1mcg/well; phytohemagglutinin
(PHA; 10mcg/well) was used as positive and RPMI alone and
control peptide representing aa 605–613 of gp41 ofHIV-1were
used as negative controls. Data were expressed as stimulation
indices (SI) defined as the ratio of a mean value of [3H]-
thymidine incorporation in the antigen-stimulated cultures
to a mean value of radioactivity incorporation in medium
containing negative control peptide from gp41 or RPMI, the
highest of the values selected. SI values of 2.0 and above were
considered positive. Data sets were discarded if SI by PHA
was lower than 2.

2.9. Statistical Analysis. Statistical analysis was by paired
Student’s 𝑡-test, one-wayANOVAwith pairwise comparisons,
and two-way ANOVA with pairwise comparisons. 𝑃 < 0.05
was considered significant. Analyses were performed using
STATISTICA AXA 10.0.

3. Results and Discussion

3.1. Design and Expression of Proteins Encoded by the 5
Terminus of HCV Genomic RNA. The full-length HCV core
1–191 is unstable and is quickly processed to a more stable
shorter core aa 1–173 (core 1–173) [39]. We have chosen
the latter as the immunogen and designed a recombinant
core 1–173 of HCV 1b basing it on the isolate AD78P1 [30]
with modifications that aimed to improve the prokaryotic
expression (GenBank accession #KT824963). HCV core 1–
173 is further degraded to the shorter forms, of which only
core aa 1–152 (core 1–152) is readily detectable [40]motivating
its choice as a second immunogen for the comparative
immunogenicity studies. The expression of HCV core aa 1–
152 variant was described by us earlier [32]. The panel of
immunogens was complemented by the C-terminal fragment
of HCV core aa 147–191 represented by a synthetic peptide
(core 147–191).

The 5 terminus of HCV RNA encodes also the proteins
from the alternative reading frame (ARF). ARF of HCV lacks
an in-frameAUG start codon; its expression involves unusual
translation-level events involving ribosomal frameshifting
[41]. ARF encoded proteins (ARFPs) are synthesized through
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multiple events and sites such as codons (in phase +1) 26,
42, 85/87, and 144 yielding different ARFP forms including
double frameshifts [42–45]. Of those, the main most stable
form is F-protein, whereas the rest are comparatively short
and proteolytically unstable [46]. The frameshift leading
to the production of ARFP/F is remarkable: it leads to
the shutdown of the main ORF for at least one round
of translation and occurs so frequently that it causes the
ribosome to translate +1 reading frame approximately 30% of
the time [47, 48]. This points at the abundance of F-protein
and its significance as a target of HCV-specific immune
response. We have chosen this longest and most stable ARFP
form for the immunogenicity study in rabbits, to compare its
immunogenic performance to that of the “classical” product
of translation of the 5-terminus of HCV RNA. For this, we
designed a recombinant protein containing the N-terminal
10 amino acids of HCV core and aa 11 to 143 belonging to F-
protein of HCV 1b variant [31]. Only the first ten amino acids
of HCV core were retained as they were shown to stabilize F-
protein and support its correct folding [49]. One of the major
antigenic sites of the core protein has been located away from
the very N-terminus of HCV core (amino acids 9–16 [50]).
Hence, we expected that sharing of the first ten amino acids
will not interfere with the development of F-specific immune
response.

Core 1–173 and F-protein were expressed in E. coli with
high yields (2–5mg/L) and purified by His-tag chromatog-
raphy. Coomassie staining of PAAG containing protein-rich
fractions demonstrated the presence of proteins of expected
molecular mass of 19 kDa for HCV core 1–173 (lanes 4–6) and
of 16 kDa for F-protein (lanes 7–9) (Figure 1), in conformity
with the observed products of translation of ARFs of HCV
genotypes 1a, 1b, 1c, 2, and 3 [27, 51–55]. Proteins were of over
95% purity (Figure 1).

3.2. Polypeptides Derived from the 5 Terminus of HCV RNA
Induce Potent Antibody Response in Rabbits. Rabbits were
immunized by the repeated injections of the polypeptides
representing core aa 1–173 (core 173), core aa 1–152 (core
1–152), core aa 147–191 (core 147–191), and F-protein. All
polypeptides were highly immunogenic on the humoral level;
maximum antibody titers after completion of immunization
cycle reached 106 and the titer of antibodies to aa 147–
191 reached over 105 (Figure 2(a)). The strongest antibody
response was achieved after immunization with HCV core
1–173 and F-protein (Figures 2(a) and 2(b)). HCV core 1–152
devoid of C-terminus generated a weaker antibody response
with the maximum titer of 5 × 105 despite an identical immu-
nization scheme and almost identical antigen structure of
the proteins (except for the lack of C-terminus) (Figures 2(a)
and 2(b)). A 44-amino-acid long core 147–191, although used
in immunization without carriers (which normally ensure
strong antibody response against the synthetic peptides),
induced a strong specific immune response with the titers
reaching 105 and the same kinetics of the antibody response
as the longer polypeptides (Figures 3(a) and 3(b)). No anti-
HCV core or anti-F-protein antibodies were detected in
control rabbits 95, 96 receiving adjuvant alone (data not
shown).
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Figure 1: Expression of structural proteins encoded by the 5
terminus ofHCVRNA,HCVcore aa 1–173 (lanes 4–6) and F-protein
(lanes 7–9). E. coli were transformed with plasmids expressing core
1–173 and F-protein; cell lysates were resolved by 15% SDS-PAGE;
gel was stained with Coomassie brilliant blue. HCV core 1–173 (0.5,
1, and 2.5 𝜇g per well, lanes 4–6) and F-protein (0.5, 1, and 2.5 𝜇g
per well, lanes 7–9), respectively. Controls: His-tagged outer surface
protein BB0689 of B. burgdorferi (2.5 𝜇g, lane 1), lysozyme (2.5 𝜇g,
lane 2); HBcAg (2.5𝜇g, lane 3); PageRuler Plus Prestained Protein
Ladder (Thermo Scientific, lane M). Position of molecular mass
markers is given on the left.

Sera raised against F-protein, core 1–152, and core 1–173
specifically recognized the respective recombinant proteins
in Western blotting (Figures 2(c) and 2(d) and data not
shown). Core 1–173 and F-protein specific sera demonstrated
also a weak cross-reactivity (Figures 2(c) and 2(d) and
Supplementary Figure S1 in SupplementaryMaterial available
online at http://dx.doi.org/10.1155/2015/762426). The latter
can be attributed to the presence in both proteins of 6xHis-
tag. Indeed, we showed rabbits to develop antibodies against
anti-His-tag in titer of 104 to 5 × 104 (Figure 2(a)).

We have used a panel of synthetic peptides (Table 1)
to map the B-cell epitopes of HCV core and F-protein
recognized in rabbits. In HCV core aa 1–173, nine epitopes
were identified which were distributed throughout the pro-
tein with the dominant region located at N-terminus of
the protein (Figure 3(a)). The sera of core 1–152 immunized
rabbits recognized only the immunodominant epitope at
aa 1–35 (titer 5.5 × 104, Figure 3(a)). Similar analysis was
performed for the epitopes of F-protein (Figure 3(b)). B-cell
epitopes of F-protein recognized in rabbits were localized at
aa 30–49, 45–64, 60–79, and 90–109 (Figure 3(b)). The titer
of antibodies against linear epitopes of F-protein was on the
average 10-fold lower than against the linear epitopes of HCV
core indirectly indicating a dominance of the HCV core-
specific immune response over that against F-protein, at least
in the rabbit model. The analysis of B-cell reactivity against
HCVcore andF-protein in rabbits uncovered similarity to the
B-cell responses observed in HCV infection [27, 50, 54, 56–
59]. Most of these epitopes were also shown to be recognized
in mice [60, 61]. This reveals a promiscuous character of
HCV core and F-specific B-cell response. Our findings also
indicate that the recombinant F-protein obtained here is
immunologically identical to the one formed after translation
of viral RNA in infection and can be utilized in the diagnostic
and possibly vaccine studies.
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Figure 2: Antibody responses raised after immunization of rabbits with polypeptides encoded by the 5 terminus of HCV genomic RNA.
Maximum titer of antibodies against the immunogens (a); kinetics of the development of specific antibody response; controls represent rabbits
mock-immunized with adjuvant alone; serum reactivity was tested by ELISA on plates coated with core 1–173 and F-protein (b); reactivity
in Western blotting of hyperimmune sera raised against F-protein (serum of rabbit 91, (c)) and HCV core 1–173 (serum of rabbit 93, (d)).
Western blotting was done with hyperimmune sera of rabbits collected by the end of immunization and diluted 1 : 104. Lanes in panels (c and
d) represent outer surface protein BB0689 of B. burgdorferi carrying 6xHis-tag (2.5 𝜇g, lane 1), lysozyme (2.5 𝜇g, lane 2), HBcAg (2.5𝜇g, lane
3), core 1–173 (0.5, 1, and 2.5 𝜇g, lanes 4–6, resp.), and F-protein (0.5, 1, and 2.5𝜇g, lanes 7–9, resp.). PageRuler Plus Prestained Protein Ladder
(Thermo Scientific, lane M). Position of molecular mass markers is given on the left.

We have further characterized the nature of cross-
reactivity between anti-HCV core and anti-F-protein sera
seen in Western blotting (Figures 2(c) and 2(d)). The cross-
reactivity of anti-HCV core 1–173 and anti-F-protein sera
amounted to 10% of the total reactivity of both HCV core
and F-protein immunized rabbits (Supplementary Figure
S1). Immunization with HCV core 1–173 did not induce
any antibodies reacting with F-protein-derived peptides.
Immunization with F-protein did not induce an immune
response reacting to core peptides except for the region aa
61–95 (Figure 3(a)). Analysis of the sequences of HCV core
1–173 and F-protein did not reveal any amino acid homolo-
gies, indicating that cross-reacting anti-F-protein antibodies
might have recognized not a linear but a conformational epi-
tope at aa 61–95 which could be reproduced by the synthetic
peptide. Indeed, preblocking with the peptide encompassing
aa 61–95 had no effect on the cross-reactivity of anti-F-
protein sera with core 1–173 in Western blotting (i.e., anti-
F-protein antibodies reacting to the peptide core aa 61–95 in

ELISA were unable to recognize this sequence in the context
of the denatured core 1–173; data not shown). Importantly,
although 10 amino acids overlap between HCV core 1–173
and F-protein at N-terminus, anti-F-protein sera did not
recognize synthetic peptide representing aa 1–35 of HCV
core (Figure 3(b)). Altogether, this indicated that the cross-
reactivity was apparently due to the immune recognition of
His-tag.

Thus, all polypeptides derived from the 5 terminus of
HCV genomic RNA were found to be extremely immuno-
genic on the antibody level. Furthermore, we have demon-
strated a similarly strong immunogenicity of the HCV core
and F-proteins. Albeit no function has yet been attributed
to F-protein (or other products of ARFPs), it represents a
target of immune response equal in potency to HCV core
[26, 54, 62]. Supposedly nonfunctional but abundant ARFPs
may induce a decoy response leading to the immune system
away from addressing “the meaningful” viral proteins; its
high immunogenicity in rabbits confirms a possibility of their
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Figure 3: Fine epitope mapping of antibody response to linear epitopes of HCV core (a) and F-protein (b) recognized by rabbits immunized
with HCV core aa 1–173 (nn 93, 94), HCV core 1–152 (89/4, 90/5), and F-protein (91, 92). Graphs demonstrate the highest antibody titers
reached throughout immunization and represent the result of two to three independent ELISA runs. Unspecific antipeptide reactivity in
control rabbits receiving adjuvant alone was below 5 × 102.
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Figure 4: Proliferative response to HCV core in rabbits immunized with HCV core 1–152 visualized as stimulation indexes (SI). Stimulation
of PBMCs of rabbits 89/4 and 90/5 with synthetic peptides derived from core 1–152 two weeks after prime (week 4) and two weeks after the
last boost (week 20); controls are naı̈ve rabbits (𝑛 = 3) and rabbits were immunized with irrelevant protein antigens (𝑛 = 4) (a); low or
no dependence of T-cell stimulation on the concentration of HCV core 1–152 used in proliferation test in the test done prime (week 4) (b).
All antigen stimulation tests were performed in triplicate. Test results were discarded if radioactivity incorporation values demonstrated by
mitogen PHA were below 1000 counts per minute and if stimulation indexes in response to PHA were below 2.

competition in the induction of antiviral immune response.
This would fall in line with the recent model of Skums et al.
which suggests antigenic cooperation in HCV infection, with
immune responses against one antigen variant creating pro-
tective immune environment for other variants [63].

Since F-protein has not yet been ascribed any function
in the virus, while functions of HCV core are well known
and essential, we concentrated our further immunogenic-
ity studies on the cellular immune response against HCV
core. Peripheral blood mononuclear cells (PBMCs) of rab-
bits immunized with HCV core 1–152 and core 1–173 were

collected prior to and after each boost and subjected to stim-
ulation with HCV core-derived peptides.Weak infrequent T-
cell responses with stimulation indexes (SI) exceeding 2 were
repeatedly observed only in rabbits immunized with HCV
core 1–152, but not in the näıve or adjuvant or core 1–173-
immunized animals (Figure 4, data not shown). Proliferative
response of rabbit PBMCs was observed after two priming
HCV core 1–152 immunizations (week 4) and was not
boosted except for a single response to the epitope at the
HCV core N-terminus observed in the rabbit 90/5 at week
20 (Figure 4(a)). Stimulation of the hyperimmune rabbit
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PBMCs with recombinant HCV core 1–152 induced a weak
proliferative response independent of antigen concentration
(Figure 4(b)).

Analysis of HCV core-specific humoral and cellu-
lar responses revealed that the C-terminally truncated HCV
core form had somewhat weaker humoral immunogenic-
ity than HCV core aa 1–173: antibodies were two to three
times lower in titer and of restricted specificity targeting
mainly the N-terminus of the protein (Figures 2 and 3). At
the same time, only core 1–152 was able to induce a specific
T-cell response, albeit of a very low level. Apparently, the
truncation of the C-terminus led to a partial loss of B-cell
immunogenicity (in terms of both breadth and potency) and
at the same time the induction of the T-cell arm of immune
response. We have recently shown that HCV core devoid
of the N-terminus upregulated the transcription of a ROS-
generating enzyme cytochrome P450 2E1 [64]. Furthermore,
the same fragment induced the expression of endoplasmic
reticulum oxidoreductin 1𝛼. The latter triggers the efflux of
Ca2+ ions from ER to mitochondria via mitochondrial Ca2+
uniporter, leading to the generation of superoxide anions
and possibly also H

2
O
2
[64]. ROS have a physiological role

in signaling extending to every cell type involved in the
induction of immune response; ROS were the first molecules
found to suppress the T-cell function [65]. As with any
signalingmechanism, ROS can become cytotoxic if the signal
is too strong and/or too prolonged. ROS help to mediate
T-cell activation; however, T-cell activation also depends
on the capacity of accessory cells to maintain sufficient
level of glutathione and is compromised by the oxidative
stress [66]. Furthermore, excessive amounts of ROS can
oxidize the protein kinases and phosphatases that regulate
critical cell signals and distort the activation of signaling
pathways including regulation of the lymphocyte functions
[67]. Immunosuppressive effects of ROS may also be due
to the fact that Tregs cells are more resistant to ROS than
the effector T-cells and pertain their downregulating activity
when the effector T-cells fail [66]. An excessive oxidative
stress may thus be detrimental for the normal T-cell func-
tions. This would explain the observed deleterious role of
the high HCV core protein “doses” for the specific T-cell
immunity in a mouse model [9]. For humoral response, on
the contrary, ROS appear to contribute to Th1/Th2/Th17 cell
fate decisions during T-lymphocyte activation and enhance
immunoglobulin production by B-lymphocytes [68]. Our
data indicates that (as in HCV infection) high levels of HCV
core support the strong multiepitopic B-cell, but low or no T-
cell response, and point at the role of certain core domains,
specifically at the C-terminus, in tilting the response towards
the humoral one. Involvement in ROS inductionmay explain
an unexpectedly strong humoral immunogenicity in rabbits
of a peptide covering aa 147–191 derived from the ROS-
inducing core fragment.

3.3. Immunogenicity in Rabbits of DNA Encoding Core aa 1–
152. High levels of circulating HCV core antigen in HCV
infection would induce high levels of ROS and promote
strong humoral response but little immunity on the T-
cell level, a scenario of immune response in the chronic

HCV infection, whereas the immune success and viral clear-
ance coincide with a weak or no antibody response [69]
and potent cellular immunity manifested mainly CD4+ T-
cells [13, 17]. To strengthen the cellular immune response
component, one would need to both decrease the immuno-
gen dose and delete the ROS-inducing/B-cell activating
signals.

To evade both the potential pitfalls as immune sup-
pression induced by an excess of ROS and the immune
competition from the ARF products, we exploited a syn-
thetic gene encoding HCV core devoid of the C-terminus
(DNAcore152) with a forbidden frameshift (not support-
ing F-protein formation [36]). Rabbits were immunized
with DNAcore152 by two closely spaced priming injections
(double prime, four rabbits), in two rabbits followed by a
series of boosts performed first with one-month and then
with four-month intervals. The latter scheme was applied in
view of earlier experiments in chimpanzees which demon-
strated gradual increase if there were proliferative responses
to HCV core after repeated boosts performed under long
period of time [4]. Contrary to the HCV core 1–152 immu-
nized rabbits, rabbits receiving injections of DNAcore152
exhibited low but consistent proliferative response to both
HCV core and core-derived peptides (Figure 5(a)), boosted
by the booster DNA injections (Figure 5(b); Supplementary
Figure S2). Rabbits immunized with repeated injections of
DNAcore152 developed also a low-level humoral response to
HCV core, weakly boosted after the repeated gene adminis-
trations (Figure 5(c)). No anticore responses were registered
in rabbits mock-immunized with empty vector DNA (data
not shown).

Immunization with DNA encoding HCV core devoid
of the 39 amino acids on the C-terminus allowed shifting
the immune response to almost exclusively Th1 type as
manifested by weak but consistent core-specific proliferative
responses of PBMCs and low level of anti-core antibody
production resembling the profiles observed in the pri-
mate trials of the multicomponent immunogens includ-
ing diverse forms of HCV core (DNA, recombinant virus,
protein) [4–6]. These results fall in line with our earlier
observations made in the DNA-immunized mice; namely,
the induction of cellular response to HCV core does not
require high levels of HCV core protein (low amounts
provided by cells in vivo transfected at immunization
sites appear to be sufficient). Furthermore, we could show
that truncation, at least partial, of the ROS-inducing core
domain may rescue cellular response. Additional positive
input was possibly made by forbidding the formation of F-
protein. The actual role of immune competition from the F-
protein is currently being assessed in a series ofmouse immu-
nizations.

Again, as in the case of protein immunizations, the speci-
ficity of B- and T-cell response to HCV core-derived peptides
in DNA-immunized rabbits resembled that observed in the
HCV infection [70]. Core-specific T-cell responses were
persistent and boostable, resembling responses observed in
the self-limiting rather than chronic HCV infection which is
characterized by a gradual loss of the specific T-cell response
[17, 71].
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Figure 5: Anti-HCV core immune response induced by single and repeated immunizations with synthetic gene encoding core aa 1–
152 (DNAcore152). Rabbits were regularly bled; PBMCs were isolated and subjected to stimulation with HCV core-derived peptides and
recombinant HCV core aa 1–152. Stimulation indexes (SI) observed after double priming (week 4) (a); boosting of T-cell response in rabbits
receiving multiple injections of DNAcore152 illustrated by stimulation indexes exhibited by PBMCs of rabbits 101 and 102 before and after
boost 5 at weeks 54 and 56, respectively (b); dynamics of antibody response to HCV core aa 1–152 in rabbits receiving repeated injections of
DNAcore152 (c). All antigen stimulation tests were performed in triplicate; SI values represent an average with standard deviation. Test results
were discarded if radioactivity incorporation values demonstrated by mitogen PHA were below 1000 counts per minute and if stimulation
indexes in response to PHA were below 2. HCV core-specific antibodies response represent an average optical density exhibited by sera of
each of the rabbits collected at given time points in two ELISA runs with standard deviations. OD of sera of rabbits immunized with empty
vector DNA collected at the same time points did not exceed the optical density of 0.3 (data not shown).

4. Conclusions

In primate trials, the responses to the structural HCV
proteins including the nucleocapsid (core) were shown to sig-
nificantly correlate to the protection against HCV challenge
[1] implying an input of anticore response on the observed
protection effects.This emphasizes the necessity of the exper-
iments aimed at achieving an effective core-specific cellular
response in larger animals thanmice. Rabbits are widely used
in the toxicity and safety testing of medical devices, drugs,
and vaccines because of both genetic heterogeneity and
possibility of the longitudinal follow-up experiments. Here,
we used the rabbit model to evaluate the immunogenicity

of polypeptides encoded by the 5 terminus of HCV RNA.
By polypeptide immunization, we have induced in rabbits a
strong humoral immune response to an abundant HCV core
form aa 1–173 and the most stable ARFP form, F-protein.
ImmunizationwithHCVcore aa 1–173 led to aB-cell response
of broad specificity targeting multiple linear epitopes. The C-
terminally truncated core 1–152 induced a weaker antibody
response directed only against the N-terminus of the protein
implicating the role of the C-terminus in promoting humoral
immunogenicity. Delivery of the C-terminally truncated
HCV core by DNA immunization with a plasmid forbidding
frameshift led to the induction of weak but sustained T-cell
response to multiple epitopes within the protein. Both B- and
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T-cell responses observed in rabbits mimicked that in HCV
infection which indicates the promiscuity of major epitopes
localized in the polyproteins encoded by the 5-terminus of
HCV genomic RNA. These are promising findings which
allow a step forward in the development of the HCV core
based prototypeHCVvaccines, as the previous data indicated
that although HCV core is the main target of an immune
response in the infected individuals [72], it is not so immuno-
genic in the larger species as humans [73] and could even
suppress the immune response [14], also heterologous [74].
The immunogenicity of DNA representing the 5 terminus
of HCV RNA and of the polyproteins encoded therein and
the promiscuity of the observed responses promote the use
of rabbit model for the preclinical trials of HCV vaccines,
although other adjuvants would be needed to comply with
the requests to vaccine formulations. These considerations
may be important in further development and testing ofHCV
vaccines based on the structural viral proteins.
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Concerns that variola virusesmight be used as bioweapons have renewed the interest in developing new and safer smallpox vaccines.
Variola virus genomes are now widely available, allowing computational characterization of the entire T-cell epitome and the use of
such information to develop safe and yet effective vaccines. To this end, we identified 124 proteins shared between various species of
pathogenic orthopoxviruses including variola minor and major, monkeypox, cowpox, and vaccinia viruses, and we targeted them
for T-cell epitope prediction. We recognized 8,106, and 8,483 unique class I and class II MHC-restricted T-cell epitopes that are
shared by all mentioned orthopoxviruses. Subsequently, we developed an immunological resource, EPIPOX, upon the predicted T-
cell epitome. EPIPOX is freely available online and it has been designed to facilitate reverse vaccinology.Thus, EPIPOX includes key
epitope-focused protein annotations: time point expression, presence of leader and transmembrane signals, and known location
on outer membrane structures of the infective viruses. These features can be used to select specific T-cell epitopes suitable for
experimental validation restricted by single MHC alleles, as combinations thereof, or by MHC supertypes.

1. Introduction

Smallpox was a devastating contagious disease that ravaged
humankind for millennia, wiping out entire civilizations [1].
The disease was caused by two types of variola virus (VARV),
major and minor, which differed greatly in their average
mortality rates: 30% versus 1%, respectively. VARVmajor was
themost prevalent form [2, 3]. Systematic vaccination against
smallpox began in the early 19th century but the disease
lingered until the World Health Organization (WHO) initi-
ated worldwide vaccination campaigns in 1967. The last case
was reported in Somalia in 1977 and in May 1980 the WHO
declared that smallpox had been eradicated, ceasing vaccina-
tion [1, 2]. Eradication was facilitated because there are no
animal reservoirs for the virus, as it only infects humans [4].

VARV belongs to the Orthopox genus of the Poxviridae
family, consisting of large double-stranded DNA viruses that

replicate in the cytoplasm of infected cells [5, 6]. Poxviruses
are large and complex with ∼250 genes and a multistage life
cycle, producing different infective forms including intracel-
lular mature virions (IMV) and extracellular enveloped virus
(EEV) [5, 6]. Humans can be infected by several poxviruses;
the closest to VARV that are also pathogenic to humans are
vaccinia (VACV), cowpox (CPXV), andmonkeypox (MPXV)
viruses [7, 8]. The primary reservoir of MPXV is rodents
[9], while CPXV has the broadest animal reservoir range
of all poxvirus, including cats, dogs, elephants, and rodents
[10]. Historically, VAVC has been considered to emerge after
repeated passages from an ancestral CPXV [11]. However,
phylogenetic studies question that view and there are some
speculations that VACV could be a horsepox virus (HPXV)
[12]; yet both, the host and origin of VACV, remain unknown
[13]. VACV and CPXV infections in humans are gener-
ally mild and self-limiting and can induce cross-protective
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immunity [14]. The observation that CPXV sufferers did
not get smallpox led Edward Jenner in 1798 to introduce a
method of vaccination through scarifications with Variolae
Vaccinae, Latin, for CPXV [15]. Immunization with CPXV
was eventually displaced by VACV vaccine, which was used
subsequently for global smallpox vaccination [12].

As smallpox was eradicated and vaccination ceased, the
global population has become increasingly susceptible to
both smallpox and zoonosis by orthopoxviruses [8, 9]. People
under 30 have no immunity against these viruses and VACV-
induced immunity is waning in those that were vaccinated
[16]. Despite recommendations by the WHO, stockpiles of
smallpox virus had never been destroyed and there are con-
cerns that unregistered stocks could be used as a weapon of
bioterrorism [17]. Several featuresmake smallpox amajor ter-
rorist threat. It replicates easily, is aerosolizable, and is highly
contagious before, during, and after disease onset. Moreover,
smallpox is lethal and disfiguring and has already been used
as a biological weapon in North America during the French
and Indian Wars [18]. Thus, there is renewed interest in the
development of vaccines against smallpox, particularly safer
ones, since immunization with VACV can result in serious
adverse events and it is considered risky in immunocompro-
mised or immune-suppressed individuals [19].

Immune protection against orthopoxviruses requires
both B and T cells [20] but the relevance of T cells is
paramount. CD8 T cells are required to eliminate infected
cells, while help by CD4 T cells is essential to elicit effective
humoral responses [21]. Thus, people with dysfunctional
humoral responses (e.g., agammaglobulinemia) can be vac-
cinated with VACV, while those with loss of T cells cannot as
they can suffer severe disease [22]. T-cell immune responses
are triggered by the recognition of foreign peptides bound
to cell surface-expressed major histocompatibility complex
(MHC) molecules, also known as human leukocyte antigens,
HLA, in humans. CD4 T cells recognize peptides presented
byMHCclass II (MHC II)moleculeswhileCD8T cells recog-
nize peptides presented by MHC class I (MHC I) molecules.

Advances in both immunology and genomic analysis
offer new possibilities for eliciting immune protection with-
out the requirement for live-virus vaccination and atten-
dant complications. The identification of HLA class I and
class II restricted T-cell epitopes (CD8 and CD4 T-cell
epitopes, resp.) from poxviruses may allow us to develop
safe and yet immunogenic peptide-based vaccines. Here,
we describe the identification of protein antigens that are
shared between several pathogenic orthopoxviruses, includ-
ing VARV,MPXV, CPXV, and VACV, and T-cell epitopes that
are identical in all selected proteins. This information was
used to create a freely accessible web resource, EPIPOX: URL
http://imed.med.ucm.es/epipox/, intended to facilitate the
design of epitope-based vaccines against orthopoxviruses.

2. Materials and Methods

2.1. Orthopoxvirus Sequences and Experimentally Defined T-
Cell Epitopes. In this study, we used the entire proteomes
of 8 orthopoxviruses: VARV major, strain Bangladesh-1975,

Table 1: Orthopoxviruses used in this study.

Virus Strain ACC Genes
VARV major Bangladesh-1975 L22579 189
VARV major India-1967 NC 00161 197
VARV minor Garcia-1966 Y16780 206
MPXV Zaire-96-I-16 NC 003310 191
CPXV Brighton Red AF482758 218
VACV Copenhagen M35027 262
VACV Tian Tan AF095689 243
VACV Ankara∗ U94848 157
∗Modified strain that has lost the ability to replicate; VARV: variola virus;
MPXV: monkeypox virus; CPXV: cowpox virus; VACV: vaccinia virus.

GenBank Accession: GB: L22579; VARV major, strain India-
1967, GB: NC 00161; Variola major minor, strain Garcia-1966,
GB: Y16780; Monkeypox virus, strain Zaire-96-I-16, GB:
NC 003310; Cowpox virus strain, strain Brighton Red, GB:
AF482758, Vaccinia virus, strain Copenhagen, GB: M35027;
Vaccinia virus, strain Tian Tan, GB: AF095689; Vaccinia
virus, strain Ankara, GB: U94848. The proteomes were
obtained from the various translation features of the relevant
GenBank genomic records using BIOPERL [23] (Table 1).

We also used experimentally defined poxvirus-specific
HLA I and HLA II-restricted T-cell epitopes that were
retrieved from the IEDB [24] and EPIMHC [25] databases.
We only considered unique T-cell epitope sequences with
a size of 9 amino acids that were reported to be identified
in humans infected with orthopoxviruses or who were
vaccinated. We provide a list of experimentally defined T-cell
epitopes as supplementary material in Additional File S1 in
Supplementary Material available online at http://dx.doi.org/
10.1155/2015/738020.

2.2. Protein Sequence Analyses and Annotations. We took
VARV major, strain Bangladesh-1975, as the reference for
subsequent sequence analyses. We identified proteins with
leader signals using SIGNALP [26] and transmembrane
regions using TMHMM[27].We identified protein orthologs
using BLAST [27]. Briefly, we first BLAST the reference
proteins against formatted databases of each of the remaining
orthopoxvirus proteomes. We performed BLAST searches
with default settings and considered only the description of
the first hit and the corresponding alignment. Subsequently,
we selected those protein searches that gave hits in each of the
proteomes with identities greater than 60% and identified the
corresponding orthologs.We used BIOPERL to parse BLAST
hits [23].

Information on the temporal expression of VACV genes
was kindly provided by Dr. Lefkowitz from the Poxvirus
Bioinformatics Resource Center [28]. The information con-
sisted on annotations identifying those genes that are
expressed early (E), intermediate (I), and late (L) during
the life cycle of VACV. This information is provided as
supplementary material in Additional File S2. In addition,
we identified, from the data provided by Dr. Lefkowitz, gene
products associatedwith the outermembranes of VACV IMV
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Figure 1: EPIPOX database structure. EPIPOX is a relational database consisting of three main tables: peptides, predictions, and proteins.
Table names are boxed with double lines. For each table, we show their fields and boxed with single lines the fields that work as table keys.
For fields taking discrete nominal values, we show them between square brackets.

and EEV infective forms, as well as those proteins that are
part of the VACV virion or CORE. This information is also
included as supplementary material in Additional File S2.
Protein annotations obtained for VACV were transferred to
protein orthologs.

2.3. Prediction of T-Cell Epitopes. We predicted MHC I and
MHC II peptide binding to anticipate potential CD8 and
CD4 T-cell epitopes, respectively. Specifically, we predicted
peptide-MHC binding from VARV Bangladesh proteins that
are shared between all selected orthopoxviruses using 32
HLA I- and 33HLA II-allele specific position-specific scoring
matrices (PSSMs) [29–31]. For a given protein, we considered
the top 2% and 4% of scoring peptides to constitute HLA I-
andHLA II-binding peptides, respectively.We only predicted
binding for peptides of nine residues; most HLA I-restricted
peptides are 9 residues in length and while HLA II-restricted
peptides vary in length (9–22 amino acids) they have a
core of 9 residues that anchor the peptide in the binding
groove of HLA II molecules [30, 32]. We also used N-
gram language models to identify whether peptides can be
generated from the source antigen by proteasomal cleavage
[33]. This information is only relevant to HLA I-binding
peptides, sincemost peptides presented byMHC I are derived
from antigens degraded by the proteasome [34].

2.4. Database Building and Web Server Implementation.
Predicted T-cell epitopes and obtained protein annotations
were incorporated into a POSTGRES relational database.
The database consists of 3 tables (peptides, predictions, and
proteins) that are linked through unique keys (Figure 1).
Briefly, table predictions contains peptide sequences and their
MHC restriction elements; table peptides includes the peptide
molecular weight, its protein accession number, and whether
the peptide is cleaved by the proteasome; and table pro-
teins contains gene product information including temporal
expression (E: early, I: intermediate, and L:late), location
in the virus (IMV, EEV, and CORE), and the existence of
leader and transmembrane regions. We also developed a
web front end or GUI to allow ready access to EPIPOX.
Behind the interface is a Python script that handles database
queries through underlying SQL. The EPIPOX resource is

implemented on an Apache Web server under the Mac OSX
operating system.

3. Results and Discussion

3.1. Epitope-Vaccine Design against Orthopoxviruses. T-cell
adaptive immunity is required for clearance of poxviruses
during infection and/or vaccination and can also contribute
to protective immunity from subsequent exposures [35, 36].
Moreover, peptides corresponding to VACV-specific CD8
T-cell epitopes can confer protection to mice subjected to
lethal VACV challenges [37]. Fueled by the need to develop
safer smallpox vaccines, such knowledge has led to the
recent identification of many VACV-specific T-cell epitopes
[37, 38]. These T-cell epitopes are deposited haphazardly in
various specialized databases, including IEDB [24], EPIMHC
[25], TEPIDAS [39], and AntiJen [40]. Of relevance for
epitope-vaccine design, CD8 T-cells target primarily early
and nonstructural gene products [41, 42]. CD4 T cells target
late and the most abundant genes products (IMV and EEV
membrane proteins and CORE proteins), as do antibodies
[42, 43]. While some of the identified VAVC-specific T-
cell epitopes are conserved in VARV a rational approach
to identifying all potential T-cell epitopes eliciting cross-
protective immunity is still required.

3.2. SharedOrthopoxvirus Proteins for Cross-Protective Immu-
nity. Nearly all orthopoxviruses can protect against chal-
lenge with another orthopoxvirus [14]. This exquisite cross-
protective immunity is likely a result of direct antigenic simi-
larity between poxviruses.Therefore, prior to defining poten-
tial T-cell epitopes we identified shared antigens between
pathogenic orthopoxviruses. Identification of shared anti-
gens is also relevant to reducing the experimental bur-
den associated with T-cell identification. Human pathogen
orthopoxviruses have large genomes encompassing over 180
open reading frames (ORF) with the exception of VACV
Ankara strain, which has only 157 genes and lacks the
ability to replicate [44] (Table 1). Using VARV major, strain
Bangladesh-1975, as a reference, we identified 124 ORFs that
are shared between 8 different complete genomes from sev-
eral orthopoxviruses, including VARVminor, CPXV, MPXV,
and several VACV strains (Additional File S3). Despite the
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Table 2: Orthopoxvirus proteins contributing to cross-protective immunity.

VACC: GI|ORF VARV: GI|ORF MPXV: GI|ORF CPXV: GI|ORF LOC1/EXP2/TM3/LD4

335424|L1R 438991|M1R 17974993|M1R 20153082|V099 IMV/late/yes/no
335455|D8L 439016|F8L 17975018|E8L 20153106|V119 IMV/late/yes/no
335500|A27L 439052|A31L 17975052|A29L 20153143|V156 IMV/late/no/no
335508|A33R 439057|A36R 17975058|A35R 20153149|V162 EEV/early/yes/no
335549|B5R 439084|B6R 17975080|B6R 20153177|V190 EEV/#/yes/yes
335438|H3L 439004|I3L 17975006|H3L 20153094|V107 IMV/late/yes/no
335477|A10L 439032|A11L 17975034|A11L 20153122|V135 CORE/#/no/no
335341|C7L 438926|D11L 17974926|D10L 20153015|V028 U/early/no/no
Table shows GenBank identification numbers (GI) and open reading frame names (ORF) for VACC (strain Copenhagen), VARV (strain Bangladesh-1975),
MPXV (strain Zaire-96-I-16), and CPXV (strain Brighton Red). 1LOC: location, 2EXP: temporal expression, 3TM: transmembrane, and 4LD: leader signal.
NS: nonstructural gene. #: information not available. U: unknown. List of proteins was obtained from [45]. Annotations 1, 2, 3, and 4 obtained as indicated
elsewhere in Section 2.

criterion for selection being 60% identity, all 124 selected
proteins have an average identity ≥ 85% as shown in Addi-
tional File S3. These proteins are prime candidates to induce
cross-protective immunity although they need to be targeted
by the immune system. Interestingly, within the selected
proteins there are 8 known immunogens that conferred>60%
protection to VACV in animal models (Table 2) [45]. Six
of these immunogens are IMV or EEV proteins carrying
transmembrane regions and/or are being late gene products.
Interestingly, among the selected 124 proteins we found 26
additional proteins with transmembrane regions that could
also be prime vaccine subunits candidates (Table 3). Some
of these proteins also have leader signal sequences (Table 3).
Viral proteins with leader sequences follow the cell secretory
pathway and are thus also important targets to consider for
vaccine design [46, 47].

3.3. T-Cell Epitome from Pathogenic Orthopoxvirus Proteins.
We targeted the shared orthopoxvirus proteins for T-cell
epitopes prediction using 32 and 33 HLA I- and HLA II-
specific profile matrices (details in Material and Methods).
The alleles targeted for peptide binding prediction are shown
in Additional File S4. We selected these alleles because there
are experimental peptide-binding data for them, which is
required to make accurate peptide-MHC binding predictors
[48]. Incidentally, these HLA alleles are frequently expressed
in the general population and targeting them for epitope pre-
diction permits the development of epitope-based vaccines
covering the entire population. These HLA allelic variants
can have overlapping peptide-binding repertoires and can
be clustered accordingly in supertypes [49, 50]. Selecting
promiscuous peptide-binders to multiple HLA molecules
facilitates the development of vaccines with a minimum
number of peptides [49–51].

We predicted a total of 18726 HLA I-restricted and 32722
HLA II-restricted orthopoxvirus specific T-cell epitopes, all
being identical between all orthopoxviruses considered in
this study. In Additional File S4 we provide numbers of T-
cell epitopes predicted by each HLA-specific profile used
in this study. We predicted more CD4 than CD8 T-cell
epitopes because we used a more permissive peptide-binding
threshold forMHC II molecules (4% of top scoring peptides)

than for MHC I molecules (2% of top scoring peptides)
since peptide-binding prediction to MHC II molecules is
considerably less accurate than to MHC I molecules [46].
Interestingly, we identified only 8106 uniqueHLA I-restricted
T-cell epitope sequences and a few more (8483) unique HLA
II-restricted T-cell epitope sequences. Therefore, there is a
considerable overlap between the peptide binding repertoires
of HLA molecules, which is larger for HLA II molecules
than for HLA I molecules. HLA I-restricted peptides bound
on average to 2.3 distinct HLA I molecules, while HLA II-
restricted peptides bound on average to 3.8 distinct HLA
II molecules. This is due to the fact that peptide-binding
to MHC II molecules is more degenerate than to MHC I
molecules [29, 30]. In Additional File S5, we provide all
distinct predicted peptides with the HLA molecules that
they were predicted to bind. Interestingly, there is also some
overlap between HLA I- and HLA II-restricted peptides. In
particular, we find that there are 2452 peptides that are pre-
dicted to be restricted by both HLA I and HLA II molecules.
Thus, in total the predicted T-cell epitome consisted of just
14137 unique sequences among all predicted T-cell epitopes.

We compared the predicted T-cell epitome with exper-
imentally defined poxvirus-specific HLA-restricted T-cell
epitopes deposited in the IEDB [24] and EPIMHC [25].
We retrieved 170 HLA I and 9 HLA II-restricted T-cell
epitopes meeting our criteria (see Additional File S1) but
we only considered for comparison 85 HLA I- and 8 HLA
II-restricted T-cell epitopes that we identified here to be
conserved in all orthopoxviruses considered in this study. Of
those, 72 HLA I- and 6HLA II-restricted T-cell epitopes were
found within our predicted T-cell epitome. Moreover, we
predicted the experimentally verified restriction element in
> 80%. The experimentally determined and shared epitopes
that were not predicted (a minority) either are restricted by
noncovered alleles or were simply not predicted. In Table 4,
we summarize the data showing the verified and predicted
HLA restriction elements. In sum, we readily predicted most
of the experimentally verified T-cell epitopes. Considering
that on average 10% of predicted T-cell epitopes can be
experimentally verified [52], we shall expect that there are
many more valid T-cell epitopes remaining to be validated
within the T-cell epitome predicted in this study.
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Table 3: Shared orthopoxvirus proteins with transmembrane and/or leader sequences.

VARV GI|ORF MPXV GI|ORF CPXV GI|ORF VACV GI|ORF IDEN1 (%) TM2 LEAD3 EXP4 LOCATION5

GI:439084|B6R GI:17975080|B6R GI:20153177|V190 GI:335549|B5R 93.1 Yes Yes L EEV membrane∗

GI:439016|F8L GI:17975018|E8L GI:20153106|V119 GI:335455|D8L 94.7 Yes No L IMV membrane∗

GI:438990|H9R GI:17974992|G10R GI:20153081|V094 GI:335423|G9R 98.1 Yes No L U
GI:438919|D4R GI:17974919|D3R GI:20153007|V020 GI:335333|C11R 88.8 Yes Yes U U
GI:439085|B7R GI:17975081|B7R GI:20153178|V191 GI:335550|B6R 93.1 Yes No U U
GI:439035|A14L GI:17975037|A14L GI:20153125|V138 GI:335483|A13L 88.6 Yes No L IMV membrane
GI:438946|C8L GI:17974949|C10L GI:20153036|V049 GI:335366|F4L 97.6 Yes No E U
GI:438977|K5L GI:17974979|I5L GI:20153068|V081 GI:335409|I5L 94.9 Yes No L IMV membrane
GI:438967|E8R GI:17974969|F7R GI:20153058|V071 GI:335395|E8R 97.4 Yes No L U
GI:439004|I3L GI:17975006|H3L GI:20153094|V107 GI:335438|H3L 95.8 Yes No L IMV membrane∗

GI:439014|F6R GI:17975016|E6R GI:20153104|V117 GI:335453|D6R 99.0 Yes No L U
GI:439003|I2R GI:17975005|H2R GI:20153093|V106 GI:335437|H2R 99.2 Yes No L U
GI:439056|A35L GI:17975057|A34L GI:20153148|V161 GI:335506|A32L 98.1 Yes No L U
GI:439000|L5L GI:17975002|L5L GI:20153090|V103 GI:335433|J5L 98.1 Yes No L U
GI:439058|A37R GI:17975059|A36R GI:20153150|V163 GI:335509|A34R 98.1 Yes No L EEV membrane
GI:438991|M1R GI:17974993|M1R GI:20153082|V095 GI:335424|L1R 99.2 Yes No L IMV membrane∗

GI:439057|A36R GI:17975058|A35R GI:20153149|V162 GI:335508|A33R 93.0 Yes No E EEV membrane∗

GI:438951|C13L GI:17974954|C15L GI:20153041|V054 GI:335373|F9L 97.5 Yes No L U
GI:439038|A17L GI:17975040|A17L GI:20153129|V142 GI:335486|A16L 97.0 Yes No L U
GI:438974|K2L GI:17974976|I2L GI:20153065|V078 GI:335405|I2L 99.3 Yes No L U
GI:439008|I7R GI:17975010|H7R GI:20153098|V111 GI:335442|H7R 95.2 Yes No L U
GI:438982|H3L GI:17974984|G2L GI:20153073|V086 GI:335414|G3L 95.8 Yes No L U
GI:439042|A22L GI:17975044|A21L GI:20153134|V147 GI:335490|A21L 96.9 Yes No U U
GI:439059|A38R GI:17975061|A38R GI:20153152|V165 GI:335512|A36R 92.3 Yes No E, L EEV membrane
GI:439031|A10L GI:17975033|A10L GI:20153121|V134 GI:335476|A9L 89.0 Yes Yes E, L U
GI:439033|A12R GI:17975035|A12R GI:20153123|V136 GI:335481|A11R 98.5 Yes No L U
GI:439036|A15L GI:17975038|A15L GI:20153126|V139 GI:335484|A14L 97.8 Yes No L IMV membrane
GI:439067|A46R GI:17975066|A43R GI:20153159|V172 GI:335522|A43R 92.3 Yes Yes U U
GI:439039|A18L GI:17975041|A18L GI:20153130|V143 GI:335487|A17L 98.0 Yes No L IMV membrane
GI:439077|J7R GI:17975076|B2R GI:20153172|V185 GI:335539|A56R 82.1 Yes Yes E, L EEV membrane
GI:439062|A41L GI:17975063|A40L GI:20153155|V168 GI:335516|A38L 94.7 Yes Yes U U
Table shows GenBank identification numbers (GI) and open reading frame names (ORF) for VARV: strain Bangladesh-1975, MPXV: strain Zaire-96-I-16,
CPXV: strain Brighton Red, and VACV: strain Copenhagen. 1IDEN: average identity between the selected proteins. 2TM: transmembrane. 3LEAD: leader
signal. 4EXP: temporal expression (E: early, I: intermediate, and L: late). 5LOCATION: location. ∗Proteins known to induce protective immunity (see Table 2).
Annotations were obtained as indicated elsewhere in Section 2. U: information not found.

3.4. EPIPOX Database and Web Server. We developed a
relational database based upon the predicted T-cell epit-
ome and a web-based resource to facilitate online access
and to query the database. We named this resource
EPIPOX and made it available for free public use (URL:
http://imed.med.ucm.es/epipox/). EPIPOX is a de facto anal-
ysis pipeline of viral T-cell epitomes. The content of the
EPIPOX database is organized in three tables (peptides,
predictions, and proteins) (Figure 1).The table predictions con-
tains all predicted T-cell epitopes, consisting of 18726 HLA I-
and 32722 HLA II-restricted peptides, each identified by its
sequence and restriction element. Peptide sequences in this
table are not unique as each peptide can bind to numerous
HLA I molecules. Peptide sequences are, however, unique
in the table peptides. This table contains 14137 sequences
comprising the whole predicted epitome regardless of the
restriction elements. Antigen annotations in EPIPOX are

found within the table proteins (Figure 1). We only included
annotations that are relevant to epitope vaccine design,
such as temporal expression of gene products and location
in relevant structures of the virus such as the EEV and
IVM membranes and CORE. Early expressed proteins and
highly expressed proteins are generally thought to be more
immunogenic, particularly with regard to CD8 T cells [53,
54]. On the other hand, highly abundant late proteins that
are located in membrane structures of the poxvirus appear to
be the main focus of the antibody and CD4 T-cell response
[42, 43]. In the table proteins, we also provide annotations on
whether the proteins have transmembrane region or leader
signal sequence, as proteins with these features often interact
with host cells and are important targets for subunit vaccine
design [46, 47].

The EPIPOX web interface (Figure 2) allows querying of
the database combining any annotation field in the database,
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Figure 2: EPIPOX input page. The input page of EPIPOX is divided in two main sections for intuitive use. In the first part (SEARCH), users
select HLA molecules and proteins to retrieve T-cell epitopes (multiple selection is allowed) while in the second part the user can limit the
search output according to various criteria. These criteria include temporal expression of gene products (E: early; I: intermediate; L: late),
location of proteins in relevant structures of the virus (CORE, IMV, and EEV), and the presence of leader and transmembrane regions. In
addition, users can select only those peptides with a relative score above some selectable value. HLA-specific profiles used to score T-cell
epitopes can reach a maximum score, which is used to set the relative score in percentage of each peptide. For HLA I-restricted epitopes,
users can also restrict the search to those epitopes potentially generated by the proteasome.

as described above. For intuitive use, the interface is divided
in two main sections. In the first section (SEARCH), users
select proteins and restriction elements for epitope retrieval.
In this section, EPIPOX also provides the option to query
the database for promiscuous T-cell epitopes binding to three
HLA I supertypes (A2, A3, and B7). The alleles belonging
to these supertypes are present in 88% of the population
regardless of their ethnic groups. Selecting promiscuous pep-
tides restricted by these 3 supertypes facilitates maximizing
the population coverage of vaccines with minimum numbers
of peptides [49, 50, 55]. In the second section (LIMIT),
users can select annotation criteria to restrict the results.

As an example, in Figure 3, we show the page resulting
from a sample query consisting of promiscuous peptides
from CORE binding to the A2 supertype. From the EPIPOX
output, users can also access additional information available
from the Virus Pathogen Resource database (Figure 3) [56].

EPIPOX is related somewhat to certain existing
databases. On the one hand, it shares features with generic
epitope databases such as EPIMHC [25], AntiJen [40], and
IEDB [24] and on the other hand it shares features with
poxvirus genome annotation-orientated databases such as
the Poxviridae database [28] (no longer operating) and the
Virus Pathogen Resource (http://www.viprbrc.org/) [56].
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Figure 3: EPIPOX result page. The figure shows a slice of the output resulting from promiscuous CORE protein peptides binding to the A2
supertype. The output consists of a tabulated list, with information on each of the fields of the search query (columns). From field SOURCE
NAME (1), users can access proteins from the Virus PathogenDatabase (http://www.viprbrc.org/) (1) and by clicking on the epitope sequence,
field SEQ (2), users will get the amino acid sequence of the protein showing the peptide in bold (2).

This later resource contains information on virus sequences,
functional annotations and epitopes derived from IEDB
[24]. However, the Virus Pathogen Resource does not allow
selection of epitopes or antigens by criteria that are relevant
to epitope vaccine design. In fact, EPIPOX is the only
dedicated immunologic resource that has been designed to
facilitate the rational selection of epitopes and antigens for
subunit vaccine design.

4. Conclusions and Future Development

The availability of the VARV genomes enables the use of
predictive tools that reveal entire T-cell epitomes and facil-
itate the development of epitope-based vaccines. However, in
large and complex viruses, such as VARV, the potential T-cell
epitome can be so sizeable that it will challenge experimental
validation. Therefore, in this work we applied a rational
strategy to limit the list of potential T-cell epitopes. First, we
reduced the number of antigens by half by simply selecting
those that are conserved among pathogenic orthopoxviruses
related to VARV. Second, we enriched the antigens with
annotations such as temporal expression and location. Lastly,
we created a resource and de facto analysis pipeline (EPIPOX)
with which to interrogate the resulting T-cell epitome and
enable users to select immunologically relevant subsets of T-
cell epitopes suitable for experimental validation.

We expect that this work and EPIPOXwill be instrumen-
tal in developing safer smallpox vaccines and thereby in pre-
venting zoonosis caused by other orthopoxviruses, including
MPXV, which is also a potential terrorist bioweapon. In the
future, we plan to enhance EPIPOX with validated and/or
experimentally determined epitopes, upgrade protein anno-
tations with functional information, and include additional
features such as TAP transport [57], ERAAP cleavage [58],
and T-cell epitope immunodominance. In sum, we would
expect EPIPOX to establish itself as a facilitating resource of
true utility in inter alia immunoinformatic characterization
of viral genomics and computational reverse vaccinology.
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Background. Although rare, adverse events may associate with anti-poliovirus vaccination thus possibly hampering global polio
eradication worldwide. Objective. To design peptide-based anti-polio vaccines exempt from potential cross-reactivity risks and
possibly able to reduce rare potential adverse events such as the postvaccine paralytic poliomyelitis due to the tendency of the
poliovirus genome to mutate. Methods. Proteins from poliovirus type 1, strain Mahoney, were analyzed for amino acid sequence
identity to the human proteome at the pentapeptide level, searching for sequences that (1) have zero percent of identity to human
proteins, (2) are potentially endowedwith an immunologic potential, and (3) are highly conserved among poliovirus strains.Results.
Sequence analyses produced a set of consensus epitopic peptides potentially able to generate specific anti-polio immune responses
exempt from cross-reactivity with the human host. Conclusion. Peptide sequences unique to poliovirus proteins and conserved
among polio strains might help formulate a specific and universal anti-polio vaccine able to react with multiple viral strains and
exempt from the burden of possible cross-reactionswith human proteins. As an additional advantage, using a peptide-based vaccine
instead of current anti-polio DNA vaccines would eliminate the rare post-polio poliomyelitis cases and other disabling symptoms
that may appear following vaccination.

1. Introduction

Vaccine-associated paralytic poliomyelitis (VAPP) [1] is
the consequence of the replication of vaccine-derived
polioviruses (VDPVs) that originate by genetic mutations
from the strain contained in the oral polio vaccine (OPV).
In fact, the poliovirus (PV) genetic mutability [2] appears to
be the molecular basis of VAPP, which throws a shadow over
the great success represented by vaccination in fighting PV
infection [3, 4].

Currently, two newmonovalent OPVs [5] and the change
of the schedule from OPV to the exclusive use of inactivated
polio vaccine (IPV) [6] represent options to interrupt PV
transmission. However, it has been observed that reduction
of exposure to a live attenuated virus such as that contained
in OPV will inevitably lead to a decrease in herd immunity
to a live microorganism and to natural boosters [7]. Such

considerations, along with recent PV infection outbreaks,
further complicate the issue of polio eradication [8].

In this scenario, new vaccine formulations and renewed
research efforts might help to specifically fight PV infection.
Recently, we analyzed the peptide overlap betweenPV1, strain
Mahoney, and the human proteome and described a high
extent of peptide sharing involving human proteins linked
to fundamental cellular functions [9]. These data appeared
to be of interest also because PV has been studied mainly
at the nucleotide level [10], and, in general, there is a lack
of knowledge of the interaction(s) between PV and the
human host at the peptide/protein level. Actually, phenetic
analyses of PV might help define peptide-based therapeutic
approaches against PV infection, given that, for example,

(i) one single amino acid (aa) change, that is, His to Tyr
at aa position 142 of virion protein 2 (VP2) or Val to
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Ile at aa position 160 of virion protein 1 (VP1), on the
capsid surface of PV1 Sabin allows the establishment
of persistent infections in HEp-2c cell cultures [11];

(ii) replacement of the Ala residue with Asp at aa position
3 is linked to 50% loss of virion protein 4 (VP4)
precursor myristoylation and severe reduction in
specific infectivity [12];

(iii) the 25th aa, Ile, of PV2Cprotein interactswith human
reticulon 3, a protein involved in viral replication
and/or pathogenesis [13].

Moreover, since the 1980s we have known that small aa
groupings can play a critical role in neutralizing PV. For
example, the discontinuous E4T7T/S8R9 tetrapeptide, which
is present in PV VP1, is crucial for neutralizing PV3 by anti-
PV3 25-1-14 monoclonal antibody (mAb) [14]. Additional
examples of short immune determinants in the immune
response against PV are the following ones:

(i) A linear heptapeptide (DNNQTSP) is an Ab-binding
site mapped to aa residues 164–170 of VP2 [15].

(ii) Short synthetic peptides (e.g., DNTVRET, RSRSES,
RSRSESSIESF, and STTNKDK) from PV VP1 prime
the immune system of rabbits for a long-lasting,
virus-neutralizing IgG Ab response following a single
inoculation of intact virus [16].

(iii) The Immune Epitope Database (IEDB; http://www
.immuneepitope.org) [17] includes the continuous
linear pentapeptide STTNK (IEDB ID: 61944)
[18, 19] and the discontinuous pentapeptide
T141E143S312E315P417 (IEDB ID: 91064) [20] as
PV-derived epitopes.

Following the mathematical quantification of pentapep-
tide sharing between PV1 and human proteins, we reported
that 2,040 out of the 2,204 pentamers composing the PV1
proteome are shared with the human proteome for a total
of 18,223 matches, including multiple occurrences [9]. In
general, a vast peptide sharing with human proteins is a
characteristic of viral proteomes [21]. This peptide common-
ality suggests the existence of common evolutionary links
between entities widely different as viruses andHomo sapiens
and, in addition, indicates that potential cross-reactivity may
affect antivirus vaccine formulations [22] and serological
analyses [23].Hence, it is reasonable to postulate that vaccines
based on peptides unique to a virus and absent in the host
proteome would guarantee high specificity and, at the same
time, eliminate potential cross-reactivity.

Pursuing the objectives of overcoming the difficulties
posed by the PV tendency to mutate and eliminating the
viral reactivation-related VAPP in order to contribute to the
global eradication of poliomyelitis, here we examine PV1
Mahoney polyprotein primary sequence and describe a set
of pentapeptides uniquely owned by PV1, endowed with
immunologic potential, and conserved among 43 PV strains.
We propose that this set of pentapeptides might be used in
preclinical and in vivo protocols with the ultimate aim of
formulating effective, safe, and universal anti-PV vaccines.

2. Methods

The primary aa sequence of human PV1 polyproteins, strain
Mahoney (NCBI taxonomic identifier: 12081; Swiss-Prot/
UniProtKB entry: P03300), consisting of 11 viral proteins,
2,209 aa long [25] (further details at http://www.uniprot.org/
uniprot/P03300), was analyzed for aa sequence similarity to
the human proteome at the pentapeptide level. In brief, the
viral polyprotein was dissected into 5-mers sequentially over-
lapped by four residues: MGAQV, GAQVS, AQVSS, QVSSQ,
VSSQK, and so forth; then, each viral pentapeptide was used
as a probe to scan the human proteome for instances of the
same pentapeptide, as already described [9]. The similarity
analysis used the Protein InformationResource (PIR) peptide
match program (http://pir.georgetown.edu/) [26].

PV-derived epitopes were retrieved from the Immune
Epitope Database (IEDB; http://www.immuneepitope.org)
[17]. Only PV epitopes that had been experimentally vali-
dated in the human host were considered in this study.

Consensus peptide sequences were defined by ClustalW
multialignment analysis (http://www.uniprot.org/program/
?query=clustalw&sort=score) [24] of sequences from 43 PV
strains retrieved from UniProt database (http://www.uniprot
.org/) on the basis of the following characteristics: (1)
described in scientific literature; (2) corresponding to the
entire PV polyprotein; (3) derived from PV1 and PV3; (4)
derived from PV variants isolated fromVAPP or acute flaccid
paralysis (AFP) patients or from immunocompromised
patients with residual paralysis. Description and references of
the 43 PV sequences used for multialignment analysis are
reported in detail at http://www.uniprot.org/; the relative
Swiss-Prot/UniProtKB entries are P03300, P03301, P03302,
P06209, Q9Q281, Q9Q280, Q71AZ9, Q5TLH5, D1YSI9,
D1YSJ1, D1YSJ2, D1YSJ3, D1YSJ4, D1YSJ5, D1YSJ6, D1YSJ7,
D1YSJ9, D1YSK1, D1YSK2, D1YSK3, D1YSK4, D1YSK5,
D1YSK6, D1YSK7, D1YSK8, D1YSK9, D1YSL0, D1YSL1,
D1YSL2, D1YSL3, D1YSL4, D1YSL5, D2X673, D8L541,
B4YUL3, B4YUL4, Q84792, C5HJY2, C5HJY3, D1GE40,
D2E679, D1GE41, and D2XUS9.

3. Results and Discussion

3.1. Identification of Pentapeptides Unique to PV Type 1, Strain
Mahoney. Using the procedure described under Section 2,
we searched the human PV1, strain Mahoney, primary
sequence for pentapeptides not shared with human proteins.
We used pentapeptides as probes since a pentapeptide is a
minimal functional unit in immunology [27], thus repre-
senting an appropriate length unit in measuring the quali-
tative/quantitative parameters of immunological phenomena
[28].

Table 1 reports the pentapeptide platform that
characterizes PV1 Mahoney polyprotein when compared
to the Homo sapiens proteome. We find that 164
pentapeptides are unique to the viral polyprotein and
absent in human proteins. In a few instances, viral
5-mers consecutively overlap (Table 1, pentapeptides
in bold), thus forming 6-, 7-, and 8-mer stretches
(e.g., PV

163−169
QNMYYHY, PV

446−453
NYYTHWAG,
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Table 1: Pentapeptides unique to PV type 1, strain Mahoney, and absent in the human proteome.

Posa Sequenceb,c Posa Sequenceb,c Posa Sequenceb,c Posa Sequenceb,c Posa Sequenceb,c Posa Sequenceb,c

11 GAHEN 393 MIPLN 746 PAKWD 969 YYPAR 1399 CHQPA 1750 EIQWM
29 TINYY 403 KNTMD 748 KWDDY 974 YQSHI 1403 ANFKR 1751 IQWMR
72 NIEAC 404 NTMDM 749 WDDYT 996 CHHGV 1413 CGKAI 1752 QWMRP
73 IEACG 408 MYRVQ 752 YTWQT 1014 FADIR 1418 QLMDK 1762 YPIIN
104 YGRWP 414 NDNPH 763 FYTYG 1021 YAYEE 1437 IVNER 1810 YVGNK
106 RWPEY 436 LSHTM 783 AYSHF 1084 ITRNY 1458 PIQYK 1840 TEQMC
107 WPEYL 446 NYYTH 784 YSHFY 1105 VSPWQ 1475 ECIND 1849 MYGTD
130 CRFYT 447 YYTHW 785 SHFYD 1136 TEACN 1489 VRNYC 1933 VAMRM
145 RGWWW 448 YTHWA 835 KIRVY 1139 CNAAK 1490 RNYCE 1935 MRMAF
146 GWWWK 449 THWAG 841 KPKHI 1188 STIHQ 1496 KGWIV 1946 FHKNP
148 WWKLP 464 SMMAT 847 VWCPR 1190 IHQSC 1497 GWIVN 1947 HKNPG
149 WKLPD 465 MMATG 857 AYYGP 1204 FNNVR 1498 WIVNI 1966 WSKIP
163 QNMYY 494 HVIWD 863 VDYKD 1205 NNVRW 1513 NRAMT 1979 AFDYT
164 NMYYH 495 VIWDI 880 TYGFG 1209 WLSIQ 1532 VYVMY 1983 TGYDA
165 MYYHY 497 WDIGL 881 YGFGH 1231 LEHTI 1534 VMYKL 1993 WFEAL
179 VQCNA 507 MVVPW 883 FGHQN 1291 FDGYK 1536 YKLFA 2028 YCVKG
199 MCLAG 510 PWISN 884 GHQNK 1311 GADMK 1588 GEFTM 2070 KMIAY
242 RFCPV 518 RQTTN 894 GYKIC 1314 MKLFC 1592 MLGIH 2073 AYGDD
244 CPVDY 534 FYQTR 895 YKICN 1326 FIPPM 1594 GIHDN 2115 TWENV
271 TNNCA 556 SACND 897 ICNYH 1340 FTSNY 1595 IHDNV 2131 KYPFL
292 KHNNW 557 ACNDF 912 VSTMW 1341 TSNYV 1596 HDNVA 2148 SIRWT
293 HNNWG 558 CNDFS 914 TMWDR 1368 RFAFD 1660 TETND 2158 TQDHV
295 NWGIA 568 DTTHI 934 ARCNC 1369 FAFDM 1677 MFVPV 2168 LAWHN
323 PMCC 569 TTHIG 942 VYYCE 1371 FDMDI 1699 RTLMY 2201 LYRRW
324 PMCCE 588 MIDNT 948 RRKYY 1388 DMTMA 1700 TLMYN
326 CCEFN 665 CVSII 959 PTFQY 1389 MTMAT 1701 LMYNF
327 CEFNG 708 RFDME 961 FQYME 1394 EMCKN 1702 MYNFP
391 DTMIP 735 QIMYV 962 QYMEA 1398 NCHQP 1742 SYFTQ
aaa position along the human PV type 1, strain Mahoney, primary sequence.
baa sequences given in one-letter code.
cConsecutively overlapping pentapeptides forming 7- and 8-mer stretches unique to PV are given in bold.

PV
783−789

AYSHFYD, PV
1496−1498

KGWIVNI,
PV
1594−1600

GIHDNVA, PV
1699−1706

RTLMYNFP, and
PV
1750−1756

EIQWMRP).

3.2. Analysis of the Immunologic Potential of Peptides Unique
to PV. Next, the pentapeptides described in Table 1 were
analyzed for their immunologic potential as follows. PV-
derived epitopes were retrieved from IEDB, and the epitopes
that had been experimentally validated in the human host
were analyzed for the presence of pentapeptides unique to
PV1 (see Table 1).

As reported in Table 2, the search through IEDB pro-
duced a final list of 78 viral epitopes derived from PV1
Mahoney, PV3 Sabin, and PV3 (P3/LEON/37 and P3/LEON
12A (1)B). Epitopes derived fromPV2 strainswere not consid-
ered since only data from immunoassays inmice, rats, and/or
rabbits were available in IEDB for PV2 strains at the time of

this study. Following sequence analysis, it was found that 20
of the 78 epitopes (i.e., IEDB IDs: 31814, 48785, 58511, 59797,
71769, 79272, 79480, 99910, 100138, 100244, 100349, 100382,
100536, 100576, 100631, 100667, 100672, 146181, 146248, and
146390; see IEDB IDs in bold in Table 2) have a total of 12
viral pentapeptides that are absent in the human proteome
(pentapeptides in capital letters in Table 2). That is, a first
conclusion fromTable 2 is that 12 out of the 164 pentapeptides
unique to PV1, strain Mahoney, are part of 20 PV epitopic
sequences endowed with an immunologic potential in the
human host.

Moreover, it can be seen that the 12 unique PV1 pentapep-
tides are not distributed at random among the PV-derived
epitopes. For example, three unique pentapeptides (KWDDY,
WDDYT, and YTWQT) overlap each other in the epitope
IEDB ID 48785, sequence ppgapvpeKWDDYTWQTssnp
(with unique overlapping pentapeptides in capital); the hep-
tapeptide AYSHFYD, formed by three overlapping unique
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Table 2: Twelve pentapeptides unique to PV1, Mahoney strain, and absent in the human proteome are distributed among twenty PV-derived
epitopes recognized by human sera and/or T cells.

IEDB IDa Epitope sequenceb,c PV antigen PV strain Immune context
30661 kevpaltavetgat VP1 PV3 Sabin B
31814 klefftysRFDMEltfvvtan VP1 PV1 Mahoney T
46859 paltavetgatnpl VP1 PV1 Mahoney B-T
48785 ppgapvpeKWDDYTWQTssnp VP1 PV1 Mahoney T
55952 rsrsessiesf VP1 PV1 Mahoney B
58511 siFYTYGtaparisvpyvgi VP1 PV1 Mahoney T
59797 snAYSHFYDgfskvplkdqs VP1 PV1 Mahoney T
66978 tvdnsasttnkdklfavwk Polyprotein PV1 Mahoney T
71769 vvndhnptkvtsKIRVYlkp Polyprotein PV1 Mahoney T
79155 altlslpkqqdslpdtka Polyprotein PV3 (P3/LEON/37 and P3/LEON 12A (1)B) T
79160 atnplapsdtvqtrhvvq Polyprotein PV3 (P3/LEON/37 and P3/LEON 12A (1)B) T
79186 dneqpttraqklfam Polyprotein PV3 (P3/LEON/37 and P3/LEON 12A (1)B) T
79269 kevpaltavetgatnpla Polyprotein PV3 (P3/LEON/37 and P3/LEON 12A (1)B) T
79272 khvrVWCPRppravpyyg Polyprotein PV3 (P3/LEON/37 and P3/LEON 12A (1)B) T
79318 nghalnqvyqimyippga Polyprotein PV3 (P3/LEON/37 and P3/LEON 12A (1)B) T
79350 qklfamwritykdtv Polyprotein PV3 (P3/LEON/37 and P3/LEON 12A (1)B) T
79354 qpttraqklfamwri Polyprotein PV3 (P3/LEON/37 and P3/LEON 12A (1)B) T
79433 traqklfamwrityk Polyprotein PV3 (P3/LEON/37 and P3/LEON 12A (1)B) T
79434 traqklfamwritykdtv Polyprotein PV3 (P3/LEON/37 and P3/LEON 12A (1)B) T
79435 trhvvqrrsrsestiesf Polyprotein PV3 (P3/LEON/37 and P3/LEON 12A (1)B) T
79436 tskvriymkpkhvrvw Polyprotein PV3 (P3/LEON/37 and P3/LEON 12A (1)B) T
79443 vaiievdneqpttraqkl Polyprotein PV3 (P3/LEON/37 and P3/LEON 12A (1)B) T
79461 vrvvndhnptkvtskvri Polyprotein PV3 (P3/LEON/37 and P3/LEON 12A (1)B) T
79480 yippgaptpksWDDYTwq Polyprotein PV3 (P3/LEON/37 and P3/LEON 12A (1)B) T
80446 argacvtimtvdnpa VP1 PV1 Mahoney B
81394 easgpthskeipalt VP1 PV1 Mahoney B
82831 gpthskeipaltave VP1 PV1 Mahoney B
83234 hskeipaltavetga VP1 PV1 Mahoney B
88446 sdtvqtrhvvqhrsr VP1 PV1 Mahoney B
88495 sessiesffargacv VP1 PV1 Mahoney B
99863 aaparisvpyvgla Polyprotein PV3 Sabin B
99886 ahskevpaltavet Polyprotein PV3 Sabin B
99901 arisvpyvglanay Polyprotein PV3 Sabin B
99910 AYSHFYDgfakvpl Polyprotein PV3 Sabin B
99933 dfgvlavrvvndhn Polyprotein PV3 Sabin B
99963 dtvqlrrkleffty Polyprotein PV3 Sabin B
100029 famwritykdtvql Polyprotein PV3 Sabin B
100101 hfydgfakvplktd Polyprotein PV3 Sabin B
100117 hnptkvtskvriym Polyprotein PV3 Sabin B
100138 iFYTYGaaparisv Polyprotein PV3 Sabin B
100244 lanAYSHFYDgfak Polyprotein PV3 Sabin B
100349 npsiFYTYGaapar Polyprotein PV3 Sabin B
100382 pkhvrVWCPRppra Polyprotein PV3 Sabin B
100391 psdtvqtrhvvqrr Polyprotein PV3 Sabin B
100425 qklfamwritykdt Polyprotein PV3 Sabin B
100430 qlrrklefftysrf Polyprotein PV3 Sabin B
100439 qpttraqklfamwr Polyprotein PV3 Sabin B
100482 rppravpyygpgvd Polyprotein PV3 Sabin B
100492 samtvddfgvlavr Polyprotein PV3 Sabin B
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Table 2: Continued.

IEDB IDa Epitope sequenceb,c PV antigen PV strain Immune context
100504 sevaqgaltlslpk Polyprotein PV3 Sabin B
100536 svpyvglanAYSHF Polyprotein PV3 Sabin B
100559 tkvtskvriymkpk Polyprotein PV3 Sabin B
100573 traqklfamwrity Polyprotein PV3 Sabin B
100575 tskvriymkpkhvr Polyprotein PV3 Sabin B
100576 tssnpsiFYTYGaa Polyprotein PV3 Sabin B
100580 tvddfgvlavrvvn Polyprotein PV3 Sabin B
100583 tvqtrhvvqrrsrs Polyprotein PV3 Sabin B
100585 twqtssnpsifyty Polyprotein PV3 Sabin B
100586 tygaaparisvpyv Polyprotein PV3 Sabin B
100587 tykdtvqlrrklef Polyprotein PV3 Sabin B
100613 vlavrvvndhnptk Polyprotein PV3 Sabin B
100619 vndhnptkvtskvr Polyprotein PV3 Sabin B
100628 vriymkpkhvrvwc Polyprotein PV3 Sabin B
100630 vrvvndhnptkvts Polyprotein PV3 Sabin B
100631 vrVWCPRppravpy Polyprotein PV3 Sabin B
100638 wcprppravpyygp Polyprotein PV3 Sabin B
100644 writykdtvqlrrk Polyprotein PV3 Sabin B
100667 ymkpkhvrVWCPRp Polyprotein PV3 Sabin B
100672 yvglanAYSHFYDg Polyprotein PV3 Sabin B
146178 ayappgaqpptsrk Polyprotein PV3 Sabin B
146181 cgSMMATGkilvay Polyprotein PV3 Sabin B
146248 flfcgSMMATGkil Polyprotein PV3 Sabin B
146311 hqgalgvfaipeyc Polyprotein PV3 Sabin B
146333 ilvayappgaqppt Polyprotein PV3 Sabin B
146390 kftflfcgSMMATG Polyprotein PV3 Sabin B
146494 phqiinlrtnnsat Polyprotein PV3 Sabin B
146496 ppgaqpptsrkeam Polyprotein PV3 Sabin B
146516 ravpyygpgvdyrn Polyprotein PV3 Sabin B
aPV-derived epitopes are listed according to increasing IEDB ID number. Further details and reference(s) on each IEDB ID are reported at
http://www.immuneepitope.org [17].
bOnly PV-derived epitopes that had been experimentally validated in the human host are reported.
cThe twenty PV-derived epitopes (and related IDs) containing PV-pentapeptide(s) absent in the human proteome are in bold, with the pentapeptide(s) absent
in the human proteome given in capital.

pentapeptides shifted by one residue, characterizes four
PV-derived epitopes (IEDB IDs: 59797, 99910, 100244, and
100672); the hexapeptide SMMATG formed by two over-
lapped 5-mers is present in three epitopes (IEDB IDs: 146181,
146248, and 146390).

Theoretically, vaccines based on such PV epitopic pep-
tides (i.e., KWDDYTWQT, AYSHFYD, and SMMATG)
might evoke highly specific anti-PV immune responses
exempt of possible collateral cross-reactions in the human
host.

3.3. Identification of Consensus Pentapeptides Unique to PVs
and Endowed with Immunologic Potential. We reasoned that
using epitopic peptides unique to the virus and conserved
among PV strains might help develop a global anti-PV
peptide-based vaccination protocol. Such an approach would

be of special importance in providing an effective and wide
coverage to the human population worldwide, thus allowing
reaching the goal of PV eradication [29, 30]. To this aim, we
searched for unique conserved sequences by analysing a set
of 43 PV polyproteins selected as described under Section 2
and comprehending also PV variants isolated from faeces of
VAPP or AFP or from immunocompromised patient(s) with
residual paralysis. The 43 PV polyprotein sequences were
aligned using multialignment ClustalW program [24] and
the peptide sequences present in PV-derived epitopes (see
Table 2) and absent in the human proteome were localized.

Table 3 shows that seven potentially immunogenic pep-
tides (in the order PV

465–469MMATG, PV
708–712RFDME,

PV
752–756DYTWQT, PV

763–767FYTYG, PV783–789AYSHFYD,
PV
835–839KIRVY, and PV

847–851VWCPR), derived from epi-
topes corresponding to (or formed of) pentapeptides unique



6 Journal of Immunology Research

Table 3: Conservativeness of epitopic PV peptide regions among 43 PV strains and variants.

PV strain UniProt/Swiss-Prot
entry aa Pos 464 aa Pos 708 aa Pos 748 aa Pos

763
aa Pos
783

aa Pos
835

aa Pos
847

PV1 Mahoney P03300 FMMATG RFDME KWDDYTWQT FYTYG AYSHFYD KIRVY VWCPR
PV1 Sabin P03301 SMMATG RFDME KWDDYTWQT FYTYG AYSHFYD KIRVY VWCPR
PV3 P3/Leon/37 P03302 SMMATG RFDME sWDDYTWQT FYTYG AYSHFYD KvRiY VWCPR
PV3 23127 P06209 SMMATG RFDME sWDDYTWQT FYTYG AYSHFYD KvRvY VWCPR
PV1 isolated Q9Q281 SMMATG RFDME KWDDYTWQT FYTYG AYSHFYD KvRVY VWCPR
PV1 isolated Q9Q280 SMMATG RFDME KWDDYTWQT FYTYG AYSHFYD KIRVY VWCPR
PV1 isolated Q71AZ9 SMMATG RFDME KWDDYTWQT FYTYG AYSHFYD KIRVY VWCPR
PV1 isolated Q5TLH5 SMMATG RFDME KWDDYTWQT FYTYG AYSHFYD KIRVY VWCPR
PV1-HAI01008C2 D1YSI9 SMMATG RFDME KWDDYTWQT FYTYG AYSHFYD KIRVY VWCPR
PV1-HAI01009 D1YSJ1 SMMATG RFDME KWDDYTWQT FYTYG AYSHFYD KIRVY VWCPR
PV1-HAI01008 D1YSJ2 SMMATG RFDME KWDDYTWQT FYTYG AYSHFYD KIRVY VWCPR
PV1-HAI01002 D1YSJ3 SMMATG RFDME KWDDYTWQT FYTYG AYSHFYD KIRVY VWCPR
PV1-HAI01001 D1YSJ4 SMMATG RFDME KWDDYTWQT FYTYG AYSHFYD KIRVY VWCPR
PV1-DOR01012 D1YSJ5 SMMATG RFDME KWDDYTWQT FYTYG AYSHFYD KIRVY VWCPR
PV1-DOR01002C D1YSJ6 SMMATG RFDME KWDDYTWQT FYTYG AYSHFYD KIRVY VWCPR
PV1-DOR01002 D1YSJ7 SMMATG RFDME KWDDYTWQT FYTYG AYSHFYD KIRVY VWCPR
PV1-DOR01001C1 D1YSJ9 SMMATG RFDME KWDDYTWQT FYTYG AYSHFYD KIRVY VWCPR
PV1-DOR00042C2 D1YSK1 SMMATG RFDME KWDDYTWQT FYTYG AYSHFYD KIRVY VWCPR
PV1-DOR00042C1 D1YSK2 SMMATG RFDME KWDDYTWQT FYTYG AYSHFYD KIRVY VWCPR
PV1-DOR00042 D1YSK3 SMMATG RFDME KWDDYTWQT FYTYG AYSHFYD KIRVY VWCPR
PV1-DOR00041C3 D1YSK4 SMMATG RFDME KWDDYTWQT FYTYG AYSHFYD KIRVY VWCPR
PV1-DOR00041C2 D1YSK5 SMMATG RFDME KWDDYTWQT FYTYG AYSHFYD KIRVY VWCPR
PV1-DOR00044 D1YSK6 SMMATG RFDME KWDDYTWQT FYTYG AYSHFYD KIRVY VWCPR
PV1-DOR00028C D1YSK7 SMMATG RFDME KWDDYTWQT FYTYG AYSHFYD KIRVY VWCPR
PV1-DOR00028 D1YSK8 SMMATG RFDME KWDDYTWQT FYTYG AYSHFYD KIRVY VWCPR
PV1-DOR00023C D1YSK9 SMMATG RFDME KWDDYTWQT FYTYG AYSHFYD KIRVY VWCPR
PV1-DOR00025 D1YSL0 SMMATG RFDME KWDDYTWQT FYTYG AYSHFYD KIRVY VWCPR
PV1-DOOR24 D1YSL1 SMMATG RFDME KWDDYTWQT FYTYG AYSHFYD KIRVY VWCPR
PV1-DOR00015 D1YSL2 SMMATG RFDME KWDDYTWQT FYTYG AYSHFYD KIRVY VWCPR
PV1-DOR00016 D1YSL3 SMMATG RFDME KWDDYTWQT FYTYG AYSHFYD KIRVY VWCPR
PV1-HAI01013all D1YSL4 SMMATG RFDME KWDDYTWQT FYTYG AYSHFYD KIRVY VWCPR
PV1-HAI01015 D1YSL5 SMMATG RFDME KWDDYTWQT FYTYG AYSHFYD KIRVY VWCPR
PV1-S302 D2X673 SMMATG RFDME KWDDYTWQT FYTYG AYSHFYD KIRVY VWCPR
CHN8184/GZ/CHN/2004 D8L541 SMMATG RFDME KWDDYTWQT FYTYG AYSHFYD KIRVY VWCPR
PV3 isolated B4YUL3 SMMATG RFDME sWDDYTWQT FYTYG AYSHFYD KvRVY VWCPR
PV3 isolated B4YUL4 SMMATG RFDME sWDDYTWQT FYTYG AYSHFYD KvRVY VWCPR
PV3 (vacc.StrainSabin3
(Leon 12a1b)) Q84792 SMMATG RFDME sWDDYTWQT FYTYG AYSHFYD KvRiY VWCPR

PV3-33239 C5HJY2 SMMATG RFDME sWDDYTWQT FYTYG AYSHFYD KvRiY VWCPR
PV3-31974 C5HJY3 SMMATG RFDME sWDDYTWQT FYTYG AYSHFYD KvRiY VWCPR
PV3-FIN84-60212 D1GE40 SMMATG RFDME sWDDYTWQT FYTYG AYSHFYD KvRiY VWCPR
PV3-SWI10947 D2E679 SMMATG RFDME sWDDYTWQT FYTYG AYSHFYD KvRiY VWCPR
PV3-FIN84-2493 D1GE41 SMMATG RFDME sWDDYTWQT FYTYG AYSHFYD KvRiY VWCPR
PV3-P3/Jinan/1/09 D2XUS9 SMMATG RFDME sWDDYTWQT FYTYG AYSHFYD KvRiY VWCPR
The 43 PV sequences were aligned using ClustalW multialignment program (http://www.uniprot.org/align/) [24]. The analyzed PV sequences and related
references are described at http://www.uniprot.org/ and reported by Swiss-Prot/UniProtKB accession number. Peptide sequences present in PV-derived
epitopes (see Table 2) and absent in the humanproteomewere localized along the 43 aligned PV sequences and analyzed for conservativeness. Peptide sequences
are indicated by their position along the PV polyprotein. Mutated aa residues are in lower case.
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to PV1 (see Tables 1 and 2), have 100% conservation among
the 43 PV strains/variants under analysis. The seven poten-
tially immunogenic unique peptide sequences had the same
level of conservativeness in PV2 derived strains (data not
shown).

4. Conclusion

Anti-PV immunization has been one of the major public
health measures of the last century. International campaigns
to eliminate polio reduced the incidence of this disease in
the world. However, problematic issues remain, such as the
tendency of the PV genome to mutate, the potential risk to
develop postvaccine paralytic poliomyelitis, and the difficulty
to completely eradicate PV infection in the world. In fact,
according to the World Health Organization, in 2012, still
three countries in the world remain polio-endemic: Nigeria,
Pakistan, and Afghanistan [31].

Thepresent data propose the concept of sequence unique-
ness as a tool to define specific immunotherapies exempt of
collateral effects [22] and describe a methodology to
identify PV peptides that have zero percent identity to
human proteins, are endowed with an immunologic poten-
tial, and are highly conserved among PV strains (e.g.,
PV
465–469MMATG, PV

708–712RFDME, PV
752–756DYTWQT,

PV
763–767FYTYG, PV783–789AYSHFYD, PV

835–839KIRVY, and
PV
847–851VWCPR; see Table 3). Importantly, polio peptide

sequences alternate through the human proteome with a
frequency versus rarity pattern that characterizes other
pathogens too [32–35].

Theoretically, such viral consensus epitopic peptides
appear to be ideal tools to generate anti-PV immune
responses promising of high specificity, thus avoiding sero-
logical cross-reactivity between human polyomaviruses [23],
as well as possible cross-reactions with the human host [22].
As an example, a construct composed of the coding frames
corresponding to the immunogenic consensus sequences
described above (Table 2) might determine a specific anti-PV
immune response and, at the same time, by being based on
peptides, might eliminate the issues inherent to the ten-
dency of the PV genome to mutate (i.e., VAPP). Such viral
peptide sequences might also be used in passive anti-PV
immunotherapies, that is, to produce specific antibodies
capable of reacting with intact viral protein antigens.

Actually, the present report is intended to represent
a first approach to preclinical and animal studies. As a
matter of fact, the solidity of a large body of theoretical
and in silico data is the mandatory basis to design in vivo
experimentation and validation protocols especially when
considering that (i) although monkeys can be experimen-
tally infected, humans are the only known natural hosts
of poliovirus; (ii) small animal models for testing polio
pathogenesis mainly relate to transgenic mice to express
a human receptor to poliovirus [36]; and, moreover, (iii)
current laws on in vivo experimentation are increasingly
restrictive.
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Although tuberculosis remains a major global health problem, Bacille Calmette-Guérin (BCG) is the only available vaccine.
However, BCG has limited applications, and a more effective vaccine is needed. Cellular mediated immunity (CMI) is thought
to be the most important immune response for protection againstMycobacterium tuberculosis (Mtb). However, the recent failure of
a clinical trial for a booster BCG vaccine and increasing evidence of antibody-mediated immunity prompted us to evaluate humoral
immunity toMtb-specific antigens. Using Enzyme-Linked ImmunoSpot and Enzyme-Linked ImmunoSorbent Assays, we observed
less correlation of bothCMI and IgG titerswith patient clinical status, including serumconcentration ofC reactive protein.However,
IgA titers against Mtb were significantly correlated with clinical status, suggesting that specific IgA antibodies protect against Mtb
proliferation. In addition, in some cases, IgA antibody titers were significantly associated with the serum concentration of total
albumin, which supports the idea that humoral immunity can be influenced by the nutritional status. Based on these observations,
we propose that the induction of humoral immunity should be included as an option in TB vaccine development strategies.

1. Introduction

Tuberculosis (TB) remains a leading cause of death in many
regions of the world and one-third of the world’s population
is thought to be asymptomatic carriers of the causative
agent, Mycobacterium tuberculosis (Mtb). The World Health
Organization estimates that approximately 8.6million people
contracted the disease and 1.3million died in 2012 [1]. Bacillus
Calmete-Guerin (BCG), the only approved and available TB
vaccine, is made using an attenuated strain ofMycobacterium
bovis, a relative of Mtb [2]. The primary use of the BCG

vaccine is the immunization of children in areas with a high
prevalence of TB. However, BCG is considered an inadequate
vaccine because it offers no protection for adults [3]. A novel
approach is needed to create a more effective vaccine.

Several novel approaches to vaccine production are in
development. Recent progress in methods of vaccine devel-
opment has been covered in several excellent reviews andwill
not be addressed here [4, 5]. The majority of these candidate
vaccines focus on improving cell-mediated immunity (CMI)
to Mtb by modifying the current BCG platform or boosting
BCG with a different format, and some candidate vaccines
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Table 1: Characteristics of patients in this study.

Active disease Past disease LTBI Control
𝑛 88 84 18 77
Age (mean ± SD) 59.9 ± 20.2 60.5 ± 19.6 58.8 ± 17.7 63.9 ± 10.7
Age range 21–97 19–92 21–87 35–87
Sex (male/female) 65/23 59/25 11/6 55/19
Positivity of QFT-IT 69.3% 59.5% 64.7% (100%a) ND
aPatients were all positive for any IRGA (QFT-GIT and/or ELISPOT IFN-𝛾).
ND: not done.

have shown promise in mice and/or nonhuman primates [6,
7]. Modified Vaccinia Ankara (MVA) 85A is one of the more
advanced vaccine candidates that use BCG with a booster of
Mtbmajor secreted antigen complex 85A (Ag85A) [8], which
boosts BCG-primed Th1 immune responses. It was expected
that MVA85A would reduce the incidence of TB cases in an
endemic area (i.e., South Africa) by 60%. However, the phase
2b clinical trial found that MVA85A conferred no detectable
improvement against Mtb infection [9].

Although CMI has been established as a major com-
ponent in the control of mycobacterial infections, serology
analyses indicate that Mtb infection also induces humoral
immune responses against various mycobacterial antigens
[10]. In addition, BCG vaccination can induce antibody
responses to several mycobacterial antigens [11–13], which
elicits both innate and cell-mediated immunity against
mycobacteria [13]. Humoral immunity could modify the fate
of intracellular bacteria through mechanisms ranging from
simple opsonization to complicated FcR activation [14].

The consensus for many years was that the control
of vigorous granuloma formation following infection by
pathogenic fungi (i.e., intracellular pathogens) was achieved
by activating CMI, while humoral immunity was believed
to have no role in protection. However, recent studies
using hybridoma technology found protective monoclonal
antibodies against numerous pathological fungi [15]. Two
ongoing vaccine trials for the fungus Candida albicans, a
major human pathogen, are expected to transduce protection
by inducing antibody-mediated immunity [16].

These studies suggest that humoral immunity might also
play an important role in protection against Mtb infection, a
function which could be used to develop a new technology
for more effective vaccine development. To evaluate the
feasibility of using humoral immunity against mycobacterial
antigens for effective vaccine development, we compared
IgG and IgA antibody titers using a variety of clinical and
immunological parameters. The results suggest that IgA
antibodies againstMtb components wouldmake suitableMtb
vaccine candidates.

2. Subjects and Methods

2.1. Participants. Patients of National Tokyo Hospital, Tokyo,
Japan, were consecutively enrolled in the study, after giving
informed consent, from May 2010 through May 2011. A total
of 190 Japanese patients (age: 60.1 ± 19.6 yr, male: 71.1%) were
recruited. The following information was obtained from all

patients at the time of enrollment: history of prior TB disease,
work history in any healthcare setting or recent exposure to
a patient with active TB, and other TB risk factors such as
having immunodeficiency disorders or taking immunosup-
pressive drugs [17]. We used the same inclusion/exclusion
criteria as in a previous study [18]. Information on pre-
vious medical history, clinical signs and symptoms, and
radiological and microbiological data including the values
of serum C reactive protein (CRP) and the concentration
of total albumin were also collected. The patients were then
divided into three categories: (1) Active disease: patients
having positive TB symptom(s) and positive smear results
and/or positive demonstration of Mtb in culture; (2) Past
disease: previously diagnosed with TB, treated and currently
free from symptom(s); and (3) Latent TB infection (LTBI):
no symptoms with normal chest X-ray, but having positive
results from an interferon gamma release assay (IGRA).
Among the 190 patients recruited, 88 (46%) were classified
as “Active disease,” 84 (45%) as “Past disease,” and 18 (9%)
as LTBI. We enrolled age- and gender-matched patients
with respiratory disease who were confirmed not to have
any mycobacterial diseases as negative controls. All medical,
radiological, and microbiological information was collected
to confirm their eligibility. A total of 77 Japanese adults (age:
63.9 ± 10.7 yr, male: 71.4%) were recruited as a control group
(Table 1). In Japan, more than 90% of the population has been
vaccinated with BCG since 1929, suggesting that most of the
control group have received the BCG vaccine. The research
protocol was approved by the Institutional Review Boards of
Osaka City University Graduate School of Medicine, Osaka,
Japan, National Tokyo Hospital, Tokyo, Japan, Fukujuji Hos-
pital, Tokyo, Japan, and National Toneyama Hospital, Osaka,
Japan, and by the Research Ethics Committee of the National
Institute of Infectious Disease, Tokyo, Japan.

2.2. Evaluation of Clinical Status. The clinical status of
patients with active disease was evaluated as previously
describedwithmodification [19] (see Supplemental Table 1 in
Supplementary Material available online at http://dx.doi.org/
10.1155/2015/527395). (1) “Smear at entry” (entry = point of
diagnosis before treatment): sputum smear taken at entry
was stained and inspected by microscopy. The severity was
subdivided as 0 (no acid fast bacilli (AFB) on smear), ± (1-2
AFB per 300 field), 1+ (1–9 AFB per 100 field), 2+ (more than
10 AFB per 100 field), and 3+ (more than 10 AFB per field). (2)
“Positive conversion time”: duration (weeks) between entry
and positive MGIT results. (3) Duration of culture negative:
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time (days) from initiation of treatment to negative smear
results (= 0 AFB per field) by sputummicroscopy. (4) Several
routine laboratory tests including serum concentration of “C
reactive protein (CRP) at entry,” (total) “Albumin at entry,”
and “CRP after 60 days of treatment” were simultaneously
performed. (5) Severity of chest radiography at entry: “The
Japanese Society for Tuberculosis Classification” (1959) was
applied [20]. Briefly, tuberculosis lesions are classified by
chest X-ray findings as type (cavity) and extent. “X-ray type
(cavity)” was subdivided from III to I (III: no cavity, II:
morbid foci other than I, and I: widespread cavities) and
“X-ray extent” from 1 to 3 (1: minimal, 2: moderate, and
3: severe). These markers and classifications were chosen
because serum albumin levels reaction to the tuberculin
skin test, the Gaffky scale, and negative conversion time
are significantly correlated with both type and extent [20].
If patients contracted hilar glandular tuberculosis and/or
tuberculosis lymphadenopathy, the evaluation of (1), (2), and
(3) was excluded and that of (4) and (5) was included for the
analysis because bacterial presentation in the sputum is rare.

2.3. QuantiFERON-TB Gold In-Tube (QFT-GIT) Assay. The
QFT-GIT assay was performed using fresh whole blood in
accordance with the manufacturer’s instructions (Cellestis,
Chadstone, Australia). The results were interpreted with
software provided by Cellestis. The antigen used in this
assay is the 6 kDa early secreted antigenic target from M.
tuberculosis (ESAT-6), the 10 kDa culture filtrate protein
(CFP-10), and TB7.7. However, there was no response to TB7.7
in Japanese patients [17]. Results were scored as “positive”
when the IFN-𝛾 concentration in the tube with TB-specific
antigen was >0.35 IU/mL, after subtracting the value of the
nil control, and at least >25% of the negative control value.
When the net IFN-𝛾 response was <0.35 IU/mL for the
antigens and the response to themitogen-positive control was
>0.5 IU/mL, the response was considered “negative” [17, 19].
Stimulationwithmitogen inducedmore than 0.5 IU/mL in all
subjects, supporting the contention that immunosuppressed
participants were not included in the study (data not shown).

2.4. ELISPOT Assay. The IFN-𝛾 ELISPOT assay was per-
formed as previously described [17]. Briefly, peripheral blood
mononuclear cells (PBMCs) were seeded in precoated IFN-𝛾
ELISPOT plates (Becton, Dickinson and Company, Franklin
Lakes, NJ, USA) with 2.5 × 105 cells per well in AIM-V
medium (GIBCO) and incubated with a protein (10 𝜇M)
of each antigen at 37∘C in 5% CO2 for 16 hr. A negative
control (no mitogen or antigen) and a positive control
(phytohemagglutinin, PHA, 5𝜇g/mL) were also included.
After incubation, the wells were washed and developedwith a
conjugate against the antibody used and an enzyme substrate.
Spot-forming units were counted using a KS ELISPOT imag-
ing system (Carl Zeiss, Hallbergmoos, Germany) and labeled
spot-forming cells (SFC). ELISPOT results were interpreted
according to the following criteria: the test result was positive
when (1) the negative control had 0–5 spots and (2) the spot
count (negative control spot count) was greater than six. The
test result was negative when the above criteria were not met

and the positive control was valid (≥20) [17, 21]. Data were
plotted as the numbers of SFC/1 × 106 cells.

2.5. ELISA Assay. Concentrations of IgG and IgA antibodies
against Mtb were determined by ELISA using recombi-
nant proteins as previously described, with modification
[22]. Ninety-six well microplates (Sumilon Type H, LMS,
Tokyo, Japan) were coated with each recombinant antigen in
bicarbonate buffer, pH 9.6 overnight at 4∘C (Supplemental
Table 2). The plates were blocked with phosphate buffered
saline (PBS) containing 0.05%Tween 20 and 5% skimmilk for
12 hr at 4∘Candwashed four timeswith PBS containing 0.05%
Tween 20. Human serum samples diluted 1 : 200 (for IgG) or
1 : 100 (for IgA) in PBS containing 0.05% Tween 20 and 0.5%
skim milk were then added in duplicate (IgG) or triplicate
(IgA) to the antigen-coated wells and incubated for 12 hr at
4∘C.Afterwashing thewells,HRP-conjugated antihuman IgG
or IgA antibodies were added at a 1 : 2000 or 1 : 1000 dilution,
respectively. Following a one hr incubation at 37∘C, the plates
were washed four times before 100 𝜇L of SureBlue reserve-
TMBwas added to eachwell.The reactionswere stopped after
10min by adding 50 𝜇L of 0.1M HCl, and absorbance was
measured at 450 nm using a Multiskan Spectrophotometer
(Thermo Fisher Scientific, Yokohama, Japan). The results
of the IgG-ELISA were expressed as absorbance at 450 nm,
whereas results of the IgA-ELISA were expressed as ELISA-
Index, 𝑆/(𝐵 + 3SD) [23, 24], where 𝑆 is the average OD value
of the duplicate test samples and 𝐵 + 3SD corresponds to the
average OD value of the duplicate negative controls (𝐵) plus
three times the standard deviation (SD).

2.6. Reagents and Recombinant Protein Preparation. pET-21b,
pET-22b, and Bugbuster HT were obtained from Novagen
(Darmstadt, Germany); Escherichia coli BL21 (DE3) cells
were from Toyobo (Osaka, Japan); Lowenstein-Jensen Luria-
Bertani medium and carbenicillin were from Sigma (St.
Louis,MO,USA); isopropyl-1-thio-beta-d-galactopyranoside
and Ni-NTA agarose were from Qiagen (Gaithersburg,
MD, USA); skim milk was from Morinaga (Tokyo, Japan);
horseradish peroxidase-conjugated antihuman IgG or IgA
antibodies and Envision kits were from Dako (Carpinteria,
CA, USA); SureBlue reserve TMB microwell peroxidase
substrate was from KPL (Gaithersburg, MD, USA); and
monoclonal Acr antibody was fromHyTest (Turku, Finland).

A pET-21b or pET-22b-based vector expressing 16 kDa
𝛼-crystallin homolog (Acr, 16 kDa protein, hspX or TB16.3:
Rv2031c), Ag85A (Rv3804c), CFP-10 (Rv3874), ESAT-6
(Rv3875), heparin-binding haemagglutinin adhesin (HBHA:
Rv0475), heat-stress-induced ribosome binding protein A
(HrpA, 20 kDa protein, Acr2 or hsp20: Rv0251c), and
mycobacterial DNA-binding protein 1 (MDP1: Rv2986c)
were produced by a PCR-based approach using a bacterial
chromosome. Each PCR product containing coding regions
was designed to allow expression of C-terminal, 6 histidine-
tagged variants of the recombinant proteins following lig-
ation into pET-21b. After construction, expression vectors
were confirmed by DNA sequencing. Recombinant Mtb
proteins were purified using Ni-NTA columns (1mL bed
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volume, GE Healthcare, Piscataway, NJ, USA) according to
the manufacturer’s instructions. Purified proteins were used
as mycobacterial antigens for ELISAs and ELISPOT assays.

2.7. Statistical Analysis. The Mann-Whitney 𝑈 test was used
to compare IgG and IgA levels between two independent
groups, whereas one-way ANOVA was used for the compar-
ison of three or more unmatched groups. Spearman’s rank
correlation coefficient was used to determine the correlation
between ELISA values and the severity of clinical status
values. Pairwise comparisons were made between areas
under the receiver operating characteristic curve (AUROC)
for the categorized groups. Optimal cut-off values were
chosen when Youden’s index (sensitivity and specificity −
1) was maximal. All analyses were performed using online
statistics calculators (http://www.socscistatistics.com/tests/
Default.aspx, http://vassarstats.net/index.html, http://mol-
path.charite.de/cutoff/index.jsp). The threshold of signifi-
cance was set at 𝑃 < 0.05.

3. Results

3.1. Antibody Titers in Active Disease, Past Disease, LTBI
Cases, and Controls. Titers of IgG and IgA antibodies against
recombinant mycobacterial antigens were measured sepa-
rately in the sera of “Active disease” (𝑛 = 88), “Past disease”
(𝑛 = 84), LTBI (𝑛 = 18) cases, and control (𝑛 = 77).
We chose mycobacteria-specific antigens based on (1) pro-
teome analysis of antibody responses to Mtb from active
TB patients (included Acr, Ag85, CFP-10, and HrpA) [25,
26]; (2) in silico studies performed to identify TB vaccine
candidates (included Acr, Ag85, and ESAT-6) [27]; and (3)
publications identifying HBHA and MDP1 as mycobacteria-
specific antigens [22, 28, 29]. Active disease patients had
higher levels of IgG antibodies against all antigens tested
compared to controls. In particular, significant increases in
serum IgG levels were observed against ESAT-6, CFP-10, Acr,
HBHA, andHrpA (Figure 1). Titers of past disease were lower
than those of active disease except for MDP1, Ag85A, and
HrpA (Figure 1). In contrast, IgA antibody titers for MDP1
and HrpA were higher in the control group than in the active
disease group (Figure 2). The individual values of antibodies
against the seven antigens were used to generate receiver
operating characteristic curves (ROC). The Area under the
ROC curves (AUROC) was calculated in both Tables 2 and 3.

3.2. ELISPOT and QFT Titers in Active Disease, Past Disease,
and LTBI and Comparison between CMI Assays and Humoral
ELISA Assays. CMI against various recombinant antigens
was measured by ELISPOT assay for the active disease, past
disease, and LTBI groups. Ninety-six participants (age: 58.6 ±
18.9 yr, male: 68.8%) were randomly chosen for the analysis
of IFN-𝛾 ELISPOT assay for ESAT-6 and CFP-10 antigens. A
portion of the participants were also randomly recruited for
the ELISPOT assay (MDP1: 𝑛 = 37 (age: 55.9 ± 18.2 yr, male:
67.6%); Acr: 𝑛 = 36 (age: 55.7 ± 18.4 yr, male: 66.7%); HBHA:
𝑛 = 20 (age: 56.2 ± 17.7 yr, male: 100%); and HrpA: 𝑛 = 29
(age: 56.7 ± 16.8 yr, male: 100%)).

No significant difference was observed in CMI, except
for MDP1, in which past disease and LTBI patients had sig-
nificantly more SFCs than active disease patients (Figure 3).
Stimulation with PHA induced more than 80 SFC per 1 ×
106 cells in all subjects (data not shown), indicating the lack
of immunosuppressed participants in the study. When the
results fromCMI (ELISPOT) and humoral immunity (ELISA
to IgG and IgA) were compared, there was no association
between ELISPOT positivity and the values of IgG or IgA
(Supplemental Figure 1). Also, there were no significant
differences in the values of QFT-GIT assay among the
active disease, past disease, and LTBI groups (Supplemental
Figure 2).

3.3. “CRP at Entry” as a Surrogate Marker of Other Clinical
Markers. Wedivided serumCRP values at entry into two cat-
egories: CRP < 2mg/mL (negative orminimal inflammation)
and CRP ≥ 2mg/mL (intermediate or severe inflammation)
because CRP is a more sensitive inflammation marker than
erythrocyte sedimentation rate, another systemic inflamma-
tion marker. Other clinical markers were also divided into
several categories (from negative to severe, Supplemental
Table 1). All other clinical markers, such as “Smear at entry,”
“Positive conversion time,” “Duration of culture negative,”
“Albumin at entry,” “CRP at the time after 60 days,” “X-ray
type (cavity),” and “X-ray extent” were evaluated with the
scores of “CRP at entry” (Figure 4). The “Smear at entry”
(𝑟 = 0.296, 𝑃 < 0.05), “Duration of culture negative” (𝑟 =
0.391, 𝑃 < 0.01), “Albumin at entry” (𝑟 = 0.687, 𝑃 < 0.01),
“CRP after 60 days” (𝑟 = 0.528, 𝑃 < 0.01), “X-ray type
(cavity)” (𝑟 = 0.271, 𝑃 < 0.05), and “X-ray extent” (𝑟 =
0.445, 𝑃 < 0.01) scores were significantly associated with
those of “CRP at entry,” suggesting that “CRP at entry” could
serve as a surrogate for other clinical markers. Only “Positive
conversion time” was not associated with “CRP at entry” (𝑟 =
0.09, 𝑃 = 0.45, data not shown).

3.4. Reverse Association between IgA Titers against HrpA
and “CRP at Entry”. Finally, we compared the results of
immunological scores and clinical scores, such as “Smear
at entry,” “Positive conversion time,” “Duration of culture
negative,” “CRP at entry,” “Albumin at entry,” “CRP at the
time after 60 days,” “X-ray type (cavity),” and “X-ray extent.”
There was no association among IgG antibodies. Among IgA
antibodies, “CRP at entry” was significantly associated with
HrpA IgA levels (𝑟 = −0.2505, 𝑃 < 0.05); ESAT-6 IgA was
significantly associated with “Albumin at entry” (𝑟 = 0.3304,
𝑃 < 0.01); and Acr IgA was also associated with “Albumin at
entry” (𝑟 = 0.3334, 𝑃 < 0.01) (Figure 5). No association was
found between immunological markers and clinical markers
for other measured parameters (Supplemental Figures 3–10
and data not shown).

4. Discussion

We compared serum antibody titers and IGRA against
components of Mtb to evaluate humoral and cell-mediated
immunity for improvements in vaccine development.We also
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Figure 1: IgG responses to Mtb antigens. The levels of serum IgG against 7 antigens (ESAT-6, CFP-10, MDP1, Ag85A, Acr, HBHA, and
HrpA) in active disease (labeled as “Active”), past disease (“Past”), latent TB infection (“LTBI”), and controls (“Control”) were analyzed by
ELISA. Data shown are the average of triplicate experiments. Shaded areas: areas under cut-off values, vertical lines: mean values, ∗𝑃 < 0.05,
∗∗
𝑃 < 0.01.

compared these data with several clinical indices to evaluate
a possible link for disease progression. Some IgA titers were
elevated in the controls and lower in the active disease group.
“CRP at entry” was significantly associated with several other
clinical parameters. IgA antibody levels against HrpA in
active disease patient were significantly associated with the
clinical inflammation status measured by “CRP at entry.” In
addition, IgA antibodies against ESAT-6 andAcrwere signifi-
cantly associated with clinical nutrition status asmeasured by
“Albumin at entry.” Notably, an inverse correlation was found
between “CRP at entry” and the IgA titer for HrpA, and a
positive correlation was revealed between “Albumin at entry”
and IgA titers for ESAT-6 and Acr. These findings suggest
that some IgA antibodies targeting mycobacterial antigens
can protect against the bacterial expansion or replication
and corresponding lung inflammation previously reported
in murinestudies in vivo [23, 30–32] and that antibody

production could be influenced by the nutritional status of
the patients, as has been reported in many studies [33–36].

CMI induction of the Th1 response should be the center
of the principal immunity toMtb infection.However, a recent
study revealed this is not always the case. Strong immuno-
logical pressure on microbes usually drives an antigen shift,
whereas a whole genome analysis of human T cell epitopes
of Mtb showed they are evolutionarily hyperconserved [37].
If humans eliminate Mtb primarily through CMI, bacterial
antigensmight be exposed by the high level of immunological
pressure; therefore, the epitopes should be hypermutated as
they are in other pathogens such as hepatitis B virus, hepatitis
C virus, HIV, or influenza virus [38–41]. We also found
that most CMI measured by IFN-𝛾 ELISPOT showed no
difference among active, past, and LTBI patients. In addition,
the frequency of IL-17+ CD4 cells (Th17 cells) was increased
in HBHA or MDP1 responded populations in active or
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Figure 2: IgA responses to Mtb antigens. The levels of serum IgA against 7 antigens (ESAT-6, CFP-10, MDP1, Ag85A, Acr, HBHA, and
HrpA) in active disease (labeled as “Active”), past disease (“Past”), latent TB infection (“LTBI”), and controls (“Control”) were analyzed by
ELISA. Data shown are the average of triplicate experiments. Shaded areas: areas under cut-off values, vertical lines: mean values, ∗𝑃 < 0.05,
∗∗
𝑃 < 0.01.

past TB patients [28]. These observations led us to initiate
the present study in order to examine the possibility of an
additional immune response to mycobacterial infection.

Our study of cellular gene expression, derived by bron-
choalveolar lavage (BAL) in active TB patients as well as
normal volunteers using DNAmicroarray analysis, indicated
a shift from a Th2 to Th1 phenotype in lung immune cells
during the course of tuberculosis [42]. Most of the BAL cells
from active patients showed a Th1 phenotype whereas all
normal volunteers and some TB patients were Th2. Notably,
the phenotype shifted fromTh2 toTh1 in a patient during the
course of the disease, supporting the premise that humoral
immunity is predominant in the early stage of infection [16].
This observation suggests that humoral immunity might be
an effective target for adjuvant enhancement in a new TB
vaccine.

Recent studies have revealed that approximately 10%
of bacterial proteomes could generate a human antibody
response and a much smaller fraction of antigens (estimated
as less than 1%) could be preferentially recognized by serum
antibodies in active TB patients [25, 26]. We noted that the
titers of some IgA antibodies were lower in active TB patients
than in the controls, suggesting that BCG-induced humoral
immunity to Mtb is maintained even after adolescence, but
active disease can occur when the immunity diminishes.
Several studies have also confirmed that vaccination with
specific Mtb antigens such as Acr, Ag85, CFP-10, ESAT-6,
or HBHA efficiently induces IgA and/or IgG antibodies as
well as IFN-𝛾 and other cytokines [35–40]. It is possible that
DNA vaccination can induce humoral immunity in addition
to CMI, which is important in protecting against the growth
of Mtb. [30–32, 43–49].
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Figure 3: ELISPOT responses to Mtb antigens. ELISPOT SFCs against 6 antigens (ESAT-6, CFP-10, MDP1, Acr, HBHA, and HrpA) in active
disease (labeled as “Active”), past disease (“Past”) and latent TB infection (“LTBI”). Data shown are the average of triplicate experiments.
Vertical lines: mean values, ∗𝑃 < 0.05, ∗∗𝑃 < 0.01.

There are many reports analyzing the level of IgG anti-
body titers in different clinical stages of TB [22, 50–52].
The major conclusion of these studies is that most IgG
antibodies increase in the active phase and decline following
treatment or during a LTBI, suggesting that the bacterial load
is associated with the production of IgG and that the clinical
cure lowers immunoglobulin levels. In this study, we con-
firmed that Mtb-specific IgG antibody levels are associated
with bacterial load, because most IgG values were higher in
active patients than past patients. However, we noted that
IgA antibody titers of HrpA and MDP1 were quite different
from those of IgG antibodies as they were higher in controls
than in active patients. These results suggest that IgA levels
toward some Mtb antigens are modified after infection, even
if the patients had previously received a BCG vaccination
as most Japanese should. Based on these findings, it can be

hypothesized that a decline in IgA levels for these antigens,
which is initially induced by BCG vaccination, might be
related to bacterial growth. Although the DNA sequence of
these antigens is almost homologous between BCG and Mtb
(Supplemental Table 3), there may be a difference in protein
structure and/or an amino acid sequence that is essential for
the induction of humoral immune responses.

BothAcr andHrpA aremycobacterial heat shock proteins
or chaperones that were revealed by a whole genome analysis
of H37Rv [53]. Acr is a well characterized mycobacterial
protein that possesses immune-dominancy [31, 32, 48, 54,
55]. Acr plays important roles during log phase growth
and transition to the stationary phase of Mtb proliferation
[56, 57]. Moreover, there are some studies concluding that
monoclonal IgA antibody against Acr protects mycobacterial
proliferation in vivo. Williams et al. compared the effect of
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TBA61 (anti-Acr monoclonal IgA) and TBA68 (IgG of the
same epitope as TBA61) on Mtb growth and observed that
IgA antibody contributed more to a reduction in the number
of bacteria in mouse lung space [31]. López et al. reported
a greater reduction of bacteria and pathological severity
of the disease when using TBA 61 compared with TBA84
(IgA to PstS-1, 38 kDa secreted glycoprotein [58, 59]) [32].
Although these experiments were performed using mouse
models, they suggested that humoral immunity could at least
modify or reduce the growth of Mtb [31, 32]. HrpA was
identified by Ohara et al. in 1997 [60] with a 30% homology
to Acr, which increases to 40% when comparing Acr core

residues [61]. It was later demonstrated that the expression of
HrpA is upregulated by heat-shock, nitrate, or macrophage
engulfment, suggesting that HrpA is one of the early immune
targets of Mtb antigens [62]. We found that the IgA to Acr
or HrpA was associated with some of the parameters used to
measure the clinical status of active patients and that it could
support inhibition of the mycobacterial burden.

We also revealed that “CRP at entry” is a good surrogate
marker for other clinical markers, a finding which is consis-
tent with reports of previous studies [63]. Hypoalbuminemia
has emerged as an independent factor of poor prognosis
in several studies [33–36]. In this study, IgA antibody titers
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generated by certain Mtb-specific antigens were significantly
correlated with the scores of clinical markers such as CRP
or albumin levels at first admission, which appears to be
one of the host immune responses against Mtb. There was
a significant association between IgA antibody titer and
albumin.The importance of nutritional status for the clinical
manifestation of TB has been evidenced by the fact that the
incidence of TB is much higher in developing countries. This
position is also supported by the correlations of serum IgA
titers and higher albumin levels in the present study. The
fact that humoral immunity had no association with CMI
suggests that mycobacterial antigens influence humoral and
cellular mediated immunity by different mechanisms. These
findings suggest that induction of the IgA response could be
a good strategy for Mtb vaccine design.

5. Conclusion

IgA antibody titers against several Mtb antigens, but not
IgG antibodies nor CMI, significantly correlate with the
clinical status of TB patients, raising the possibility that
specific IgA antibodies protect against promotion of Mtb.
These observations also suggest that induction of humoral
immunity, especially for the IgA response, should be included
as an option for TB vaccine strategies.
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Accurate measurement of B and T cell responses is a valuable tool to study autoimmunity, allergies, immunity to pathogens, and
host-pathogen interactions and assist in the design and evaluation of T cell vaccines and immunotherapies. In this context, it is
desirable to elucidate a method to select validated reference sets of epitopes to allow detection of T and B cells. However, the ever-
growing information contained in the ImmuneEpitopeDatabase (IEDB) and the differences in quality and subjects studied between
epitope assays make this task complicated. In this study, we develop a novel method to automatically select reference epitope sets
according to a categorization system employed by the IEDB. From the sets generated, three epitope sets (EBV, mycobacteria and
dengue) were experimentally validated by detection of T cell reactivity ex vivo from human donors. Furthermore, a web application
that will potentially be implemented in the IEDB was created to allow users the capacity to generate customized epitope sets.

1. Introduction

Adaptive immunity is based on the recognition of specific
molecular structures, named epitopes, by either antibodies/B
cell receptors or T cell receptors. Antibodies and B cell recep-
tors bind a wide variety of structures, including proteins
and carbohydrates. In the case of protein ligands, antibodies
can recognize either a series of contiguous residues (linear
epitopes) or a set of residues encoded in disparate regions
of the protein sequence and brought together in the three
dimensional structure of the protein ligand (discontinuous
epitopes).

T cells recognize a complex between MHC molecules
(named HLA in humans and H-2 in mouse) and, in most
cases, a peptidic epitope of 8–16 residues in length [1, 2]. T
cell responses are a key component of adaptive immunity. In
concert with antibody responses, CD8 T cells, recognizing
class I binding epitopes, and CD4 T cells, recognizing their
class II counterparts, are key players in immunity to viruses
and bacteria [3]. In the case of allergic reactions, CD4 T cell
responses play a key role in pathogenesis both directly and

indirectly through the regulation of antibody responses of the
Ig E class [4].

Accurate measurement of B and T cell responses is a
valuable tool to study autoimmunity, allergies, immunity
to pathogens, and host-pathogen interactions and assist in
the design and evaluation of T cell-based vaccines and
immunotherapies [5–8]. Accordingly, a large number of
studies have been devoted to defining B and T cell epitopes,
a process that has been facilitated by an ever-increasing
expansion and refinement of experimental methods.

As immune investigations proceed over time, many dif-
ferent epitopes from various organisms have been identified.
Alternatively, large-scale epitope identification can reveal
hundreds of potential epitopes [9–12]. The Immune Epitope
Database (IEDB) [13, 14] is a freely available resource that
serves as a repository of experimentally derived immune
epitope information available in the peer-reviewed published
literature, aswell as fromdirect submission fromNIH-NIAID
funded large-scale epitope identification studies. The IEDB
content covers a broad range of indications, to include infec-
tious diseases (excludingHIV), allergies, transplantation, and
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autoimmune disease and a similarly broad range of hosts,
including humans, nonhuman primates, mice, and livestock,
amongst others. The database, as of October 2014, hosts
experimental data related to 121,812 different peptidic epitope
structures.

This large amount of information might, in some cases,
pose a challenge for the identification and selection of
appropriate sets of epitopes for use in specific contexts.
Thus, it is clearly desirable, given the ever-growing body of
information contained in the IEDB, to develop tools to enable
the efficient generation of sets of validated reference epitopes
for any antigenic source of interest.

While an epitope, according to classic definitions, is any
structure capable of interacting with T and B cell receptors,
in practice the consensus in the scientific community is
that certain types of assays identify the most relevant and
validated epitopes. In the context of antibody reactivity, by
way of example, epitopes identified on the basis of X-ray
structures of Ag/antibody complexes, biological activity, and
in vivo assays or recognized by IgE in the case of allergens
are considered more biologically relevant than linear epi-
topes recognized in ELISA assays and elicited by peptide
immunization. In the case of T cell reactivity, again by way
of example, multimer/tetramer staining assays or readouts
based on ICS or ELISPOT assays, are preferred over older
assay platforms such as Thymidine incorporation following
multiple in vitro restimulations with peptides. These high
quality assays have been selected based on our experience and
judgment; however, in the web tool developed, the user will
be capable of customizing it by his/her needs, that is, select
only epitopes derived from neutralization or ELISA assays or
any other desired selection.

Indeed, for many applications, it is desirable to study T
cells ex vivo, without manipulation. This is because manipu-
lations, such as in vitro expansion, are known to profoundly
change the phenotype and characteristic of the T cells [15–
17], thus questioning the physiological relevance of some
of the experimental observations. However, direct ex vivo
detection of human T cell responses is often difficult, largely
because the immune response in any individual may target
many different epitopes, and different individuals typically
recognize unique epitope repertoires. Simultaneous use of
many different epitopes as a pool might represent a powerful
approach to detecting T cell responses, because even if the
frequency of T cells recognizing each individual epitope may
be below the limit of detection, a pool of a large number of
epitopes (i.e., responses) might pass the limit of detection.

An important consideration in the definition of reference
sets of epitopes is how to factor the number of individual
donors or experiments in which a given structure is reported
to elicit a positive response, and particularly if this validation
is provided inmultiple independent studies. For example, dif-
ferent studies often report on essentially the same epitope but
utilize different nested, truncated, or frame-shifted version of
the same sequence, leaving uncertainty on how to combine
the data or which particular version of the epitope to select
for testing. Clarification of a general approach for combining
data from such disparate studies would greatly facilitate the
generation of nonredundant sets of epitopes.

In the present study, we have attempted the definition
of an automated process to generate reference sets of high
quality epitopes for various disease indications.The resulting
tool, made available to the scientific community, provides
a standardized and reproducible platform to automatically
extract and process relevant data from the IEDB without the
need of complex analysis and judgment calls from the user. At
the same time, the tool also offers flexibility to enable the end
user to design sets meeting specific user-defined criteria. We
have also analyzed the data currently available in the IEDB, to
determine howmany sets of pathogen or autoantigen specific
epitopes could be identified on the basis of the data available
to date.

2. Materials and Methods

2.1. Database, Processing, and Implementation. Epitope data
was derived from the IEDB database as of October 2014.
MySQL was used to run queries and directly work with
the database itself. The web page application is written in
PHP/HTML code with a MySQL connection that allows
communication between the database and the user interface.

2.2. Ranking Scores on the Basis of Response Frequency and
Assay Type. Two independent scoring systems were devel-
oped to allow ranking and sorting of the epitopes. The first
was based on the type of assays used to characterize the
epitopes and the second on the frequency by which each
epitope was recognized.

Regarding the assay type scoring system for MHC class
I or class II epitopes, in our selection we included epitopes
defined by multimer/tetramer staining, ELISPOT, and ICS
assays. We arbitrarily associate a numerical parameter value
of 3, 2, and 1 to these assay types, respectively. Each of
these assay types can be used in either an ex vivo or
in vitro configuration. To provide that ex vivo assays are
always ranked higher, we assigned an ex vivo configuration
a value of 4, and an in vitro configuration a value of 1, and
calculated a final assay score by multiplying the assay type
and configuration values. In the case of B cell epitopes, X-ray
structure, biological activity, and in vivo assays were assigned
a score of 1, as well as epitopes that present IgE; for these
epitopes, the effector origin was not taken in consideration.
Since each epitope can be associated with multiple records,
each describing different assays and thus with different assay
scores, the highest assay score, reflecting the highest level of
validation reached for that epitope, was selected and carried
forward.

In terms of scoring each epitope on the basis of the
frequency bywhich it was recognized,we utilized a previously
described Response Frequency (RF) score [18]. The RF score
is calculated as

𝑅 − √𝑅

𝑁
, (1)

where 𝑁 is the total of subjects tested and 𝑅 is the number
of positive responses. The square root is a correction factor,
approximating one standard deviation for the number of
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responding donors.This gives a higher score to epitopes stud-
ied with larger sample sizes. In case there is no information of
subjects tested, the epitopewill be assigned𝑅 = 1,𝑁 = 1 if the
assay outcome is positive and 𝑅 = 0,𝑁 = 1 if it was negative.
The RF score (RFS) also takes into account all data for a given
epitope across all publications. We decided to use an older
and simpler RF definition, as compared to the one used in
[19], as it is more suitable to filter epitopes based on their RFS.
As an example, consider an epitope 1 with positive responses
(𝑃) = 1 and total subjects (𝑇) = 1; the new definition gives a
RFS = 1 (0.04–1.00) whereas the older version gives an RFS =
0. In contrast with epitope 2 with 𝑃 = 8 and 𝑇 = 11, the new
version gives RFS = 0.73 (0.43 : 0.92) and the older RFS = 0.47.
In order for the RFS to reflect the difference between epitopes
1 and 2 in terms of the total number of subjects, the latter
should be assigned a higher score to be used for ranking and
filtering the data, which at the end benefits the user giving
simpler and useful results.

Both the assay score and RF score are calculated for
each epitope and provided in the results. This allows further
ranking or selecting epitopes based ondifferent thresholds for
these criteria.

2.3. Generation of Consensus Sequences for Overlapping and
Nested MHC Class I and Class II Epitopes. For MHC class
I epitopes, it is generally observed that a length of about
8–11 residues is optimal for T cell recognition and use in
assays. Because of the structure of the class I binding groove,
distinct class I sequences typically represent unique epitopes,
even if they are nested within a longer sequence that is also
recognized by T cells. Accordingly, for the present study, we
have not subjected class I epitopes of nested or overlapping
character to further processing.

For MHC class II epitopes, however, optimal epitopes
are usually longer than the minimal T cell recognized 9-
mer core. In general, class II epitopes are optimally of 13–20
residues in length [1]. Peptides of varying length but that carry
the same core may all be similarly active and/or recognized
by the same T cell specificity. Thus, many of the epitope
structures contained in the IEDB for class II epitopes are
redundant, nested or largely overlapping. For this reason, it is
desirable to devise strategies to reduce the complexity of class
II epitope sets. Here, we developed a clustering algorithm
to generate consensus sequences or cluster of epitopes, an
illustration of such a process can be found in Table 1. In order
to solve this problem, our approach first sorts the peptides
based on their RF scores. Then, taking the highest ranked
peptide as starting sequence, we move down the ranked list
aligning the sequences to find nested or overlapping epitopes
by at least 9 residues. For this approach, we only consider
identical matches over the region of overlap and identical
nested peptides; given this definition, mismatches will be
treated as separate epitopes. When a nested peptide is found,
we will keep only the larger peptide and calculate a new RF
score using the sum of all responded and tested subjects per
epitope in the cluster. For overlapping epitopes, a consensus
epitope or cluster will be generated combining the sequences,
if the cluster length is up to 20 residues. In these cases, the RF

Table 1: Example of a dataset reduction of MHC class II epitopes.

(a) Epitopes before being processed by the clustering tool; epitopes forming
a potential consensus sequence or cluster are in bold

Epitope/cluster RF score Assay score
MLVLLVAVLVTAVYAFVHA 0.67 8
IQGNVTIHSLLDEGK 0.66 8
VPSPSMGRDIKVQFQSGGAN 0.65 12
NVTSIHSLLDEGKPT 0.63 12
QGNVTIHSLLDEGKPT 0.59 12
AQAAVVRFQEAANKQKQELD 0.47 12
GNVTSIHSLLDEG 0.46 4
FAGIEAAASAIQGNV 0.42 12

(b) The cluster generated by combining the sequences and associated
information is in bold

Epitope/cluster RF score Assay score
MLVLLVAVLVTAVYAFVHA 0.67 8
VPSPSMGRDIKVQFQSGGAN 0.65 12
IQGNVTIHSLLDEGKPT 0.57 12
AQAAVVRFQEAANKQKQELD 0.47 12
FAGIEAAASAIQGNV 0.42 12

score will be calculated as a new RF score as in the nested
case. For the assay type scoring system, the highest ranked
assay and application of all the assays associated with the set
of nested epitopes will be considered.

2.4. Human Study Subjects. In the case of donors with
latent tuberculosis infection (LTBI), leukapheresis or whole
unit blood samples from 10 adults were obtained from
the University of California, San Diego, Antiviral Research
Center (AVRC) clinic. Donors were classified as LTBI based
on positive QuantiFERON-TB Gold In-Tube (Cellestis), as
well as a physical exam and/or chest X-ray that was not
consistent with active tuberculosis. Because Dengue virus
(DENV) prevalence is low in the San Diego area, most LTBIs
are DENV naı̈ve.

To obtain DENV seropositive samples, anonymous blood
donations from healthy adults were obtained by the National
Blood Center, Ministry of Health, in the area of Colombo, Sri
Lanka. Plasma of the associated donationwas tested for serol-
ogy using the flow-based U937+DC-SIGN neutralization
assay (conducted at the University of North Carolina, Chapel
Hill) as previously described [11, 20]. Because TB prevalence
is low in the Colombo area, most DENV seropositive donors
can be assumed to be TB negative.

All Samples were collected and used following guidelines
from the Institutional Review Boards (IRB) of LJI and the
Medical Faculty, University of Colombo (serving as National
Institutes of Health-approved IRB for Genetech Research
Institute).

2.5. Peptides and PBMC Isolation. 15-mer peptides were syn-
thesized as crude material on a small (1mg) scale by Mimo-
topes (Victoria, Australia) and/or A and A (San Diego).
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PBMCs were purified by density gradient centrifugation
(Ficoll-Hypaque, Amersham Biosciences) from 100mL of
leukapheresis sample or 450mL of whole blood, according
to manufacturer’s instructions. Cells were cryopreserved in
liquid nitrogen suspended in fetal bovine serum (Gemini
Bio-products) containing 10% dimethyl sulfoxide.

2.6. Intracellular Cytokine Staining (ICS). PBMCs (2 × 106
cells/well) were incubated with peptide pools (1 𝜇g/mL) for
2 hrs. BrefeldinA (1 𝜇g/mL) (BDBioscience)was added to the
mixture and incubated for another 4 hours (i.e., a total of 6 hrs
with peptide). Cells were then washed and stained for cell
surface markers using anti-CD3-Alexa Fluor 700 (UCHT1),
anti-CD8-V500 (RPA-T8) (both from BD Biosciences), anti-
CD4-APC EFluor780 (RPA-T4), anti-CD45RA-EFluor450
(HI100), and anti-CCR7(CD197)-PerCPCy5.5 (G043H7) (all
three from Affymetrix eBioscience) for 30mins on ice. Cells
were then washed, fixed with 4% paraformaldehyde, blocked
with human sera, and stained for intracellular IFN𝛾 using
anti-IFN𝛾-FITC (4S.B3, Affymetrix eBiosciences). Samples
were acquired on a BD LSR II flow cytometer. The frequency
of cells responding to the TB/DENV-specific peptides was
quantified by determining the total number of gated subset+
and cytokine+ cells and background values subtracted (as
determined from the medium alone control) using FlowJo
software (Tree Star).

3. Results and Discussion

3.1. Filtering Datasets to Select Human Peptidic Epitopes of
Appropriate Size, Defined Restriction, and Assay Type. As a
preliminary step towards deriving sets of reference epitopes
associated with preferred validated assays, we processed the
data contained in the IEDB relating to T cell epitopes. As of
October 2014, a total of 28370 epitopes are associated with
positive results in at least one T cell assay.

As an example of filtering strategies, we first considered
only peptidic epitopes associated with infectious agents and
allergies (Figure 1) and initially focused on bacteria, viruses,
and nonhuman eukaryotes as epitope sources. Next, we only
considered data in which humans were the host of the
immune response and for which data was available to allow
specifically characterizing responses as either class I or class
II restricted. In the case of class I, we further considered only
epitopes of 8–11 residues, and in the case of class II, only
peptides of 13–20 residues were considered.

The next step in our process was to filter the results
further by selecting epitopes that have been tested in “high
quality” assays. This is possible because the IEDB curates
the specific assays that are used to define and characterize
the specific epitopes reported in the literature or provided
to the database by direct submission. While obviously any
desired assay set could be used, here we selected for inclusion
the multimer/tetramer staining, ELISPOT and ICS assays.
This assay-based filtering resulted in a final total of 6345
epitopes, 2512 and 3833 for class I and class II epitopes,
respectively (Figure 1), representing about 20% of the initial
28370 epitopes.

All IEDB peptidic positive T cell epitopes
28370

Virus, bacteria, and eukaryote (nonhuman)
24451

Human host
15599

Class I
4166

Class II
9980

78723268

2575 3916
Assay

Size

Figure 1: Diagramof the filtering steps towards the generation of the
validated sets of epitopes, including the number of epitopes found in
each step.

3.2. Identification of Epitope Categories Supported by Current
IEDB Data. We surveyed the epitope data in the IEDB in
terms of the species and antigens of provenance (epitope
sources). For this purpose we adapted the categorization
adopted by Seymour et al. [21]. The relative population of
these categories in the IEDB as of the 2009 date was discussed
by Davies et al. [22].

In Table 2, we list 43 categories for which at least ten
class I or class II epitopes were identified for viruses/bacteria
(Table 2(a)), nonhuman eukaryotes (Table 2(b)), and auto-
antigens (Table 2(c)).The data were further classified accord-
ing to the source organism of the epitope. The number of
epitopes contained in each category is also listed in Table 2.
The table also lists B cell epitopes as identified and discussed
further below.

3.3. Definition of Epitope Tables. As a result of the processes
described above, we generated sets of epitopes for the various
categories. As an example, Table 3 details the 21 epitopes
defined for the Parvoviridae human class I category. In addi-
tion to the epitope sequence, source organism and protein,
and MHC restriction, the IEDB Epitope ID is provided to
facilitate retrieval of additional information from the IEDB
pertaining to the epitope. Finally, the Response Frequency,
Assay Score, the types of assay, and effector origin (ex
vivo or in vitro), utilized to derive the Assay Score, are
also given. All epitope tables from the categories shown
in Table 2 can be found in the supplemental file “Epitope
Tables.zip” in the Supplementary Material available online at
http://dx.doi.org/10.1155/2015/763461.

3.4. Expanding the Tool to Address Autoimmune Epitopes,
B Cell Epitopes, and Murine Epitopes. Having established
the conceptual framework for selection of epitope sets, we
next expanded our applicability. Autoimmune epitopes are
identified by the fact that both source antigen and host
organism are the same (e.g., both the T cells and the epitope

http://dx.doi.org/10.1155/2015/763461
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Table 2: (a) Number of epitopes per category for viruses and bacteria. (b) Number of epitopes per category for eukaryotes (nonhuman). (c)
Number of epitopes per category for autoimmune epitopes (human and mouse).

(a)

Class I Class II B cell
Linear Discontinuous

HLA H-2 HLA H-2 Human Mouse Human Mouse
Virus
ssRNA (−) strand virus
H1N1 subtype influenza A 41 77 207 206 15 11 27
H3N2 subtype influenza A 18 18 92 17 11 22 81
Other influenza A subtypes
(not H3N2 or H1N1) 116 43 179 25 43 16 81

Influenza B/C 13 36
Paramyxoviridae
(respiratory syncytial
virus, measles, mumps)

47 80 28 27 33 71

Hantavirus 14
ssRNA (+) strand virus
Dengue virus 432 116 58 139 24 29 97
Hepatitis C virus 405 65 241 20 53 32 27 12
West Nile virus 33 99 103 24
Yellow fever 18 34 94 118
Japanese encephalitis virus 33
Picornaviridae (coxsackie,
hepatitis A) 14 12 52 77 94

Coronaviruses 22 38 38 25 23 28 27
Retrotranscribing virus
Hepatitis B virus 59 72 38 18 13
Deltaretrovirus (HTLV) 25

dsDNA virus
Adenoviruses 13 45 10
Alphaherpesvirinae
(human herpesvirus 1/2,
Varicellovirus)

91 52 35 13 32 32

Betaherpesvirinae (CMV,
human herpesvirus 5,
roseolovirus, murid
herpesvirus)

204 48 141 20

Gammaherpesvirinae
(Epstein-Barr virus,
Rhadinovirus, human
herpesvirus 4)

237 63 59

Papillomaviridae
(human papillomavirus) 80 44 72 30

Poxviridae (vaccinia, pox) 228 343 76 30
Polyomavirus
(Simian vacuolating virus) 31 14

Parvoviridae 21 24 10
Bacteria
Actinobacteria/proteobacteria
Alphaproteobacteria
(Rhizobiales, Rickettsia,
and Anaplasmas)

31

Betaproteobacteria
(Neisseria, Bordetella, and
Burkholderia)

324 158 33

Mycobacterium 129 33 478 33 11
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(a) Continued.

Class I Class II B cell
Linear Discontinuous

HLA H-2 HLA H-2 Human Mouse Human Mouse
Firmicutes/other bacteria
Chlamydiales (chlamydia) 15 38 37
Clostridiales 70
Other Bacilli
(anthracis, cereus,
Geobacillus, and
Enterococcus)

106 19

(b)

Class I Class II B cell
Linear Discontinuous

HLA H-2 HLA H-2 Human Mouse Human Mouse
Alveolata
Plasmodium (P. falciparum,
P. vinckeia, and P. yoelli) 64 29 186 33 16 49

Euglenozoa
Trypanosomatidae
(Trypanosoma, Leishmania) 91 30 14

Fungi
Aspergillus 50 50 73
Other fungi 77 54 11

Plants
Fabaceae (peas,
soybean, peanut family) 17 419

Betulaceae (birch family) 30 24
Cupressaceae (cypress,
cedar family) 21 22

Gluten, coeliac
Disease1 23 245 36

Timothy-grass 474 19
Other grass 98 124
Amaranthaceae 20

Animals
Insects 67 23
Arachnid 97 33 13 14
Mammals 119 41 69 707 80 15
1Only epitopes derived from gliadin protein and high molecular weight glutenin [23] were included.

(c)

Class I Class II B cell
Linear Discontinuous

HLA H-2 HLA H-2 Human Mouse Human Mouse
Rheumatoid arthritis 27 11
Diabetes 73 76 46 17
Multiple sclerosis 11 13
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(a)

(b)

Figure 2: (a) Web application main page interface. (b) Web
application “advanced options” page interface.

are originated from a human source). As listed in Table 2(c),
all autoimmunity epitope categories relevant to a given
disease are condensed into a single category. A protein tree
functionality available on the IEDB [14] and a list of the most
common antigens associated with each disease were used to
extract autoimmune epitopes. The identified categories for
which at least ten class I or class II epitopes were available
are listed in Table 2(c), along with the number of epitopes
contained in each category.

We considered expanding the scope of the study to also
select epitopes recognized by species other than humans.
In this case, the second most frequently represented host
species is mouse. Accordingly, an option was created in the
web application (next section) to allow selection of murine
epitopes. The number of murine epitopes identified is listed
as a separate column in Table 2.

Finally, we also expanded our analysis to allow selection
of B cell/antibody epitopes. In this case, we set a 5 to 20
residue size window and initially selected X-ray structure,
biological activity, and in vivo assays as most biologically
relevant. In addition, we included induction of IgE subclass
responses, as this type is most relevant in the context of
allergic diseases. The number of B cell epitopes identified
accordingly is also listed as a separate column in Table 2.

3.5. Implementation of a Web Application to Automatically
Generate Epitope Sets. Finally, we developed a tool, which
will be hosted by the IEDB as an additional link in the search
results page and will be part of the next IEDB update release
in fall 2015.This tool allows generation of specific epitope sets
following the default criteria described above but also allows
users to customize the generation of novel sets.

A sample screen shot of the main interface is shown
in Figure 2(a). The main interface automatically obtains
query results from IEDB searches and adds them to the
query parameters of the tool. There, the user may choose to
generate sets of class I, class II, antibody linear, or antibody
discontinuous epitopes, relating to either human or mouse

as the host organism from which the epitopes are derived.
Because of the flexibility of the design, additional host
organismsmay be included, provided sufficient data becomes
available in the literature. The user is offered results obtained
with the default settings.

An “advanced options” webpage can be accessed from the
main page, and a sample screen shot of this option is shown
in Figure 2(b). In the advanced options, the user can set
their custom RF score threshold and Assay score threshold,
rank the results using the RF score or Assay Score, include
the clustering tool, filtering by determined alleles (known
MHC allele), and set the minimum and maximum size if
the epitopes. Also, a number of additional assays, generally
considered as being less rigorous, are provided, allowing the
user to set custom parameters. Every field in the advance
options dynamically changes to fit the default values for a
given query. For example, if the user selects MHC class II
epitopes, the web tool will set the clustering field to “yes” and
the epitope size to 13–20.

3.6. Selection and Synthesis of Peptide Sets for Experimental
Validation. To experimentally validate the usefulness of the
tool we decided to synthesize some of the actual peptide
sets identified by the tool and experimentally test them for
recognition by human T cell responses. One of the main
challenges for testing large pools for T cell recognition
is that ex vivo T cells assays require relatively substantial
amounts of each epitope (in the 1–0.1 microgram/mL range),
compounded by the fact that peptide solubility in solvents
most widely applicable to preparing peptide stock solutions,
such as DMSO, is usually limited to about 20–40mg/mL.
Since solvents like DMSO are toxic in cellular assays at
concentrations above 0.5%, this would seem to effectively
limit the number of peptides that can be safely included in
a pool to about 20.

However, in many cases the solubility of one peptide is
not drastically influenced by the presence of other peptides
(especially if the sequences, isolectric point, and general
solubility are different). For this reason, we predicted that
it might be possible to make pools of peptides already dis-
solved in a solvent like DMSO, mix the solutions, and rely-
ophilize the pool of pools. Indeed, we routinely find these
“sequentially lyophilized” pools, once resuspended, to be
much more soluble than the individual components.

Accordingly, we synthetized a set of 207 EBV human
CD8/class I epitopes, identified by the default setting
described above (Supplemental Table 1A). In addition, we
also synthetized a set of 92 CD8/class I epitopes derived
from DENV virus, obtained by selecting only peptides with
RF >= 0.01 (Supplemental Table 1B), and a set of 86 epitopes
CD4/class II epitopes derived from Mycobacterium tubercu-
losis, based on an RF score >= 0.1 and being recognized ex
vivo (Supplemental Table 1C).

3.7. Experimental Validation of the Use of Reference Epitope
Sets to Detect T Cell Reactivity Ex Vivo. Peptides correspond-
ing to these three sets of epitopes were pooled and tested with
human PBMC as a source of T cells. For these experiments
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Table 3: Parvoviridae virus validated epitope set downloaded from the web tool.

Epitope/cluster Epitope ID Source
organism

Source
protein

MHC
restriction RF score Assay score Assay type Effector

origin

FYTPLADQF 18474
Human

parvovirus
B19

Noncapsid
protein NS-1 HLA-A∗24:02 0.51 12

Multimer/tetramer,
51 chromium,
ELISPOT

Direct ex
vivo, cell
line/clone

GLCPHCINV 20786
Human

parvovirus
B19

Noncapsid
protein NS-1

HLA-
A∗02:01,
HLA-A2

0.46 4 ELISPOT, 51
chromium Direct ex vivo

QPTRVDQKM 51981
Human

parvovirus
B19

Noncapsid
protein NS-1 HLA-B35 0.29 3

ELISPOT, 51
chromium,

multimer/tetramer

Cell
line/clone

LLHTDFEQV 37397
Human

parvovirus
B19

Noncapsid
protein NS-1

HLA-
A∗02:01,
HLA-A2

0.21 4 ELISPOT, 51
chromium Direct ex vivo

TAKSRVHPL 62900
Human

parvovirus
B19

Viral protein
2 HLA-B8 0.12 4 ELISPOT, 51

chromium Direct ex vivo

TEADVQQWL 63285
Human

parvovirus
B19

Noncapsid
protein NS-1 HLA-B40 0.1 4 ELISPOT, 51

chromium Direct ex vivo

SSHSGSFQI 61077
Human

parvovirus
B19

Noncapsid
protein NS-1 HLA-Class I 0 4 ELISPOT, 51

chromium Direct ex vivo

SESSFFNLI 57628
Human

parvovirus
B19

Noncapsid
protein NS-1 HLA-B40 0 4 ELISPOT Direct ex vivo

VQQWLTWCN 70634
Human

parvovirus
B19

Noncapsid
protein NS-1 HLA-Class I 0 4 51 chromium,

ELISPOT Direct ex vivo

VPQYGYLTL 70458
Adeno-

associated
virus - 2

Major coat
protein VP1 HLA-B∗07:02 0 2 ICS, biological

activity, ELISA
Short term
restimulated

SALKLAIYKA 56861
Human

parvovirus
B19

Noncapsid
protein NS-1 HLA-Class I 0 8 RNA/DNA

detection, ICS Direct ex vivo

TEADVQQWLTW 63286
Human

parvovirus
B19

Non-capsid
protein NS-1 HLA-B44 0 4 ELISPOT Direct ex vivo

QSALKLAIYK 52287
Human

parvovirus
B19

Noncapsid
protein NS-1 HLA-Class I 0 8 ICS Direct ex vivo

IDTCISATFR 25677
Human

parvovirus
B19

Noncapsid
protein NS-1 HLA-Class I 0 4 ELISPOT Direct ex vivo

HAKALKERMV 23542
Human

parvovirus
B19

Noncapsid
protein NS-1 HLA-Class I 0 4 ELISPOT Direct ex vivo

GLFNNVLYH 20861
Human

parvovirus
B19

Noncapsid
protein NS-1 HLA-Class I 0 4 51 chromium,

ELISPOT Direct ex vivo

LHTDFEQVM 36432
Human

parvovirus
B19

Noncapsid
protein NS-1 HLA-Class I 0 4 ELISPOT, 51

chromium Direct ex vivo

LLHTDFEQVM 37398
Human

parvovirus
B19

Noncapsid
protein NS-1 HLA-A∗02:01 0 8 ICS Direct ex vivo
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Table 3: Continued.

Epitope/cluster Epitope ID Source
organism

Source
protein

MHC
restriction RF score Assay score Assay type Effector

origin

GLCPHCINVG 20787
Human

parvovirus
B19

Noncapsid
protein NS-1 HLA-Class I 0 8 ICS, RNA/DNA

detection Direct ex vivo

EADVQQWLT 11014
Human

parvovirus
B19

Noncapsid
protein NS-1 HLA-Class I 0 4 ELISPOT, 51

chromium Direct ex vivo

RMTENIVEV 145986 Human
parvovirus 4 ORF1 HLA-A∗02:01 0 12 Multimer/tetramer,

ICS

Short term
restimulated,
direct ex vivo

we selected PBMC from 5 individuals infected with DENV
virus and likely uninfected with TB (see methods for details)
and PBMC from 5 LTBI individuals and likely uninfected
with DENV. Because of the high incidence of EBV infection
worldwide [24], we assumed that most if not all individuals
tested would be latently infected with EBV.

PBMC were stimulated with the DENV CD8 pool, MTB
CD4 pool, and EBV CD8 pool. After ex vivo stimulation,
the IFN𝛾 response was measured by ICS (Figures 3(a)–
3(d)). The gating strategy for these experiments is presented
in Figure 3(a). Representative plots of the responses for
both CD4+ and CD8+ T cells are shown for a LTBI donor
(Figure 3(b)) and a DENV donor (Figure 3(c)). The IFN𝛾
responses induced by each epitope pool in the relevant
CD4/CD8 compartments for all donors tested are summa-
rized in Figure 3(d). In the case of theMTBCD4 pool, ex vivo
CD4 but not CD8 T cell responses were seen in the LTBI (𝑃 =
0.004) and DENV donors. The reactivity was lower in the
DENVdonors than in the LTBI donors (𝑃 = 0.03).This lower,
but detectable, reactivity is explained by the fact that the
DENV seropositive individuals are vaccinated against MTB
withM. bovis BCG and are likely exposed to nontuberculous
mycobacteria [25]. In the case of theDENVCD8 pool, CD8T
cell responses, but not CD4, were detected in 3 out of 5DENV
donors. This ex vivo reactivity in 3 out of 5 donors is in line
with what was detected in previous studies [11]. As expected,
no CD4 responses were seen to the CD8 DENV pool, as also
low CD8 and CD4 T cell reactivity was noted in the MTB
donors with the DENV CD8 pool. Finally, as also expected,
in both cohorts reactivity was detected against the EBV CD8
pool in CD8 but not in CD4 T cells (𝑃 = 0.004 for LTBI and
𝑃 = 0.05 for DENV).

4. Conclusions

We devised a strategy that allows automatically filtering
datasets to select epitopes of appropriate size, defined restric-
tion, and assay type for use in characterizing responses to
specific indications. While querying the IEDB database can
also generate these sets, a certain degree of complexity in the
queries and the setting of multiple parameters would be nec-
essary. In our application, the epitope sets are automatically

generated, while the user is still enabled to change the default
settings to generate validated epitope sets matching specific
criteria.

We further identified which epitope categories are sup-
ported by current IEDB data, and found that reference
epitope sets could be produced for 43 categories with data
currently available in the IEDB. The number of such cate-
gories, broadly based on previous epitope classification work
[21], is undoubtedly destined to grow, allowing an ever more
comprehensive study of immune responses in a broad variety
of experimental systems. To further illustrate the broad
applicability of the approach, we also extended our work to
address autoimmune epitopes, B cell epitopes, and murine
epitopes.

While these actual epitope sets are provided as tables
within the paper, we implemented a web application to
automatically generate epitope sets, based on the fact that
the IEDB content is rapidly growing and new epitopes are
added to the IEDB in each of its biweekly updates. We plan to
continuously gather feedback on this web application from
the scientific community, and to implement changes and
modifications through the main IEDB website [14].

Finally, to illustrate applicability in an actual experi-
mental setting, we selected and synthesized peptide sets
corresponding to EBV, DENV, and MTB epitopes. These
epitope sets were used to measure immune reactivity in
human cells. The experimental testing of these epitope sets
demonstrated the applicability of these sets as a valuable
resource to allow detection of T cell responses ex vivo. As
such, these sets of epitopes represent potentially valuable
resources for diagnostic purposes, as well as for further
detailed characterization of the immune response to specific
targets of immunological interest.
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Figure 3: Predicted epitope pools induce a detectable ex vivo cytokine response. PBMC from donors with LTBI (MTB donor) or previously
exposed to DENVwere stimulated with their respective epitope pools and an EBV epitope pool. After ex vivo stimulation, the IFN𝛾 response
was measured by ICS using flow cytometry. Gating strategy (a) and representative plots of the responses for both CD4+ and CD8+ T cells
are shown for a MTB donor (b) and DENV donor (c). (d) The ICS IFN𝛾 responses induced by each epitope pool for all donors tested are
summarized (𝑛 = 10). Statistical difference was determined using a one-tailed Mann-Whitney test. (∗𝑃 ≤ 0.05; ∗∗𝑃 ≤ 0.01).
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Many new therapies are currently being used to treat cancer. Among these newmethods, chemotherapy based on peptides has been
of great interest due to the unique advantages of peptides, such as a low molecular weight, the ability to specifically target tumor
cells, and low toxicity in normal tissues. In treating cancer, peptide-based chemotherapy can be mainly divided into three types,
peptide-alone therapy, peptide vaccines, and peptide-conjugated nanomaterials. Peptide-alone therapy may specifically enhance
the immune system’s response to kill tumor cells. Peptide-based vaccines have been used in advanced cancers to improve patients’
overall survival. Additionally, the combination of peptides with nanomaterials expands the therapeutic ability of peptides to treat
cancer by enhancing drug delivery and sensitivity. In this review, wemainly focus on the new advances in the application of peptides
in treating cancer in recent years, including diagnosis, treatment, and prognosis.

1. Introduction

Peptides are molecules formed by combinations of amino
acids linked by peptide bonds through the dehydration-
condensation reaction. Peptides can be obtained conve-
niently from the products of proteolysis, direct synthesis
by the body, or artificial synthesis [1]. Peptides play a large
role in the treatment of diseases. Peptide-based therapy
has been applied in various diseases, such as allergic dis-
eases, infectious diseases, autoimmune diseases, fibrosis, and
asthma.There are several advantages of peptides, such as easy
availability and convenient purification and storage [2–4].
Peptide-based therapies have been tested in both in vitro and
in vivo experimental models, and some may present promis-
ing outcomes. Larché demonstrated the basic mechanisms
and feasibility of peptide therapy for allergic diseases [2].
Additionally, Iikuni et al. demonstrated encouraging efficacy
using anti-DNA immunoglobulin peptide therapy against
systemic lupus erythematosus (an autoimmune disease) in
murine models [1]. Moreover, Oh and Lee reported the
combined use ofHMGB-1 boxApeptide and S1PLyase siRNA
in the treatment of acute lung injury [5]. Similarly, Nojiri
et al. also certified that atrial natriuretic peptide (ANP) was

significantly useful in inhibiting lipopolysaccharide-induced
acute lung injury [6].

In addition, peptides also play an important role in can-
cer, including early diagnosis, prognostic predictors, and the
treatment of cancer patients. Unlike other therapies, peptides
show superiority due to their specificity. Recently, peptide-
based therapy against cancer, such as peptide vaccines, has
attracted increased attention [7]. Since sipuleucel-T was
accepted by the US Food and Drug Administration (FDA)
as the first standard peptide vaccine for prostate tumors, an
increasing number of clinical trials have been conducted in
many other cancer types, such as melanoma, glioblastoma,
breast cancer, and gastric cancer [8]. However, the clinical
response is considered limited and most of the current
clinical trials showed limited efficacy [9]. Therefore, many
novel methods, such as the combination with nanomaterials
and chemotherapy, personalized peptide vaccination, and
improved delivery systems, have been attempted in clinical
trials and some may prolong the survival of cancer patients
or result in tumor regression and show enhanced clinical
efficacy.

In this view, we summarize the new progress of peptides
in the application of cancer diagnosis (Table 1), prognostic
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Table 1: Peptides applied in cancer diagnosis.

Cancer Peptide Year Author Reference

Pancreatic cancer
uMMP-2 and uTIMP-1 2014 Roy et al. [10]

MIC-1/GDF15 2014 Wang et al. [11]
RGS6 2014 Jiang et al. [12]

Gastric cancer LGR5 2013 Zheng et al. [13]
PGI/II, CA242 2014 Lu et al. [14]

Prostate cancer EN2 2013 McGrath et al. [15]
UCP2 2013 Li et al. [16]

Breast cancer HER-2 2014 Boku [17]
MUC1 2011 Zanetti et al. [18]

Colorectal cancer
HNP1-3 2006 Albrethsen et al. [19]

CPAA-783-EPPT1 2012 Bloch et al. [20]
Serum C-peptide 2014 Comstock et al. [21]

Lung cancer

Linear peptide antigen derived from ANXA1 2014 Wang et al. [22]
C-peptide in serum 2014 Zhang et al. [23]
11 novel peptides 2014 McGuire et al. [24]

Peptides from variable parts of antibodies 2014 de Costa et al. [25]
HCBP-1 2014 Wang et al. [26]

predictors, and novel peptide therapies for cancer patients.
We also discuss the prognosis and adverse effects of peptide
vaccines in clinical trials.

2. Peptides and Colorectal Cancer

Colorectal cancer (CRC) is one of the most common cancers
in the world, and it causes approximately 500,000 deaths
worldwide per year, according to a recent report. Patients
with metastatic CRC have a low 5-year survival rate, and
early diagnosis of CRC leads to a better prognosis [19, 56].
At present, peptides also play an important role in CRC
diagnosis. FITC-labeled peptide EPPT1was linked to cationic
polyacrylamide (CPAA) to form CPAA-783-EPPT1, which
can target the cell transmembrane underglycosylatedMUC-1
protein in the colorectal cell lines HT-29 and LS-174T [20].
In addition, in a recent clinical study, human neutrophil
peptides 1–3 (HNP1–3) were reported to be present at high
concentrations in CRC tissue, especially in Dukes’ stages C
and D [19]. Additionally, Comstock et al. also reported that
a high concentration of serum C-peptide indicates a high
risk of an adenoma in males [21]. These data suggested that
peptides could be used as biomarkers for detecting CRC.

In addition to their function in the detection of CRC,
peptides have also demonstrated their ability to treat CRC.
Atrial natriuretic peptide (ANP), one of the cardiac and
vascular derived peptide hormones, was reported to be a
potential drug for CRC because it has antiproliferative effects
in CRC cells [37]. Neovascularization is essential for tumor
growth, and the neovasculature has been an attractive target
for anticancer therapy. Li et al. reported that a peptide called
TCP-1 could specifically target the blood vessels in tumor tis-
sues [38]. Interestingly, they also found that TCP-1 could also
deliver fluorescein and drugs for imaging detection and apop-
tosis in CRC, respectively [38]. Their findings suggested that

TCP-1 could be a promising peptide for CRC therapy because
it could carry anticancer drugs specifically to CRC tissue,
without binding to normal tissue. In addition,Wang et al. also
reported that F56 peptide conjugated nanoparticles loading
vincristine (F56-VCR-NP) could target both primary lesions
and the neovasculature of lung metastases, causing apoptosis
of the neovasculature and necrosis of the CRC tissue [39].

Interestingly, peptides present in nondigestible fractions
(NDF) of the common bean were reported to have an
antiproliferative effect via increased p53 expression in a
human CRC cell line [50]. In addition, researchers from the
same teamalso found that the peptides inNDF fromcommon
beans could cause different gene expression in a human CRC
cell line, which was related to cell death and survival, the cell
cycle, cell proliferation, and so forth, leading to the induction
of apoptosis and cell death. Their reports indicated that the
role of peptides from the common bean could be used for
anticancer treatment in CRC.

Additionally, the vaccine made by combined peptides has
been well studied in treating CRC. Inoda et al. reported that
the combined use of three peptides (Cep55/c10orf3 193(10),
Cep55/c10orf3 402(11), andCep55/c10orf3 283(12))was effect-
ive in HLA-A24-positive CRC [51]. Recently, Hazama et al.
reported a “peptide cocktail” treatment in CRC patients. In
this study, researchers showed an improved median overall
survival time in patients who received an injection of the
“peptide cocktail” compared with the control group [57].
Then, in the following research, Hazama and colleagues
found that the interleukin-6 level was increased due to the
peptide vaccine, and it could also predict good prognosis
in patients who accepted the peptide vaccine [52]. Similarly,
Okuno et al. also reported that a 7-peptide cocktail vaccine
with oral chemotherapy demonstrated an improved outcome
in patientswithmetastatic CRC, as these subjects had a longer
survival time compared with the control group [53].
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From these data, we conclude that peptides could be used
in detecting and treating CRC, and the combined use of
peptides was most effective, including both peptides bound
with a drug and the use of a “peptide cocktail” vaccine.

3. Peptides and Lung Cancer

Lung cancer is the leading cause of cancer-related mortality,
and the 5-year survival remains lowdespite new therapies [58,
59]. The detection of lung cancer in early stages has attracted
much attention in recent years. It has been many years since
a peptide was first used as a predictor of lung cancer [60].
In recent years, new peptides have also demonstrated their
ability in detecting lung cancer. Wang et al. reported that the
linear peptide antigen derived from annexin A1 was higher in
patients with non-small-cell lung cancer (NSCLC), compared
with control subjects [22]. Zhang and colleagues also found
that C-peptide in the serum was higher in patients with
lung cancer, especially in the small cell lung cancer group,
the stage III-IV group, and patients with lung cancer and
diabetes [23]. Additionally, McGuire et al. found 11 novel
peptides that specifically bind to a series of human NSCLC
cell lines and are involved in a number of pathways, indicating
that these peptides could be used as predictors for NSCLC
[24]. Interestingly, peptides could also be used as carriers,
because they have specific binding sites. Gniazdowska et al.
reported that the vasopressin peptide conjugated with 99mTc
(99mTc(NS3)(CN-AVP(an))) could be used as an ideal com-
pound for imaging small cell lung cancer (SCLC) cells with
its high stability and novel binding to the SCLC cell line
H69 [61]. In addition, Hong et al. also found that 131I-anti-
ProGRP(31–98)scFv, which can bind to progastrin-releasing
peptide(31–98) (ProGRP(31–98)), had a high level of selective
uptake by tumor tissues, but a low level in normal tissues,
indicating that it could be used for SCLC radioimmunoimag-
ing [62]. Impressively, de Costa et al. first found that peptides
generated from variable antibodies were shared among lung
cancer patients but not a control group [25], suggesting that
these peptides could be novel biomarkers for screening lung
cancer. Evidence also showed that the peptide HCBP-1 has
exhibited specific binding to lung cancer stem cells, suggest-
ing that this peptide may be used to identify lung cancer stem
cells and as a drug carrier to lung cancer stem cells [26].

Peptides can also be used to treat lung cancer. Takahashi
et al. reported that the dendritic cell vaccines pulsed with
Wilms’ tumor-1 peptide significantly improved the survival
period of patients with advanced NSCLC [40]. Additionally,
Kotsakis et al. also reported that the hTERT-targeting Vx-
001 vaccine, which is a vaccine consisting of a TERT572Y
optimized cryptic peptide that restricts target HLA-A∗0201,
could induce strong immune responses and improve the clin-
ical outcome of the majority of NSCLC HLA-A2 (+) patients
[41]. Recently, Ahsa et al. also reported that the synthesized
peptide Disruptin decreased the clonogenicity of EGFR-
dependent cancer cells [42]. They also found that Disruptin
could inhibit the microvessel density in lung cancer cell line
H1975 xenografts [42], indicating that Disruptin could be a
potential drug for EGFR positive cancer. Similarly, Sigalov

also designed a ligand-independent peptide-based TREM-1
(triggering receptor expressed onmyeloid cells-1) inhibitor to
specifically silence TREM-1, and this peptide delayed tumor
growth in xenograft models of human NSCLC [43].

Interestingly, peptides fromnatural sources were also able
to treat lung cancer.Thepeptide fractions fromhigh oleic acid
soybean showed an inhibitory effect in cancer cells (including
colon cancer, liver cancer, and lung cancer), and this effect
was dose dependent [54]. Additionally, peptides from the
venom of the Eastern green mamba have toxic effects against
the human NSCLC cell line A549 [55].

With the development of nanotechnology, peptides that
are conjugated with nanomaterials have exhibited a great
potential in treating diseases, especially cancer. Chittasupho
et al. reported that a synthetic compound (LFC131-DOX
NPs), which contained a peptide (LFC131, an inhibitor
of CXCR4), PLGA nanoparticles, and doxorubicin, could
specifically bind to the human lung cancer cell line A549,
indicating that LFC131-DOX NPs could be used as a drug
delivery system in treating lung cancer [44]. In addition,
Guan and colleagues also reported that TH10 peptide con-
jugated nanoparticles loading docetaxel (TH10-DTX-NP)
showed therapeutic efficacy in inhibiting vascular pericytes
in a mouse lung metastasis model, indicating that TH10-
DTX-NP could be a potential drug for treating cancer
[46]. Similarly, Wang et al. also reported that bradykinin-
potentiating peptide (BPP) decorated chitosan nanoparticles
could enhance vascular permeability in tumors, resulting in
drug accumulation in tumors and prolonging survival [45].

4. Peptides and Pancreatic Cancer

Pancreatic cancer (PC) remains a deadly malignant disease,
with a 6% five-year survival rate, and increased incidence
and mortality in recent years [63]. It has an extremely poor
prognosis due to many factors, including low diagnosis rate,
a high rate ofmetastasis, and the poor efficacy of conventional
treatments [64].

Evidence showed that urinary matrix metalloproteases
(uMMP-2) and urinary tissue inhibitor of metalloproteases
(uTIMP-1) can be used to detect PC, and uTIMP-1 may be
used to distinguish between pancreatic ductal adenocarci-
noma (PDAC) and pancreatic neuroendocrine tumors [10].
Wang et al. reported that macrophage inhibitory cytokine 1
(MIC-1/GDF15) was overexpressed in PDAC tissues and may
be a novel biomarker to screen for PDAC [11].Moreover, Jiang
et al. demonstrated that the expression of RGS6was low in PC
patients [12]. In general, the peptides mentioned above may
serve as novel diagnostic biomarkers in PC.

Rothenberg et al. have identified that gemcitabine, as a
first-line treatment, can improve the survival rate and quality
of life in cases of advanced pancreatic cancer. However, the
median survival and one-year survival rate were approxi-
mately 6 months and 18%, respectively [65]. In recent years,
peptide-based vaccines, which elicit a specific anticancer
response, have been considered to be a promising treatment
option. Tumor-associated antigens (TAAs) can be recognized
by the immune system and thus result in the disturbance
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of cancer cells or even tumor regression [66]. However,
peptide vaccines showed limited clinical efficacy, influenced
by the ability of tumor cells to escape recognition by the
immune system [66]. Multiple mechanismsmight contribute
to immune escape such as a loss or downregulation of
molecules, including tumor antigens and human leukocyte
antigen (HLA) [67]. To date, some novel potential solutions
ormodulations have been proposed, such as themodification
of TAApeptides, vaccines againstmultiple TAA epitopes, and
the combination of chemotherapy [66].

Recently, the Wilms tumor gene (WT1) peptide-based
vaccine in combination with gemcitabine was found to be
more effective than gemcitabine alone. The median survival
and one-year survival rate of the combination therapy were
8.1 months and 29%, respectively [27]. WT1 is overexpressed
in PC cells, and the WT1 protein acts similarly to TAA and
is targeted by specific effector T cells in immunotherapies.
WT1-specific cytotoxic T lymphocytes (CTLs) against PC
cells and delayed type hypersensitivity (DTH) were induced
in response to the WT1 peptide-based vaccine. Through the
release of perforins and granzymes as well as FasL/Fas inter-
actions, the target tumor cells were eliminated and regressed.
Moreover, CTLs specific for WT1 only act on cells with
elevated expression of WT1 but do not damage normal cells,
such as hematopoietic cells [68]. Therefore, the WT1 vaccine
has no significantly adverse effects on hematopoiesis [68].

Gemcitabine induces cell apoptosis through inhibiting
DNA synthesis [69].Thedrug hasmany immune-modulating
functions, such as the selective depletion of B lymphocytes,
the reinforcement of T-cell recall responses, the reduction of
regulatory T-cells, and an increase in the cross-presentation
and cross-priming of tumor antigens [70–72]. Furthermore,
gemcitabine upregulates the expression ofWT1 and enhances
the sensitivity of pancreatic cancer cells to CTL-mediated
killing [64, 73].

WT1 peptide-based vaccines upregulate WT1-specific
CTLs, and gemcitabine contributes to the amplification of
CTL proliferation and the antitumor response. Thus, the
combination of theWT1 vaccine with gemcitabine was syner-
gistic [73]. Nishida et al. proved that longer survival was sig-
nificantly interrelated with a positive DTH to WT1 peptides,
and a high frequency of memory-phenotype WT1-specific
CTLs was observed among DTH-positive patients [27].
Positive DTH to WT1 and a higher frequency of memory-
phenotype WT1-CTLs could serve as two useful prognostic
markers of effective clinical results [27]. In addition, theWT1
vaccine led to pain relief and alleviated distressing symptoms.
The side effects of combination therapy resemble those of
gemcitabine alone except for topical skin reactions [27]. The
combination of chemotherapy with immunotherapy against
cancer proved to be effective and synergistic.

In addition, Suzuki et al. reported that a KIF20A-derived
peptide combined with gemcitabine increased the number
of peptide-specific IFN-𝛾 producing cells and indicated
promising clinical outcomes in advanced PC patients [28].
Moreover, a mixture of a telomerase (GV1001) vaccine and
gemcitabine was found to be safe, however, with a weak and
transient immune response [29].

5. Peptides and Gastric Cancer

In spite of decreased incidence and death rates of gastric
cancer worldwide in recent years, gastric cancer still has high
incidence rates, especially in Eastern Asia, Eastern Europe,
and South America [63]. The incidence of gastric carcinoma
has notably decreased due to improved hygiene leading to
lower rates ofH. pylori infection, the popularization of refrig-
eration, and reduced smoking rates [74]. Chemotherapy,
such as docetaxel, cisplatin, 5-fluorouracil, and S-1, is the
conventional treatment for advanced, recurrent, or unre-
sectable gastric carcinoma and shows poor clinical prognosis
[75]. Since the acceptance of Provenge (sipuleucel-T) as the
first cancer vaccine in prostate cancer by the FDA, peptide
vaccine therapy was widely attempted in other cancers, such
as colorectal, pancreatic, and gastric cancer [8].

Peptides are capable of detecting and diagnosing cancer.
Zheng and his colleagues reported that leucine-rich repeat-
containing G protein-coupled receptor 5 (LGR5) levels were
significantly elevated in gastric cancer tissues, thus serving as
an early diagnostic biomarker [13]. In addition, the detection
of serum pepsinogen I (PGI), pepsinogen II (PGII), and car-
bohydrate antigen 242 (CA242) may be useful in diagnosing
gastric cancer [14].

Recently, clinical trials in patients with gastric cancer
(GC) have been conducted using peptide-based vaccines,
including vascular endothelial growth factor receptor 2-
(VEGFR2-) 169, VEGFR1-1084, and lymphocyte antigen 6
complex locus K (LY6K-177) epitope peptides [30, 31].

VEGF is highly expressed in endothelial cells of newly
formed tumor vessels and is considered to be a tumor angio-
genic and vasculogenic factor [76]. VEGFR2 is responsible
for mitogenesis, angiogenesis, and permeability-enhancing
activity by binding with VEGF, while VEGFR1 plays a
negative role in VEGF-induced responses by inhibiting the
binding of VEGFR2 with VEGF [77]. A peptide vaccine
targetingVEGFR1 and an anti-VEGFR2 antibody are effective
in inhibiting tumor angiogenesis [77, 78].Therefore, VEGFR1
and VEGFR2 are promising antiangiogenic targets [79]. A
combination of a VEGFR1 and VEGFR2 peptide-based vac-
cine with S-1 plus cisplatin showed improved clinical efficacy,
and no severe adverse events were observed in patients with
advanced GC. The median overall survival and progression-
free survival time were 14.2 months and 9.6 months, respec-
tively, with the combined therapy, compared to 13months and
6 months with the S-1 plus cisplatin treatment [30].

LY6K-177 is overexpressed in the majority of lung
and esophageal cancer tissues [80]. Ishikawa et al. have
demonstrated that the peptide vaccine derived from the
HLA-A∗2402-restricted LY6K-177 epitope was able to induce
a specific CD8+ CTL response [81]. The suppression of
LY6K expression with siRNA effectively inhibited the growth
of LY6K-expressing lung and esophageal cancer cells [81].
Therefore, LY6K might be suitable to repress tumor growth
as a targeting peptide in vaccine therapy. Clinical trials of
vaccine therapy containing peptide LY6K-177 have verified
that the LY6K-177 vaccine stimulated an antigen-specific
CD8+ CTL response and significantly prolonged the survival
of patients with esophageal squamous cell carcinoma [82].
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An estimated 85% of GC patients have LY6K expression. A
phase I clinical trial of an LY6K-177 peptide vaccine emulsi-
fied with Montanide ISA 51 was conducted in advanced gas-
tric cancer patients [31]. The clinical response was effective,
with nearly no side effects except for redness and induration
at the injection sites [58].

To a great extent, the development of immunotherapy
with peptide vaccines depends on the identification of novel
vaccine targets, such as tumor-associated antigens [65]. How-
ever, few gastric cancer-targeting TAAs have been identified,
and TAAs that can induce anticancer responses need to be
further investigated.

6. Peptides and Prostate Cancer

Prostate cancer is the first leading cancer type of all newly
diagnosed cancers and the second leading cause of cancer
deaths among men in 2014 [63]. The incidence rate has
declined but has fluctuated greatly since 2000 due to differ-
ences in prostate-specific antigen (PSA) testing prevalence
and ethnicity [83]. A variety of chemotherapies have been
employed to clinically treat prostate cancer, such as doc-
etaxel and abiraterone [84]. Immunotherapy has been shown
to be feasible to cope with chemotherapy-resistant cancer.
Sipuleucel-T is the first FDA-approved cancer vaccine for the
treatment of castration-resistant prostate cancer patients [85].

Mcgrath and his colleagues validated that EN2, a
homeobox-containing transcription factor, was present in
human fetuses but absent in healthy adults. However, the
overexpression of EN2 in patients with prostate cancer can
lead to the diagnosis of prostate tumors [15]. Similarly, mito-
chondrial uncoupling protein 2 is overexpressed in prostate
cancer and may serve as a biomarker for diagnosis [16].

Faced with limited therapeutic efficacy, the identification
of novel tumor antigens and the elevation of immunogenicity
using vaccines are advisable approaches to improve clinical
responses [66]. Noguchi et al. reported that personalized
peptide vaccination (PPV)was well tolerated in the treatment
of patients with castration-resistant prostate cancer (CRPC)
in 2013 [47]. As we mentioned previously, although a large
number of clinical trials have been conducted, outcomes
showed limited responses andwere less than satisfactory [86].
The limited clinical efficacy might be caused by not knowing
the immunological status of patients, which contributed to
mismatches between vaccine peptides and the heterogeneous
immune cell repertoires [87].

Unlike other therapies, PPV is a novel immunotherapy
tailored for individual patients. Many suitable candidate
antigens are selected based on HLA type and the preexist-
ing host immunity [88]. Conventional vaccines containing
simply one peptide might not initiate a specific antitumor
response against tumor cell variants because of the loss
or reduction of TAA [88]. Therefore, a maximum of four
peptides might increase the possibility of inducing immune
responses and thus decrease the chance of tumor escape from
immunosurveillance [89]. Two to four selected peptides were
employed in patients during this trial along with incomplete
Freund’s adjuvant. The estimated median survival time was

18.8 months [47]. The result demonstrated that PPV was
feasible for patients with CRPC and also recommended a
surrogate marker for the evaluation of the clinical efficacy
of cancer vaccine prostate-specific antigen doubling time
(PSADT) [47].

In 2014, Saif reported that the PAP-114-128 epitope-
based vaccine stimulated antigen-specific T-cell responses
and reduced the growth of prostate cancer cells in C57BL/6
mice [32]. Prostatic acid phosphatase (PAP) is overexpressed
in prostate cancer and may be an ideal vaccine target in
the immunotherapy of prostate tumor patients [8]. Because
long peptide vaccines are more efficient than ones that use
whole proteins [90], the PAP-114-128 epitope peptide, which
can induce CD4+ and CD8+ T cell responses, was screened
from the PAP protein. The trial also validated that the PAP-
114-128 peptide delivered through the ImmunoBody vector
(IB-PAP-114-128) exhibited stronger CD4+ and CD8+ T
cell specific responses and IFN-𝛾 response than the PAP-
114-128 peptide [32]. Furthermore, the IB-PAP-114-128 vac-
cine stimulated T cells that had higher avidity than PAP-
114-128 emulsified with incomplete Freund’s adjuvant [32].
ImmunoBody uses monoclonal IgG1 antibodies that were
reconstructed to express specific antigenic epitopes to induce
cellular immunity [91]. The Fc region of IgG1 can elicit high-
affinity responses when targeting Fc𝛾R (CD64) expressed on
DCs [92].Thus, the fusion of the PAP-114-128 epitope peptide
and ImmunoBody vector demonstrated effective antitumor
benefits [32]. Further studies of this combined therapy are
needed to assess its clinical efficacy.

Additionally, Fenoglio et al. confirmed the safety and
immunological response against prostate tumors by using
of a multipeptide, dual-adjuvant telomerase vaccine called
GX301, which is composed of four telomerase peptides
(peptide540–548, peptide611–626, peptide672–686, and
peptide766–780) and two adjuvants, MontanideISA-51 and
Imiquimod [48].

7. Peptides and Breast Cancer

Breast cancer is the second most common cause of cancer
deaths among women in the United States in 2014 [63].
The increased incidence rates but decreased death rates
of breast cancer might be attributed to the prevalence of
screening examinations, early diagnosis that prevents tumors
from developing into advanced stages and improvement in
treatment [93, 94].

At present, treatments for breast cancer patients con-
sist of chemotherapy, endocrine therapy, immunotherapy,
and combination therapies [95]. Immunotherapies, including
antibodies and peptide vaccines, are effective in the treat-
ment of chemotherapy-resistant cancer [96]. Trastuzumab
is a monoclonal antibody against human epidermal growth
factor receptor 2 (HER-2) [97], which is overexpressed in
almost 30% of breast cancer patients and is closely related
to poor prognosis [17]. Ado-trastuzumab emtansine has been
approved by the FDA as standard regimen for patients with
HER-2 positive breast cancer [98].
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The earlier the diagnosis occurs, the better the prognosis
will be. Peptides play important roles in the early diagnosis
of breast cancer, which results in decreased mortality. A
list of antigens expressed in breast cancer cells including
HER-2, carcinoembryonic antigen (CEA) mucin1 [18], p53,
and telomerase reverse transcriptase has been investigated in
humans [96, 99].These peptides may be used to detect breast
cancer.

In recent years, many strategies to improve immune
efficacy have been proposed, such as the modification of
peptide sequences at amino acid residues [66], using different
vaccine delivery systems [95], PPV therapy as mentioned
previously [87], and various combination therapies.

Takahashi et al. reported that personalized peptide vac-
cination applied clinically to metastatic recurrent triple-
negative breast cancer (TNBC) patients has demonstrated
feasible results [9]. The advantages of PPV over conventional
immunotherapy methods have been reported previously.
TNBCs, lacking the immunohistochemical expression of
HER-2, the estrogen receptor, and the progesterone receptor,
occur more frequently in younger women [100]. TNBC
patients often have a poor prognosis and present with an
aggressive grade and lymph node metastases at the time of
diagnosis [101]. In this trial, most patients displayed aug-
mented PPV-induced immune responses, showing consider-
able efficacy [9]. Moreover, no patient had severe therapy-
related adverse events throughout the treatment [9].

According to previous studies, different vaccine delivery
systems also greatly affect the clinical immune efficacy and
demonstrated augmented immune responses [33]. Cationic
liposome enhanced the amplitude of the antitumor effect and
resulted in tumor regression when used as an adjuvant treat-
ment [102]. There are many advantages that contribute to the
adjuvant performance, such as versatility in lipid composition
and size, the high efficiency of antigen loading, increased
presentation of antigens, and the high ability of biodegrad-
ability and biocompatibility [103]. Mansourian et al. reported
on a p5 peptide (HER-2 derived peptide) encapsulated in
a delivery system that is composed of fusogenic dioleoyl
phosphatidylethanolamine (DOPE) incorporated into 1,2-
dioleoyl-3-trimethylammonium-propane (DOTAP) cationic
liposome-cholesterol, and when the peptide was coadminis-
tered with CpG-ODN, the system increased the delivery of
p5 and showed an elevated specific CTL response in mice
inoculated with TUBO tumor cells [33]. TUBO is a cloned
cell line that overexpresses the rat HER-2 protein [33]. The
study demonstrated that further studies on its clinical effects
in HER-2 positive breast cancer patients would be warranted.
In addition, Shariat et al. investigated optimal methods of
encapsulating the p5 peptide into liposomes to improve the
peptide encapsulation efficiency [49].Moreover, Karkada and
colleagues designed a liposome-in-oil vaccine platform called
DepoVax that can enhance immunogenicity of the vaccine
[104]. Effective vaccine delivery systems play important roles
in vaccine therapeutic efficacy.

Additionally, Ohtake and his colleagues validated that
an artificial long peptide consisting of survivin-18 (SU18)
and SU22 connected by a glycine linker was able to induce
IFN-𝛾 producing Th1 and Tc1 cells better than mixed short

peptides [34]. In addition, Mittendorf et al. reported that
the combination of E75 and granulocyte-macrophage colony-
stimulating factor (GM-CSF) is safe and inhibits tumor
recurrence [35]. Moreover, evidence has suggested that a
multiepitope derived from an ErbB-2 vaccine suppressed
the growth of breast cancer stem cells and consequently
prevented tumorigenesis [36].

8. Discussion

Cancer is a threat to human health [105] due to its metastatic
characteristic andhigh recurrence andmortality rates. Tumor
cells can survive by escaping the host’s immune system,
synthesizing proteins to resist external treatment, and so forth
[106, 107]. Traditional cancer treatments include chemother-
apy, radiotherapy, and surgical resection. Among these treat-
ments, chemotherapy remains a helpful and frequently used
method to treat cancer. Commonly, traditional chemothera-
peutical drugs target tumor cells by disrupting necessary cell
products, such as DNA, RNA, or proteins [108]. However,
chemotherapy is also insufficient. Because chemotherapy
does not specifically target tumor cells, it causes many side
effects in patients [109]. Additionally, multidrug resistance
(MDR) is the main reason that chemotherapy fails to cure
patients [108]. Under these limitations, chemotherapy based
on peptides has received increased attention.

Peptides, which are short chains of amino acidmonomers
linked by peptide bonds, can specifically bind to tumor cells
with low toxicity to normal tissues [110], indicating that
they are a promising anticancer agent. This tumor-targeting
ability of peptides is based on molecular structure [110].
Tumor cells have different membrane proteins on the cell
membrane, such as endothelial cell growth factor receptors
(EGFR) and cell surface proteoglycans [111, 112], making it
possible for molecules to specifically bind to these proteins
[113]. Peptides, derived from natural or synthetic sources,
can selectively bind to these proteins [110] because they may
share similar structures by containing arginine and lysine
[114]. These amino acids can form hydrogen bonds with
the negatively charged components on the cell membrane
[114, 115], indicating that amino acids are the main reason
why peptides may bind to tumor cell membranes. However,
these properties are not sufficient for peptides to specifically
target tumor cells. The specific selective ability of peptides
may depend on their spatial structure [116], such as cartilage
matrix proteins, which have a three-stranded a-helical coiled-
coil structure in the C-terminal domain that may serve as a
trimerization site [117]. Peptides are not the only molecule
that can bind to tumor cell membranes, but they are the most
ideal molecules because they have lowmolecular weights and
good cellular uptake [110].

As we have summarized previously, peptides can be
used to treat different types of cancer (lung cancer, CRC,
pancreatic cancer, gastric cancer, prostate cancer, and breast
cancer), from early diagnosis, treatment to prognosis. In
addition to these types of cancer, peptides can also be
used in skin cancer, renal cancer, osteosarcoma, and so
forth. Wu et al. reported that properdistatin, a novel peptide
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Table 2: Peptides applied in treating cancer.

Cancer type Peptide Model Year Author Reference

Pancreatic cancer
WT1 In vivo 2014 Nishida et al. [27]

KIF20A In vivo 2014 Suzuki et al. [28]
GV1001 In vivo 2014 Staff et al. [29]

Gastric cancer VEGFR1, 2 In vivo 2012 Masuzawa et al. [30]
LY6K-177 In vivo 2014 Ishikawa et al. [31]

Prostate cancer PAP-114-128 TRAMP C1 2014 Saif et al. [32]

Breast cancer

p5 TUBO 2014 Mansourian et al. [33]
SU18, SU22 In vivo 2014 Ohtake et al. [34]

E75 In vivo 2014 Mittendorf et al. [35]
ErbB-2 MMC 2014 Gil et al. [36]

Colorectal cancer
ANP DHD/K12/Trb, SW620 2012 Serafino et al. [37]
TCP-1 HCT116 and HT-29 2010 Li et al. [38]
F56 HUVEC 2014 Wang et al. [39]

NSCLC

WT1 In vivo 2013 Takahashi et al. [40]
TERT572Y In vivo 2014 Kotsakis et al. [41]
Disruptin H1975 2014 Ahsa et al. [42]
TREM-1 J774A.1 2014 Sigalov [43]

Lung cancer LFC131 A549 2014 Chittasupho et al. [44]
BPP In vivo 2014 Wang et al. [45]

Melanoma TH10 B16F10-luc-G5 2014 Guan et al. [46]

derived from the plasma protein properdin, could inhibit
angiogenesis in A-07 human melanoma xenografts [110]. Liu
and Miao also showed that the CycMSH peptide conjugated
with Tc-99m has exhibited an ability to target metastatic
melanoma, indicating the potential of metastatic melanoma
detection by CycMSH [118]. González et al. reported that
the peptides derived from the melanocortin 1 receptor could
elicit cytotoxic T-lymphocyte responses to kill melanoma
cells [119]. Additionally, peptides for renal cancer treatment
have also been of great interest. Vacas et al. reported that a
vasoactive intestinal peptide inhibited invasion and metasta-
sis of ccRCCs, by decreasing the nuclear level of 𝛽-catenin
[120]. In addition, a peptide-based vaccine has also been
used to treat metastatic renal cell carcinoma. Yoshimura
et al. reported that vaccination with a vascular endothelial
growth factor receptor 1 peptide showed anticancer effects
in 18 patients with metastatic renal cancer [121]. Rausch and
colleagues also found that a vaccine based on the IMA901
peptide could elicit a T-cell response and prolong overall
survival in patients withmetastatic renal cell carcinoma [122].
In addition to the novel applications of peptides in diagnosing
and treating cancer, peptides can be used in other aspects of
cancer therapy. Liu et al. found that the peptideMyr-NR2B9c
could be used to reduce bone cancer pain, suggesting that this
peptide could be used in patients with advanced bone cancer
[123]. From these data, we conclude that peptides could be
used in treating many types of cancer, and this treatment has
shown promising clinical outcomes.

Peptide based chemotherapy is also a type of immun-
otherapy (Table 2). Though the immune system can target
tumor cells, the tumor cells develop a number of immune
escape mechanisms to avoid immune system surveillance

[124]. The mechanism of peptides used in cancer therapy
can be divided into two aspects: (1) peptides can bind to
specific molecular targets on tumor cells, and these peptides
can either regulate the biosynthesis of tumor cells or serve as
a drug delivery system. (2) Peptides can induce specific T cell
responses to tumor cells, as González et al. reported [119].

Interestingly, peptides could also target tumor vessel
as well as targeting tumor cells. Li and Cho thought that
tumor vascular was a better target for peptide treatment,
when compared to tumor cells [125]. The endothelial cells of
tumor have unique advantages in attracting peptide, such as
low drug resistance, distinct microenvironment, and better
blood perfusion [38, 126–128]. These advantages also give
the unique application of peptide treatment, such as direct
molecular imaging of targeted vascular peptides [125]. These
peptides could provide potential target in diagnosing and
treating tumor.

In using peptides to treat cancer, peptide-based vaccines
have drawn increased attention (Table 3). Peptide-based vac-
cines have been widely applied in various diseases, such as
allergies, infectious diseases, autoimmune diseases, and even
cancer. Recently, peptide-based vaccines against cancer have
been used to elicit tumor regression. Since the acceptance
of sipuleucel-T by the FDA as the first peptide vaccine
for prostate tumors, an increasing number of clinical trials
have been conducted in many other cancer types, such as
melanoma, glioblastoma, breast cancer, and gastric cancer
[8]. A peptide-based vaccine has many advantages, including
(1) the convenient and inexpensive acquisition of peptides; (2)
easy administration; (3) the specificity of targeting to tumor
tissues but not normal tissues; (4) fewer or even no severe side
effects [66].
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Tumor-associated antigens (TAAs) are expressed in
tumor cells and can be recognized by T lymphocytes,
resulting in activation of the immune system [66]. A TAA
peptide vaccine, when injected into cancer patients, binds
with the restricted major histocompatibility complex (MHC)
molecule expressed in antigen presenting cells (APCs) [129].
Then the peptide/MHC complex is transported to the cell
surface after intracellular processing and recognized by T
cell receptor (TCR) on the surface of T cells, leading to
the activation of T lymphocytes [130]. Therefore, a peptide
cancer vaccine may elicit a specific immune response against
tumors. Nevertheless, the clinical response is limited and
shows limited efficacy [131]. These failures may be due to
many factors, including the poor immunogenicity of TAAs,
immune escape of tumor cells, and tumor heterogeneity [67].
New strategies for improving the clinical outcome include the
modification of TAApeptides [132], vaccines againstmultiple
TAA epitopes, personalized peptide vaccination [87], a com-
bination with chemotherapy, and different administration
routes and delivery systems [95]. Some novel methods have
been tried, and some may improve the clinical efficacy and
prolong the survival of cancer patients.

9. Conclusion

In this review, we mainly summarized new advances in using
peptides to treat different types of cancer, indicating that
peptides could be used as an ideal immunotherapymethod in
treating cancer due to the novel advantages of peptides, such
as specifically targeting tumor cells, decreased toxicity and
efficient immunoreaction. The development of identifying
and synthesizing novel peptides could provide a promising
choice to patients with cancer.
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CEA: Carcinoembryonic antigen
TAA: Tumor-associated antigens
GC: Gastric cancer
HLA: Human leukocyte antigen.
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Objective. To evaluate safety and immune responses of personalized peptide vaccination (PPV) for hepatitis C virus- (HCV-)
positive advanced hepatocellular carcinoma (HCC). Patients and Methods. Patients diagnosed with HCV-positive advanced HCC
were eligible for this study. Amaximumof fourHLA-matched peptideswere selected based on the preexisting IgG responses specific
to 32 different peptides, which consisted of a single HCV-derived peptide at core protein positions 35–44 (C-35) and 31 peptides
derived from 15 different tumor-associated antigens (TAAs), followed by subcutaneous administration once per week for 8 weeks.
Peptide-specific cytotoxic T lymphocyte (CTL) and IgG responses were measured before and after vaccination. Results. Forty-two
patientswere enrolled.Grade 3 injection site skin reactionwas observed in 2 patients, but no other PPV-related severe adverse events
were noted. Peptide-specific CTL responses before vaccination were observed in only 3 of 42 patients, but they became detectable
in 23 of 36 patients tested after vaccination. Peptide-specific IgG responses were also boosted in 19 of 36 patients. Peptide-specific
IgG1 responses to both C-35 and TAA-derived peptides could be potentially prognostic for overall survival. Conclusion. Further
clinical study of PPV would be warranted for HCV-positive advanced HCC, based on the safety and strong immune induction.

1. Introduction

Although sorafenib has been approved for advanced hepato-
cellular carcinoma (HCC), which is defined as metastatic or
locally advanced disease not amenable to locoregional ther-
apies, the efficacy of this agent was modest and the median
survival time (MST) was around 10months [1, 2]. In addition,
no other systemic treatments have shown obvious efficacy

in the past 5 years [3, 4]. Nevertheless, new approaches to
immunotherapy, such as glypican-3 targeting peptide vaccine
and anti-CTLA4 treatment, have shown promising results in
the early phase of clinical studies [5–9].

We have developed a novel regimen of personalized
peptide vaccination (PPV) that can be used to treat cancer
patients with many different HLA-class I types. In this
approach, the preexisting host immunity is analyzed to select
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4 peptides from among 31 pooled peptides derived from 15
different TAAs, which are then administered as a vaccination
[10–15]. PPV has the potential to prolong overall survival
(OS) in advanced cancer patients who fail to respond to
standard chemotherapy. We also reported a prophylactic
effect of PPVwith hepatitis C virus- (HCV-) derived peptides
against the development of HCC associated with HCV [16–
18].TheHCV-core peptide at positions 35–44 (C-35 peptide),
which can induce cytotoxic T lymphocyte (CTL) activity in
many different HLA-class I types, is a key peptide in the
prophylactic effect [19]. In the current study, therefore, we
conducted a phase II study of PPV, in which 4 peptides were
selected from among 32 different peptides that consisted of
a C-35 peptide and 31 peptides derived from 15 TAAs, for
HCV-positive advancedHCCpatients in order to evaluate the
safety and immune responses.

2. Patients and Methods

2.1. Patients. Patients who were diagnosed with HCV-
positive advanced HCC as defined by metastatic or locally
advanced disease and were not candidates for locoregional
therapies were eligible for this study. Staging was carried out
according to the Japanese integrated staging system (Liver
Cancer Study Group of Japan) [8, 20]. The patients had to
show positive IgG responses to at least 2 of the 32 different
vaccine candidate peptides, as reported previously [10–18].
Other inclusion criteria were as follows: age between 20 and
80 years; an Eastern Cooperative Oncology Group (ECOG)
performance status of 0 or 1 at the time of first visit; positive
status for the human leukocyte antigens (HLA) A2, A24, A3
supertype (A3, A11, A31, or A33), or A26; life expectancy of at
least 12 weeks; and adequate hematologic, hepatic, and renal
function. Exclusion criteria included pulmonary, cardiac, or
other systemic diseases; an acute infection; a history of severe
allergic reactions; pregnancy or nursing; and other inap-
propriate conditions for enrollment as judged by clinicians.
The protocol was approved by the Ethical Committee of
each university and registered in the UMIN Clinical Trials
Registry (UMIN000003520, UMIN000005634). All patients
were given a full explanation of the protocol and provided
their informed consent before enrollment.

2.2. Clinical Protocol. This was a phase II study conducted
by Kurume University, Kinki University, Hirosaki Univer-
sity, Fukushima Prefectural College, and Showa University
Hospitals. Primary endpoint was to evaluate the safety
and immunological responses. Secondary endpoint was to
evaluate a clinical benefit from the viewpoint of OS. C-35
peptide (YLLPRRGPRL) derived from theHCV core protein,
which was applicable for all the above-listed HLA types as
reported previously [16–19], and 31 peptides, which were
derived from 15 different TAAs [12 peptides for HLA-A2,
16 peptides for HLA-A24, 9 peptides for HLA-A3 super-
types (-A3, -A11, -A31, and -A33), and 4 peptides for HLA-
A26] (Supplementary Table 1, Supplementary Material avail-
able online at http://dx.doi.org/10.1155/2015/473909), were
employed for vaccination. These peptides were prepared

under the conditions of Good Manufacturing Practice by
the Polypeptide Laboratories (San Diego, CA) and American
Peptide Company (Vista, CA).

Two to four peptides for vaccination to individual
patients were selected in consideration of the HLA typing
and preexisting host immunity, as assessed by the titers of
IgG specific to each of the 32 different vaccine candidates
before vaccination [10–18]. The selected peptides were sub-
cutaneously administered with incomplete Freund’s adjuvant
(Montanide ISA-51; Seppic, Paris, France) once a week for
8 consecutive weeks. During the PPV, only best supportive
care was allowed except for patients who were receiving
chemotherapy or targeted therapy at the time of entry. Tumor
markers (TM), 𝛼-fetoprotein (AFP), and des-𝛾-carboxy pro-
thrombin (DCP) were measured before and after the 8th
vaccination. Adverse events were monitored according to the
National Cancer Institute Common Terminology Criteria for
Adverse Events version 4.0 (NCI-CTC Ver. 4.0).

2.3. Measurement of IgG and CTL Responses. Humoral
immune responses specific to each of the 32 peptide candi-
dates were determined by measuring the levels of peptide-
specific IgG and IgG subclasses (IgG1, IgG2, IgG3, and
IgG4) using the Luminex system (Luminex, Austin, TX), as
previously reported [10–15]. If the titers of peptide-specific
IgG to at least one of the vaccinated peptides after the 8th
vaccination were more than twofold higher than those before
vaccination, the changes were considered to be significant,
as previously reported [10–15]. CTL responses specific to the
vaccinated peptides were evaluated by interferon- (IFN-) 𝛾
ELISPOT assay using peripheral blood mononuclear cells
(PBMCs) before and after vaccination as previously reported
[10–15]. As a control, CTL responses specific to CEF peptides
(MABTECH, Cincinnati, OH), a mixture of virus-derived
CTL epitopes, were also examined.

2.4. Statistical Analyses. OS was calculated from the first day
of peptide vaccination until the date of death or the last
date when the patient was known to be alive. The survival
analysis was performed with the Kaplan-Meier method, and
a comparison of the survival curves was performed with the
log-rank test or Wilcoxon test. Spearman’s correlation index
was utilized to examine the association among the values of
IgG and IgG subclasses. Values of 𝑃 < 0.05 were considered
to indicate statistical significance. All statistical analyses were
conducted using the JMP software package, version 10 (SAS
Institute Inc., Cary, NC).

3. Results

3.1. Patients’ Characteristics. Between December 2000 and
May 2013, 42 patients with HCV-positive advanced HCC
(Stage IVa: 15 patients; Stage IVb: 27 patients) were enrolled
in this study (Table 1). The Japanese integrated staging (JIS)
scores [20, 21] of the 42 patients were 3 (𝑛 = 21), 4 (𝑛 = 18),
and 5 (𝑛 = 3). Previously conducted regimens of locoregional
therapies included hepatectomy (𝑛 = 14), surgery other
than hepatectomy (𝑛 = 2), radiation (𝑛 = 9), transcatheter
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Table 1: Patients’ characteristics (𝑛 = 42).

Factor Number
Age

Median (range) 70
(48–80)

Gender
Male 34
Female 8

ECOG performance status
0 32
1 10

HLA type
A24 24
A2 21
A3 supertype 14
A26 13

Clinical stage
IVa 15
IVb 27

JIS score
3 21
4 18
5 3

Previously conducted treatments
Locoregional
Hepatectomy 14
Surgery other than hepatectomy 2
Radiation 9
Transcatheter arterial embolization (TAE) 23
Transcatheter arterial chemoembolization (TACE) 16
Hepatic arterial infusion chemotherapy (HAIC) 16
Radiofrequency ablation (RFA) 15
Percutaneous ethanol injection therapy (PEIT) 6
Microwave coagulation therapy (MCT) 3

Systemic
Sorafenib 21
5-FU based chemotherapies 6
Other clinical trials 9

AFP at first visit

Median (range), ng/mL
376
(3.7–

103000)
DCP at first visit

Median (range), mAU/mL
2335
(11–

778000)
Number of vaccinations

Median (range) 8 (3–8)
Combination therapy

None 30
Sorafenib 10
Chemotherapy 2

ECOG: Eastern Cooperative Oncology Group; JIS: Japanese integrated
staging; AFP: 𝛼-fetoprotein; DCP: des-𝛾-carboxy prothrombin.

arterial embolization (TAE) (𝑛 = 23), transcatheter arterial
chemoembolization (TACE) (𝑛 = 16), hepatic arterial
infusion chemotherapy (HAIC) (𝑛 = 16), radiofrequency

ablation (RFA) (𝑛 = 15), percutaneous ethanol injection
therapy (PEIT) (𝑛 = 6), and microwave coagulation therapy
(MCT) (𝑛 = 3). The median number of these treatment
regimens was 2, with a range of 0 to 5. Previously conducted
systemic therapies for advanced HCC were sorafenib (𝑛 =
21), 5-FU based drugs (𝑛 = 6), and new clinical trials (𝑛 = 9),
with a median regimen number of 1 and a range of 0 to 4.

The median value of AFP at the time of the first visit,
two weeks before the 1st vaccination, was 376 ng/mL (3.7
to 103,000 ng/mL), while the median value of DCP was
2,335mAU/mL (11 to 778,000mAU/mL). Thirty-six patients
received 8 vaccinations and completed the protocol, whereas
the remaining 6 patients dropped from the protocol before
the 8th vaccination due to rapid disease progression (𝑛 = 5)
or of their own will (𝑛 = 1). The median number of peptide
vaccinations was 8, with a range of 3 to 8. Thirty patients
received PPV alone, 10 patients received PPV with sorafenib,
1 patient received PPV with S-1, and 1 patient received PPV
with HAIC.

3.2. Adverse Events. Skin reactions of grades 1, 2, and 3 at
the injection sites were observed in 15, 4, and 2 patients,
respectively, but no other PPV-related severe adverse events
were observed (Table 2). Fourteen grade 3 adverse events
were observed during vaccination, with 10 events occurring
in patients treated with PPV alone and 4 events occurring in
those with PPV and combined therapies. No grade 4 adverse
events were observed, whereas a grade 5 adverse event was
observed in 1 patient with PPV and sorafenib (pleural infec-
tion). All of them except for skin reaction at injection sites
were considered to be due to disease progression or combined
therapies judged by an independent ethical committee.

3.3. Immune Responses. Both peptide-specific CTL and IgG
responses were analyzed in prevaccination blood samples
from all 42 patients and in postvaccination samples from 36
patients who completed the 8th vaccination. CTL responses
to the vaccinated peptides were detectable in only 3 of 42
patients before vaccination (2 patients for C-35 peptide and 1
patient for TAA peptide) (Supplementary Table 2). However,
it became detectable after vaccination in 23 of 36 patients:
CTL responses specific to the C-35 peptide were observed
in 19 of 36 patients tested, and those specific to the TAA-
derived peptides were observed in 15 of 36 patients. We also
tested CTL responses to CEF peptides, a mixture of virus-
derived CTL epitopes, as a control. They were present in 15
of 42 patients before vaccination and in 19 of 36 patients
after the 8th vaccination (Supplementary Table 2). Increase
or decrease of CTL responses to CEF peptides was observed
in 15 or 5 of 36 patients, respectively.

Peptide-specific IgG responses before vaccination were
observed in all patients, with very high levels of IgG titers
to the C-35 peptide in most of them. Augmentation of the
IgG responses to at least one of the vaccinated peptides
after vaccination was observed in 19 of 36 patients tested,
with an increase of IgG specific to the C-35 peptide in 5 of
36 patients and an increase of IgG specific to TAA-derived
peptides in 19 of 36 patients (Supplementary Table 2). To
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Table 2: Adverse events during the PPV (𝑛 = 42).

Event Number
Grade 1 Grade 2 Grade 3 Grade 4 Grade 5 Total (%)

Injection site skin reaction 15 4 2 0 0 21 (50%)
Blood/bone marrow

Anemia 7 4 0 0 0 11 (26%)
Lymphopenia 9 1 0 0 0 10 (24%)
Neutropenia 0 2 0 0 0 2 (5%)
Thrombocytopenia 7 0 0 0 0 7 (17%)
Leukopenia 3 1 0 0 0 4 (10%)

Laboratory
AST increase 4 6 4 0 0 14 (33%)
ALT increase 10 1 2 0 0 13 (31%)
ALP increase 9 2 0 0 0 11 (26%)
GGT increase 7 3 2 0 0 12 (29%)
Bilirubin increase 2 2 0 0 0 4 (10%)
Creatinine increase 2 1 0 0 0 3 (7%)

Gastrointestinal disorders
Anorexia 5 3 0 0 0 8 (19%)
Abdominal distension 2 0 0 0 0 2 (5%)
Ascites 2 1 1 0 0 4 (10%)
Constipation 0 2 0 0 0 2 (5%)

Edema limbs 2 0 0 0 0 2 (5%)
Fever 5 0 0 0 0 5 (12%)
Malaise 3 0 0 0 0 3 (7%)
Pain 1 3 2 0 0 6 (14%)
Pruritus 2 0 0 0 0 2 (5%)
Eruption 2 1 0 0 0 3 (7%)
Urinary incontinence 0 1 0 0 0 1 (2%)
Pleural infection 0 0 0 0 1 1 (2%)
Hypertension 0 0 1 0 0 1 (2%)
Insomnia 0 1 0 0 0 1 (2%)

better understand humoral immune responses, the levels of
IgG subclasses (IgG1, IgG2, IgG3, and IgG4) specific to the
vaccinated peptides before and after vaccination were also
measured (Supplementary Table 3). There was a significant
correlation between peptide-specific IgG and IgG1 (Spear-
man rank correlation coefficient = 0.865), but not between
IgG and IgG2, IgG3, or IgG4 (Spearman rank correlation
coefficient: IgG versus IgG2 = 0.376, IgG versus IgG3 =
0.371, and IgG versus IgG4 = 0.310). In contrast, there were
substantial correlations among peptide-specific IgG2, IgG3,
and IgG4 (Spearman rank correlation coefficient: IgG2 versus
IgG3 = 0.554, IgG2 versus IgG4 = 0.491, and IgG3 versus IgG4
= 0.556).

3.4. Clinical Responses. AFP was decreased after vaccination
in 9 of 33 patients, who showed abnormal elevation of serum
AFP (>10 ng/mL) before vaccination (Supplementary Table
2). Decrease in another tumormarker, DCP, after vaccination
was also observed in 9 of 33 patients, who showed abnormal

elevation of serum DCP (>40mAU/mL) before vaccination
(Supplementary Table 2). TheMST of the 42 patients was 184
days (Figure 1(a)). It is of note that the MST of patients with
a JIS score of 3 (189 days) was not substantially different from
that of patients with a JIS score of 4 or 5 (164 days) (Fig-
ure 1(b), 𝑃 = 0.73 by log-rank test). In addition, combination
therapy with sorafenib had no effect on theMST (Figure 1(c),
𝑃 = 0.82 by log-rank test). As expected, however, patients
showing decrease in AFP or DCP after the 8th vaccination
(𝑛 = 13; MST, 286 days) showed longer survival than those
without such decreases (𝑛 = 23; MST, 180 days) (Figure 1(d);
𝑃 = 0.01 by log-rank test, 𝑃 = 0.046 by Wilcoxon test).

Notably, all 6 patients showing increased IgG1 responses
to both C-35 peptide and TAA-derived peptides survived
more than 210 days, and their MST (286 days) tended to
be longer than that of patients showing an increased IgG1
response to either peptide (𝑛 = 18, 162 days) or that of
patients showingno increase to any peptide (𝑛 = 12, 223 days)
(Figure 2(a); 𝑃 = 0.12 by log-rank test, 𝑃 = 0.06 byWilcoxon
test). However, peptide-specific IgG (Figure 2(b); 𝑃 = 0.56 by
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Figure 1: Survival analysis.The survival analysis was performed with the Kaplan-Meier method, and a comparison of the survival curves was
performed with the log-rank test. (a) The median survival time (MST) from the first vaccination of PPV was 184 days in 42 patients. (b) The
patients with a JIS score of 3 (MST, 189 days) did not show significantly different survival, compared to those with a JIS score of 4 or 5 (MST,
164 days) (𝑃 = 0.73). (c) Combination therapy with sorafenib did not affect OS (𝑃 = 0.82). (d) Patients with decreased TM (tumor markers),
AFP, or DCP, after vaccination (MST, 286 days) showed longer survival than those without it (MST, 180 days) (𝑃 = 0.01).

log-rank test), IgG2 (Figure 2(c), 𝑃 = 0.64 by log-rank test),
IgG3, or IgG4 responses (data not shown) as well as peptide-
specific CTL responses (Figure 2(d), 𝑃 = 0.69 by log-rank
test) did not show prognostic significance.

4. Discussion

The tumor immunity against HCV-positive advanced HCC
was reported to be deeply suppressed [22]. For example,
molecules involved in T cell check points have been suggested
to inhibit CTL responses against tumor cells in advanced
HCC [9]. As expected, the current study demonstrated that
CTL responses to the vaccinated peptides, but not to virus-
derived peptides, before vaccination were rarely observed,
indicating that the antitumor immunity in the enrolled
patients was severely depressed. However, CTL responses
to the vaccinated peptides became detectable at the end of

the 8th vaccination in 23 of 36 patients tested. In addition,
PPV did not suppress but rather increased the CTL responses
to virus-derived peptides.The peptide-specific IgG responses
were also boosted in 19 of 36 patients tested. Severe PPV-
related adverse events were rarely observed, in agreement
with our previous reports [10–18]. In sum, these results indi-
cate that PPV might be a useful approach for HCV-positive
advanced HCC patients, who fail to respond to various
locoregional and/or systemic treatment regimens, from the
viewpoint of both safety and immunological responses.

The MST of the enrolled patients from the first vacci-
nation of PPV was 184 days, with 189 days for the patients
with JIS score of 3 and 164 days for those with JIS score of
4 or 5. The current data might be promising for the patients
with the JIS score of 4 or 5, since the MST of these patients
was reported to be around 3 to 4 months [20, 21]. The MSTs
of patients treated with PPV alone or PPV in combination
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Figure 2: Immune response and overall survival. Association between immune responses and OS was examined with the Kaplan-Meier
method, and a comparison of the survival curves was performed with the log-rank test. (a)The peptide-specific IgG1 response was potentially
prognostic (𝑃 = 0.12 by log-rank test, 𝑃 = 0.06 by Wilcoxon test); all 6 patients showing increased IgG1 responses to both the C-35 peptide
and TAA-derived peptides survivedmore than 210 days, and theirMST (286 days) tended to be longer than that of patients showing increased
IgG1 responses to either peptide (162 days) or that of patients showing no increase to any peptide (223 days). (b) The peptide-specific IgG
response was not prognostic (𝑃 = 0.56). (c) The peptide-specific IgG2 response was not prognostic (𝑃 = 0.64). (d) The peptide-specific CTL
response was not prognostic (𝑃 = 0.69).

with sorafenib were 186 or 174 days, respectively. No grade
4 or 5 adverse events were observed in patients with PPV
alone, whereas a grade 5 adverse event (pleural infection)
was observed in a patient receiving PPV and sorafenib.These
results suggested that the combination of sorafenib and PPV
had no additive benefit, although the scale of the study was
small.

From the viewpoint of biomarkers, the peptide-specific
IgG1 response was suggested to be a potentially prognostic
factor in this study, since all 6 patients showing boosted IgG1
responses to both C-35 peptide and TAA-derived peptides
survived more than 210 days, and their MST (286 days)
tended to be longer than that of patients showing boosted

IgG1 responses to either peptide alone (162 days) or that of
patients showing no increase in response to any peptide (223
days) (𝑃 = 0.12 by log-rank test, 𝑃 = 0.06 by Wilcoxon test).
In contrast, the peptide-specific IgG2 response did not show
prognostic significance. Since IgG1, but not IgG2, is known to
enhance antibody-mediated opsonization and phagocytosis
of antigens, peptide-specific IgG1 may enhance antitumor
immunity through phagocytosis and cross-presentation of
antigen peptides [23]. Further studies will be needed to clarify
the mechanisms.

In contrast to IgG1 responses as a potential prognostic
biomarker, the peptide-specific CTL response was not well
correlated with OS in these patients under PPV. This may
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have been mainly due to the small size of patient numbers.
Indeed, we suggested that the peptide-specific IgG response
was more useful than the peptide-specific CTL response as
a prognostic biomarker for patients under PPV, primarily
becausemonitoring of IgG responses shows higher sensitivity
than that of CTL responses [24].

5. Conclusion

The current study indicated that PPV with both a HCV-
derived CTL epitope peptide and 31 peptides from TAAs
could be recommended for the next step of a clinical trial in
HCV-positive advanced HCC patients, because of safety and
strong immune induction.
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The reduction of brain amyloid beta (A𝛽) peptides by anti-A𝛽 antibodies is one of the possible therapies for Alzheimer’s disease.We
previously reported that the A𝛽 peptide vaccine including the T-cell epitope of diphtheria-tetanus combined toxoid (DT) induced
anti-A𝛽 antibodies, and the prior immunization with conventional DT vaccine enhanced the immunogenicity of the peptide.
Cynomolgus monkeys were given the peptide vaccine subcutaneously in combination with the prior DT vaccination. Vaccination
with a similar regimen was also performed on guinea pigs. The peptide vaccine induced anti-A𝛽 antibodies in cynomolgus
monkeys and guinea pigs without chemical adjuvants, and excessive immune responses were not observed.Those antibodies could
preferentially recognize A𝛽

40
, and A𝛽

42
compared to A𝛽 fibrils. The levels of serum anti-A𝛽 antibodies and plasma A𝛽 peptides

increased in both animals and decreased the brain A𝛽
40
level of guinea pigs. The peptide vaccine could induce a similar binding

profile of anti-A𝛽 antibodies in cynomolgus monkeys and guinea pigs. The peptide vaccination could be expected to reduce the
brain A𝛽 peptides and their toxic effects via clearance of A𝛽 peptides by generated antibodies.

1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease
pathologically characterized by the deposition of the amyloid
beta (A𝛽) fragments derived from amyloid precursor protein
(APP) in senile plaques and the accumulation of neurofib-
rillary tangles composed of tau protein [1, 2]. Increasing
evidence suggests that accumulation of A𝛽 plays a central
role in the onset and progression of AD, and therapeutic

interventions have been directed toward the reduction of
A𝛽 production using inhibitors of the 𝛽- and 𝛾-secretase
enzymes or enhancement of A𝛽 clearance by immunotherapy
[3–5].

Regarding A𝛽 immunotherapy, both active immuniza-
tion against A𝛽 and passive immunization with monoclonal
A𝛽 antibodies were reported to attenuate amyloid plaque
formation in the brains of APP transgenic mice [6–8]. These
treatments also diminished the amyloid-associated pathology
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[9–11] and improved learning deficits [12, 13]. In the clinical
trials of the AN1792 vaccine, the aggregated A𝛽

1–42 peptide
with aQS-21 adjuvant, the long-term follow-up study analysis
indicated that A𝛽

1–42 immunization resulted in clearance of
amyloid plaques in patients with AD; however, this clearance
did not lead to the prevention of progressive neurodegen-
eration [14]. In recent clinical trials, passive immunization
with the anti-A𝛽 antibody, bapineuzumab and solanezumab,
and intravenous immunoglobulin treatment failed to show a
significant clinical benefit in patients with mild to moderate
AD [15]. Although the clinical results were disappointing,
there is a consensus in the field that A𝛽 immunotherapy
by earlier intervention, targeting patients with early AD
or mild cognitive impairment or presymptomatic subjects,
could be an effective therapeutic and prophylactic treatment.
Anti-amyloid combination therapies were also expected as
practical approach for AD by the results that inhibition of
𝛾-secretase or 𝛽-secretase with anti-A𝛽 antibodies was more
effective than either alone in animal models [16, 17].

Based on the clinical results of the study of AN1792,
which was halted due to the development of meningoen-
cephalitis potentially related to a proinflammatory T-cell-
mediated immune response [18–20], next-generation vaccine
strategies for AD treatment will remain promising if the
vaccine induces autoantibodies (anti-A𝛽 antibodies) without
excessive inflammatory responses.

We have previously reported an A𝛽 peptide vaccine
constructed of two parts, a T-cell epitope peptide on the N-
terminal side and a B-cell epitope peptide connected by a
dilysine linker (KK) to the C-terminal side of the peptide [21].
In order to enhance the immunogenicity of the peptide, a cell-
attachment motif (RGD) was added to the N-terminal side
of the peptide [21], and a multiagretope-type T-cell epitope
was used for induction of antibodies to a wide range of
MHC-II type individuals [22]. Although the A𝛽

1–42 peptide,
the antigen of AN1792, is estimated to contain many T-cell
epitopes including cytotoxic epitopes, the N-terminal region
of A𝛽 was thought to be an effective and safer target [23–
25]. Our vaccine contained only the A𝛽

1–13 as a target B-cell
epitope peptide, which is estimated to contain few cytotoxic
T-cell epitopes by in silico analysis [22]. Because the A𝛽

1–13
was as weak as the B-cell epitope, the utilization of the
additional T-cell epitope peptide, recognizable by preexisting
memoryT-cells in the host, was necessary for induction of the
antibody to A𝛽

1–13 [26]. We used the multiagretope-type T-
cell epitope peptide fromdiphtheria toxin (DiTox

382–401).The
diphtheria toxin was used as a conventional vaccine antigen,
such as diphtheria and tetanus (DT) vaccines designed to
induce the toxin-neutralizing antibodies byTh2 type humoral
immunities, and the major memory T-cells responding to
DT epitopes were estimated to induce Th2 type immune
responses. Our peptide vaccine, the RGD-DiTox

382–401-KK-
A𝛽
1–13 peptide, could induce the anti-A𝛽 antibodies to

C57BL/6 by boosting the T-cell reaction preimmunized by
DT vaccination without chemical adjuvants [26]. This result
provided motivation to investigate whether our peptide
vaccine will also be effective to other species.

In this study, we investigated the immunogenicity of the
peptide with vaccination to cynomolgusmonkeys and guinea

pigs and studied the effects of antibodies by monitoring the
A𝛽 peptides.

2. Methods

2.1. Peptides. ARGD-DiTox
382–401-KK-A𝛽1–13 peptide (RGD-

AYNFVESIINLFQVVHNSYN-KK-DAEFRHDSGYEVH, the
numbers following DiTox indicated the position of the
amino acids on the precursor protein of diphtheria toxin
including the 32-amino acids signal peptide), synthesized
and verified by MALDI-TOF/MS as over the 95% purity,
was obtained from Operon Biotechnologies K.K. (Tokyo,
Japan). The single-letter universally accepted notation for
amino acids is used throughout this text. Human A𝛽 peptide
fragments used in this study were purchased from AnaSpec,
Inc. (CA, USA).

2.2. Animals. The vaccination studies on male cynomolgus
monkeys (3 to 4 years of age at the start of the study) were
performed at Mitsubishi Chemical Medience Corporation
(Shibaura, Tokyo, Japan).Male guinea pigs (Slc:Hartley) were
purchased from Japan SLC, Inc. (Hamamatsu, Japan), and
immunization began at 5 weeks of age. All experimental
procedures were performed in accordance with the in-
house guideline of the Institutional Animal Care and Use
Committee of Daiichi Sankyo Co., Ltd.

2.3. Immunization. Cynomolgus monkeys were primed with
0.5mL of absorbed diphtheria-tetanus combined toxoid (DT
vaccine: The Kitasato Institute, Tokyo, Japan) three weeks
before peptide immunization. The A𝛽 peptide vaccine was
subcutaneously administrated with 0.5 or 2.5mg/0.5mL/
head eight times every two weeks.

Guinea pigs were primed subcutaneously with 50 𝜇L/
head of DT vaccine before the peptide immunization. Three
weeks after the DT vaccination, guinea pigs were immu-
nized subcutaneously with 200 𝜇g/200𝜇L/head of RGD-
DiTox

382–401-KK-A𝛽1–13 peptide solution or 200𝜇L of vehicle
(distilled water) for the control group. Four identical booster
doses were given at 3-week intervals.

2.4. Sample Collection. Peripheral blood was collected every
2 weeks from the cynomolgus monkeys; then plasma and
serum were prepared and stored at −20∘C for the following
experiments.

Approximately 100 𝜇L of blood was collected from the
guinea pigs by tail bleeding one week after each peptide
administration. Plasma samples were prepared by centrifu-
gation and stored individually with a complete protease
inhibitor cocktail (Roche Diagnostics K.K., Tokyo, Japan).
One week after the last booster dose, cerebrospinal fluid
(CSF) was obtained; then the animals were bled and plasma
samples were prepared. CSF and plasma samples were pre-
pared by centrifugation and then stored at −20∘C.The brains
were removed, frozen on dry ice, and stored at −80∘C for an
ELISA assay.

2.5. ELISA for Anti-A𝛽 Antibodies. Plates were coated with
A𝛽
1–42 dissolved in distilled water and then washed with
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wash buffer (0.05% Tween 20 in phosphate buffered saline;
PBS). Next, the plates were blocked with 1% Block Ace
(Bio-Rad Laboratories, Inc., Hercules, CA, USA) in PBS at
room temperature and then washed with wash buffer. Plasma
samples were diluted 100- to 1000-fold. The autologous
2H8 mouse monoclonal anti-A𝛽 antibody (Thermo Fisher
Scientific K.K., Yokohama, Japan) was used to generate a
calibration curve for antibody titers. Each sample was applied
to a well and incubated at 4∘C overnight. After washing the
plate, the wells were incubated with horseradish peroxidase-
(HRP-) conjugated anti-mouse IgG and anti-guinea pig
antibody (Sigma-Aldrich Japan, Inc., Tokyo, Japan) at 4∘C for
2 h. Next, they were incubated with 2,2-azino-di-[3-ethyl-
benzothiazoline-6 sulfonic acid] diammonium salt (ABTS)
substrate (Bio-Rad Laboratories, Inc.) at room temperature
in the dark. After sufficient color development had occurred,
2M phosphate buffer was added to stop the reaction. The
absorbance of each well at 405 nm was measured with a
spectrophotometer and antibody titers were then calculated.

ELISAs for antibody epitope-mapping were performed
using the following A𝛽 peptides: RGD-DiTox

382–401-KK-
A𝛽
1–13, A𝛽1–13, A𝛽1–40, A𝛽1–42, and A𝛽

1–42 fibrils (fA𝛽1–42)
as an immobilized antigen, and ELISAs were performed
in the same way as described above. The preparation of
fA𝛽
1–42 is described as follows: LyophilizedA𝛽1–42 in PBSwas

incubated at 37∘C for three days and then the resulting A𝛽
solution was centrifuged at 4∘C for 10min at 10,000×g; then
the precipitated fraction was suspended in distilled water and
used in this study.

2.6. ELISA for Brain and Plasma. The brains of guinea pigs
were thawed on ice and then homogenized in 5 volumes (v/w)
of 42% formic acid solution including protease inhibitors
using a homogenizer and a sonicator and were incubated
overnight at 37∘C. The homogenates were centrifuged at
37,000 rpm for 60min at 4∘C (OptimaTM L-100XP, rotor
50.4Ti, Beckman Coulter, Inc., Tokyo, Japan) and the super-
natants were neutralized with 11 volumes (v/v) of 1M Tris
solution and then centrifuged at 10000 rpm for 10min at 4∘C
(himac CT13R, Hitachi Koki Co., Ltd., Tokyo, Japan). The
supernatants were collected as a brain A𝛽 fraction.

Levels of A𝛽
40

and A𝛽
42

in brain and plasma samples
were measured using a Human/Rat 𝛽 Amyloid (40) ELISA
Kit Wako II (Wako Pure Chemical Industries, Ltd., Tokyo,
Japan), Human/Rat 𝛽 Amyloid (42) ELISA Kit Wako, High-
Sensitive (Wako Pure Chemical Industries, Ltd.), andHuman
Amyloid𝛽Oligomers (82E1-specific)AssayKit (IBLCo., Ltd.,
Gunma, Japan) and were used according to the manufac-
turer’s instructions.

2.7. Detection of Cytokines from Peripheral Blood of Cynomol-
gus Monkeys. Plasma of cynomolgus monkeys at days 22 to
36, 64 to 78, and 106 to 120was pooled andused for the ELISA.
IL-2, IL-4, IL-10, and TNF𝛼 were measured by a Monkey
ELISA Kit (Invitrogen) according to the manufacturer’s
instruction.

2.8. A𝛽
1–42 Toxicity Assay. The soluble A𝛽

1–42 peptide was
added to the 7th day after passage of rat adrenal medulla

derived pheochromocytoma, PC12 (Dainippon Sumitomo
Pharma Co., Ltd., Tokyo, Japan), cell line at 0 to 2 𝜇M,
and the viability of the cells was evaluated by AlamarBlue
(Pierce, Thermo Fisher Scientific, Inc., Waltham, MA, USA)
according to themanufacturer’s instructions.The anti-A𝛽

1–42
monoclonal antibody (0.33 𝜇M of 6E10, abcam, Cambridge,
USA) was used as a control for the protection of PC12
cells from cytotoxic A𝛽

1–42 peptide. The antibody (0.33 𝜇M
of mouse IgG, Sigma-Aldrich, St. Louis, MO, USA) was
used as a negative control. The serum and antibodies were
preincubated with A𝛽

1–42 peptides at 4
∘C for 2 h, then added

to the cells, and cultured for 24 h.

2.9. Statistical Analysis. Data were expressed as mean ±
standard error (SE). Data from the passive avoidance test
and the brain, plasma, and CSF A𝛽 levels were analyzed
by one-way analysis of variance (ANOVA). Data from the
splenic T-cell proliferation assay were analyzed by the one-
way layout andmultiple comparisonmethod ofDunnett. SAS
System Release 8.2 (SAS Institute Inc.) was used to perform
all analyses and 𝑃 values of less than 0.05 were considered to
be statistically significant.

3. Results

3.1. Immunization ofA𝛽Peptide inCynomolgusMonkeys. The
time courses of plasma antibody concentration against the
A𝛽 peptides by subcutaneous administration of the RGD-
DiTox

382–401-KK-A𝛽1–13 peptide (0.5 and 2.5mg/head) or
vehicle (distilled water) in cynomolgus monkeys are shown
in Figure 1(a). Compared to the vehicle group, the 2.5mg
peptide administrated group showed significantly higher
antibody concentrations after the initial peptide adminis-
tration (8 days after the first administration). To recognize
the upper limit of the antibody concentration induced by
the peptide, booster immunizations were continued over
100 days after the first immunization. The marked elevation
following the third immunization was not observed and
final serum antibody concentrations were reached about 8
times higher than that of the vehicle group. The plasma con-
centrations of A𝛽

40
were not significantly different between

the groups, but the concentration of A𝛽
42

peptide in the
2.5mg/head vaccination group was significantly higher than
the vehicle group (Figure 1(b)).The result of epitope-mapping
is indicated in Figure 1(c). The peptide induced antibodies
recognized not only the A𝛽 vaccine peptide (KK-A𝛽

1–13) but
also the full-lengthA𝛽

1–40 andA𝛽1–42 peptide.The antibodies
were less reactive to A𝛽 fibrils (fA𝛽

1–42) than A𝛽
1–42 peptide.

The antibody reactivities against the A𝛽
13–16 and A𝛽

1–10
peptide were relatively weaker than that against the A𝛽

1–13
peptide, suggesting that the C-terminal side of the A𝛽

1–13
peptide was the main epitope of the antibody generated by
this peptide vaccination.

The cytokine responses to the peptide immunizationwere
investigated by ELISA. Plasma of the cynomolgusmonkeys at
days 22 to 36, 64 to 78, and 106 to 120 was pooled and used
for ELISA. IL-2, IL-4, IL-10, and TNF𝛼 were measured, but
all cytokines remained under the detection limits (Table 1;
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Figure 1: Induction of the anti-A𝛽 antibodies andA𝛽 peptides in the peripheral blood by immunization of the peptide vaccine to cynomolgus
monkeys. The serum anti-A𝛽 antibody levels of the cynomolgus monkeys treated with vehicle or RGD-DiTox

20
-KK-A𝛽

1–13 (a). The plasma
A𝛽
40
and A𝛽

42
peptide (b) level (nM) of cynomolgus monkeys. Diphtheria and tetanus toxoids (DT, 0.5mL/head, s.c.) were administered

to cynomolgus monkeys. Three weeks after the DT treatment, vehicle or the peptide (0.5 or 2.5mg/head, s.c.) was administered at intervals
of 2 weeks (arrows; total 9 times). Blood sampling was performed every week after the initial treatment. Results are represented as mean ±
SE (𝑛 = 5). ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 as compared with the vehicle control group (the Dunnett test). Epitope-mapping of plasma anti-
A𝛽 antibodies immunized with vehicle or RGD-DiTox

382–401-KK-A𝛽1–13 peptide (c). Epitope-mapping of antibodies was performed using
each peptide-precoated ELISA with plasma collected at two weeks after the final treatment. Results are represented as mean ± SE (𝑛 = 5).
KK-A𝛽

1–13: RGD-DiTox20-KK-A𝛽1–13 peptide.
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Figure 2: Induction of the anti-A𝛽 antibodies in the plasma and A𝛽 peptides in the brain by immunization of the peptide vaccine to
guinea pigs. Epitope-mapping of plasma anti-A𝛽 antibodies immunized with RGD-DiTox

382–401-KK-A𝛽1–13 peptide (a). Epitope-mapping
of antibodies was performed using each peptide-precoated ELISA with plasma collected at two weeks after the final treatment. Results are
represented as mean ± SE. 𝑛 = 5. The plasma anti-A𝛽 antibody levels of the guinea pigs treated with RGD-DiTox

20
-KK-A𝛽

1–13 peptides and
the correlation of anti-A𝛽 antibody concentrations to A𝛽

40
and A𝛽

42
peptide doses in the plasma (b). The A𝛽 peptide levels in the brain

of guinea pigs (c and d). Diphtheria and tetanus toxoids (DT, 200𝜇L/head, s.c.) were administered to guinea pigs. Three weeks after the
DT treatment, vehicle or the peptide (200 𝜇g/head) was administered at intervals of 3 weeks (arrows; total 6 times). Blood sampling was
performed every week after the initial treatment. Results are represented as mean ± SE (𝑛 = 5). ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 as compared to the
vehicle control group (the Dunnett test).

Table 1: Cytokines in the peripheral blood of cynomolgusmonkeys.

Th1 type Th2 type
TNF𝛼 IL-2 IL-4 IL-10

Control n.d. n.d. n.d. n.d.
0.5mg/head-KK-A𝛽 peptide n.d. n.d. n.d. n.d.
2.5mg/head-KK-A𝛽 peptide n.d. n.d. n.d. n.d.
Detection limits: TNF 2 pg/mL, Il-2 2 pg/mL, Il-4 3 pg/mL, and Il-10
10 pg/mL.

TNF𝛼 < 2 pg/mL, Il-2 < 2 pg/mL, Il-4 < 3 pg/mL, and Il-10
< 10 pg/mL).

3.2. Immunization of A𝛽 Peptide in Guinea Pigs. TheA𝛽 pep-
tide, RGD-DiTox

382–401-KK-A𝛽1–13 peptide (200𝜇g/head),

or vehicle (distilled water) was subcutaneously administrated
in guinea pigs. Compared to the vehicle group, the peptide
administrated group showed 6 to 8 times higher antibody
titers throughout the experiment (data not shown). The
epitope-mapping performed with the serum from the final
bleed indicated that the peptide vaccination induced anti-
bodies in guinea pigs in the same patterns of epitopes as in
cynomolgusmonkeys except that the antibodieswere reactive
to fA𝛽 as like as A𝛽

1–42 peptide (Figure 2(a)).
The concentration of the plasma A𝛽

1–40 peptide tended
to increase due to the peptide immunization and showed a
correlation with the level of anti-A𝛽 antibodies in the serum
(Figure 2(b)). The concentration of the plasma A𝛽

42
peptide

was ten times lower than A𝛽
40
peptide and their orders were

unchanged by increasing anti-A𝛽 antibody concentration.
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Figure 3: Effects of antiserum from cynomolgus monkeys vaccinated with RGD-DiTox
20
-KK-A𝛽

1–13 peptides or vehicle on A𝛽-induced
cytotoxicity of PC12 cells. The effects of the anti-A𝛽 monoclonal antibodies (positive control: black bar) and nonspecific immunoglobulin
(gray bar) on the cytotoxicity of A𝛽 peptides (base control of cytotoxicity: white bar) are indicated (a). The effects of the serum of A𝛽

1–42
peptide-immunized monkey (0.5mg/head low dose: black bar, and 2.5mg/head high dose: gray bar) on the cytotoxic A𝛽

42
peptides (buffer

control: white bar) are indicated.

A𝛽
40
peptide levels in brains were significantly decreased

by the peptide immunization group (Figure 2(c)), but the
level of A𝛽

42
peptide did not change by immunization

(Figure 2(d)).

3.3. A𝛽
1–42 Toxicity Assay with a Nerve Cell Culture. To

evaluate the protective effect of the peptide induced anti-
A𝛽 antibodies, A𝛽

1–42 toxicity assay with a PC12 cell culture
was performed.The anti-A𝛽 serum (25% final concentration)
in cynomolgus monkeys collected one week after the final
peptide immunization was investigated. Only the anti-A𝛽
antibody could protect PC12 cells from the toxic A𝛽 pep-
tide (Figure 3(a)). The anti-A𝛽 serum of high-dose peptide-
immunized monkeys protected PC12 cells from the damage
of A𝛽

1–42 peptide (Figure 3(b)).

4. Discussion

The RGD-DiTox
382–401-KK-A𝛽1–13 peptide with preimmu-

nized DT vaccine induced anti-A𝛽 antibodies in monkeys
and guinea pigs without any chemical adjuvants. The vaccine
peptide induced about 6 to 8 times higher anti-A𝛽 antibodies
than vehicle-treated animals following third immunization.
Those results clearly indicated the vaccine peptide was
immunogenic to both kinds of animals. The multiagretope-
type T-cell epitope peptide on the N-terminal side of our

peptide worked as T-cell epitope of DT vaccine to the animals
with many types of MHC [22], and the results of guinea pigs
and cynomolgus monkeys showed the T-cell epitopes of each
animal were included in the peptide.

The T-cell epitope sequence was derived from con-
ventional DT vaccine for induction of antibodies to A𝛽
peptide. Davtyan et al. [27] reported the same concept of
AD peptide vaccine, Lu AF20513, that used memory Th cells
generated by tetanus toxoid vaccine for induction of A𝛽
antibodies. Lu AF20513 was immunized with strong adju-
vants, CFA/IFA, Quil-A or Alhydrogel, andmore than several
hundred times higher titers of antibodies were induced.
It supported the availability of our peptide vaccine, if the
arrangement of the epitopes and the amino acid sequence
of T-cell epitope were different from our peptide. Our
peptide would also induce more strong immune responses
immunized with strong chemical adjuvants (supplemental
experiments; see Supplementary Material available online
at http://dx.doi.org/10.1155/2015/786501). In this study, we
tried to avoid the induction of the strong immune responses
for reduction of the risk by unexpected immune responses,
namely, cytotoxic responses reported in the clinical trial
of AN1792 [14]. The excessive entry of antibodies in the
brain also might be a risk of encephalitis. Following the 9
administrations of the peptide, significant levels of cytokines
were not induced in cynomolgus monkeys (Table 1).
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The result of the A𝛽
1–42 toxicity assay using PC12 cells

presented the effectiveness of the anti-A𝛽 serum induced by
the weak immune responses by our peptide vaccination. In
addition, our peptide vaccination induced antibodies work-
ing for clearance of A𝛽 peptides from the brain of the guinea
pigs (Figure 2) [7]. The epitope-mapping of antibodies of
both animals indicated the antibodies commonly recognize
the C-terminal side of the A𝛽

1–13, full-length A𝛽
1–40, and

A𝛽
1–42 peptides (Figures 1(b) and 2(a)). A𝛽1–42 fibril was also

recognized by antiserum of guinea pigs but less reactive to
antiserum of cynomolgus monkeys (Figures 2(a) and 1(c)).
The antisera of our peptide would be more suitable for
nerve cell protection from A𝛽

1–42 peptides than dissolution
of the A𝛽

1–42 fibrils. This might be a major difference
between AN1792 and our peptide. Lu AF20513 also used
the A𝛽

1–12 peptide as B-cell epitope, and the epitope of the
induced antibodies was thought to be common between Lu
AF20513 and our peptide. The antibodies induced by our
peptide significantly increased the plasma A𝛽

1–40 peptides
and reduced the A𝛽

1–40 peptides in the brains (Figures 1
and 2). It would be considered that the anti-A𝛽 antibodies
transport the A𝛽 peptides from the brain to the blood stream
[28, 29]. In contrast, plasma and brain A𝛽

1–42 peptide was
always lower than A𝛽

1–40 peptides and was not changed
in the guinea pigs. It was expected that the basal level of
A𝛽
1–42 peptides in the wild type guinea pigs was three times

lower than A𝛽
1–40 peptide, and most of anti-A𝛽 antibodies

would preferably react to A𝛽
1–40 peptide compared to A𝛽

1–42
peptide. Then it might be difficult to show the effects of the
anti-A𝛽

1–42 antibodies in Figure 2(d).
We also investigated the effect of the peptide vaccine by

immunization of Tg2576 mice expressing the Swedish muta-
tion of APP (APPK670N, M671L) (supplements). Unfortu-
nately, the antibodies were not induced without chemical
adjuvants and Freund’s incomplete adjuvant (FIA) was used
three weeks after the DT vaccination. Tg2576 mice expressed
excessive APPs in all tissues and strong adjuvants were nec-
essary for induction of antibodies to A𝛽 peptides (Figure S1).
The peptide vaccine could induce anti-A𝛽 antibodies to APP-
Tgmice.The binding patterns of antibodies showed the same
epitopes to guinea pigs and cynomolgus monkeys (Figure
S1A). The results of the Tg2576 indicated that the vaccine
induced antibodies increased A𝛽 peptides in plasma, which
is consistent with the results inmonkeys and guinea pigs, and
CSF (Figures S1B, C, D, and E). The brain A𝛽 deposition and
A𝛽 oligomer of APP-Tg mice reduced compared to vehicle-
treated animals (Figures S1F, G, H, and I). Those results
suggested that antibodies transported the A𝛽 peptides from
the brain to the blood stream through the cerebrospinal fluid.

We investigated memory changes in a passive avoidance
test after the last booster vaccination. Compared to non-Tg
mice, the learning impairment had already been initiated in
Tg2576 mice at the initial immunization (data not shown).
Six months after the initial immunization, the learning
impairment inmice treated with A𝛽 peptide was significantly
less than that in mice treated with vehicle, suggesting that
A𝛽 peptide vaccination slowed the progression of learning
impairment. Biochemical analysis indicated a significant
reduction of the levels of insoluble A𝛽

1–40, A𝛽1–42, and A𝛽

oligomers in the brain of KK-A𝛽 peptide vaccinated mice.
A significant reduction of A𝛽

1–42 immunostaining in the
parietal cortex and hippocampus was also observed (data
not shown) suggesting that the vaccination with the RGD-
DiTox

382–401-KK-A𝛽1–13 peptide could have a potential to
reduce and/or to inhibit the formation of senile plaques in the
brains of Tg2576mice.These results are similar to other find-
ings of vaccinations [30, 31] and suggest that the vaccination
with the RGD-DiTox

382–401-KK-A𝛽1–13 peptide might slow
the progression of learning impairment mediated through
the reduction of senile plaques, soluble A𝛽 oligomers, and/or
inhibition of senile plaque formation in the brain. Those
pharmaceutical effects, observed in Tg2576 mice, would be
expected in wild type guinea pigs and cynomolgus monkeys.

5. Conclusions

RGD-DiTox
382–401-KK-A𝛽1–13 peptide vaccination in com-

bination with a prior vaccination of the conventional
diphtheria-tetanus combined toxoid vaccine induced anti-
A𝛽40 and 42 antibodies in cynomolgus monkeys and guinea
pigs. It promoted A𝛽 clearance in the brains of guinea pigs.
The peptide vaccination did not show any excessive immune
responses in any tested animals. We propose that this peptide
would be a possible therapeutic or prophylactic candidate for
AD.
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Received 25 June 2015; Accepted 25 August 2015

Academic Editor: Yoshihiko Hoshino

Copyright © 2015 Ali N. Kamali et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Vaccines blocking malaria parasites in the blood-stage diminish mortality and morbidity caused by the disease. Here, we isolated
antigens from total parasite proteins by antibody affinity chromatography to test an immunization against lethalmalaria infection in
a murine model. We used the sera of malaria self-resistant ICRmice to lethal Plasmodium yoelii yoelii 17XL for purification of their
IgGs which were subsequently employed to isolate blood-stage parasite antigens that were inoculated to immunize BALB/c mice.
The presence of specific antibodies in vaccinatedmice serumwas studied by immunoblot analysis at different days after vaccination
and showed an intensive immune response to a wide range of antigens withmolecular weight ranging between 22 and 250 kDa.The
humoral response allowed delay of the infection after the inoculation to high lethal doses of P. yoelii yoelii 17XL resulting in a partial
protection against malaria disease, although final survival was managed in a low proportion of challenged mice. This approach
shows the potential to prevent malaria disease with a set of antigens isolated from blood-stage parasites.

This paper is dedicated to the memory of Professor Amando Garrido-Pertierra

1. Introduction

Human malaria infection can lead to a wide range of
clinical symptoms that are influenced by epidemiological
and immunological factors [1] along with the mechanisms
of immune evasion of the parasite [2]. Protective humoral
response against Plasmodium falciparum can be acquired
after repeated infections of malaria; however, it does not
persist over long periods of time and it is generally incomplete
[1].

Despite concerted efforts worldwide, most advanced
vaccines in development have shown moderate efficacy [3]

maybe since they are based on parasite antigens, too poly-
morphic, and expressed only in brief periods of the parasite
life cycle [4]. In addition, vaccine candidates represent less
than 0.5% of the entire genome [5] and more than 50% of the
vaccines currently designed are based independently on only
three antigens: circumsporozoite protein (CSP), merozoite
surface protein (MSP), and the apical membrane antigen
1 (AMA-1). Due to difficulties in identifying the widely
dispersed immune responses to Plasmodium, only about 1%
of the antigens encoded by the parasite have been studied
so far [6]. Although the identification of immunological
markers for protection has been intricate, several reports
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suggest that humoral responses to a variety of antigens are
involved in protection [5, 7].

Thus, a combination of antigen subunits of different
parasite stages is the long-term objective of malaria vaccine
[8]. Vaccines based on the inoculation of the whole organism
enable a vast array of antigens to be delivered and therefore
provide a multiepitope vaccine [9–11]. Nevertheless, the
specific antigens mediating protective immunity induced by
whole organism vaccination are still largely unknown [11].
The generation of protective responses in malaria induced
by subunit vaccines is still under debate [11, 12]. In addition,
there may be specific protective immune responses that do
not arise during the normal course of infection but that can
be primed by vaccination and boosted by infection [12] or by
ultralow doses of drug-contained or killed parasites [13–15].

By using animal models, several laboratories have
attempted to induce protective immune response by immu-
nization with crude preparations of whole blood-stage anti-
gens applying various adjuvants, and different degrees of
protection have been reported [15–17]. Protective response in
mice induced by undetermined whole blood-stage antigens
has been shown to be dependent on CD4+ T cells, interferon
gamma, andnitric oxide [15].Thus,withmore than 5,000 pro-
teins expressed during the life cycle of Plasmodium spp. [18]
it remains to be known which combinations of them could
be efficient antigens mediating protective immunity induced
by whole organism vaccination. Moreover, a question arising
from these studies is whether immune protection is elicited
predominantly by a very limited or a large number of antigens
[19].

Previous results from our laboratory show that a per-
centage of ICR mice naturally acquire a long-term protective
humoral response against homologue reinfections of the
lethal parasite P. yoelii yoelii 17XL (PyL) [20]. Moreover, sera
of thesemice are a suitable source of immunoglobulins for the
isolation of antigenic plasmodial proteins by immunoaffinity
[21]. Consequently, in the present study, we have investigated
the use of the protective IgGs from pooled sera of malaria
model in ICR mice [20] to isolate blood-stage parasite anti-
gens by immunoaffinity as described earlier [21] to investigate
their immunogenicity in BALB/c mice. The immunization
elicited antigens and the level of protection achieved against
a lethal malaria challenge is discussed.

2. Materials and Methods

2.1. Animals andMalaria Infection. The rodent malaria para-
site PyLMRA-267 was obtained fromDr. Virgilio Do Rosario
(Instituto deHigiene eMedicina Tropical, UniversidadeNova
de Lisboa) and stored in liquid nitrogen after serial blood
passages in mice. Infected blood was kept in liquid nitrogen
in a solution containing glycerol 28% (v/v), sorbitol 3% (w/v),
andNaCl 0.65% (w/v). Inbred BALB/cAnNHsd and random-
bred ICR pathogen-free female mice (Hsd:ICR[CD-1]), aged
6–8weeks, were purchased fromHarlan Laboratories (Udine,
Italy). The mice were housed under standard conditions
of light (12 : 12 h light : dark cycles), temperature (22–24∘C),
and humidity (around 50%) in the Animal Housing Facility
at Universidad Complutense de Madrid. All mice were

fed a commercial diet (2018 Teklad Global 18% Protein
Rodent Diet, Harlan Laboratories) ad libitum. All animal care
and experimental procedures carried out at the Universi-
dad Complutense de Madrid complied with Spanish (R.D.
32/2007) and European Union legislation (2010/63/CE) and
were approved by the Animal Experimentation Committee
of this institution. The experiments here described involving
animals are reported following the ARRIVE guidelines [22].

For all challenges, parasite isolation, and immune sera
sampling, mice were inoculated by intraperitoneal (i.p.)
injection of 2 × 107 PyL-infected red blood cells (iRBCs) from
infected mice. After infection, p-aminobenzoic acid at a final
concentration of 0.05% (w/v) was included in the drinking
water to enhance parasite growth [23, 24].

2.2. Total Parasite Protein Extraction. Protein lysates were
extracted from the RBCs with a mixture of ring, trophozoite,
and schizont-stage parasites of infected ICR mice showing
>50% parasitaemia. Mice were anaesthetized with isoflurane,
as recommended by the local Animal Experimentation Com-
mittee, and whole blood was collected from the aorta into
tubes containing EDTA 0.1M as anticoagulant and kept at
−80∘C until protein extraction. Protein isolation began with
RBC lysis using 10 vol saponin 0.1% (w/v) in PBS. After
centrifugation (320×g, 5min, 4∘C) and washing twice in cold
PBS, the pellet was treated with extraction buffer (50mM
Tris-HCl, pH 8.0; 50mM NaCl; 0.5% Mega 10) containing
protease inhibitor cocktail (Roche, Indianapolis, IN, USA)
and subjected to four freeze-thaw cycles. Finally, lysates were
centrifuged (20,000×g, 15min, 4∘C) and total PyL protein
samples stored at −80∘C until use.

2.3. Purification of Mouse IgGs. Hsd:ICR (CD-1) malaria-
resistant mice were generated as previously described by
Azcárate et al. [20]. Briefly mice were infected intraperi-
toneally with 2 × 107 PyL-iRBCs obtained from donor
PyL-infected mice. Mice that recovered from 1st infection
were reinfected on days 60 and 420 after the first infection
following the same infection protocol. IgGs from 150 𝜇L
of pooled serum samples obtained after three infections of
malaria-resistant ICR mice were isolated using 0.2mL NAb
protein A/G column (Thermo Scientific, MA) according to
the manufacturer’s instructions. Briefly, serum was diluted in
binding buffer (sodium phosphate 100mM containing NaCl
150mM, pH 7.2) and IgGs bound to the column were eluted
in 400 𝜇L fractions using the elution buffer provided (pH
2.8). Collecting tubes were previously preloaded with 40𝜇L
of Tris-HCl 1M, pH 8.5 for neutralization. After elution,
purified IgGs were dialyzed in a Slid-A-Lyzer dialysis cassette
(Thermo Scientific) against 500mL of sodium phosphate
0.01M containing NaCl 0.15M, pH 7.2 during 2 h, with a total
of 3 replacements. After the third replacement, equilibrium
was continued overnight at 4∘C and dialyzed IgGs were kept
at −20∘C until use. Purity and yield of IgGs were verified by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and western blotting. Contaminating protein in the elution
and loss of IgGs during purification, dialysis, and concentra-
tion were both negligible as previously reported [21].
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2.4. Immobilization of Mice IgGs. Isolated mice IgGs were
immobilized on agarose using the Pierce Direct IP kit
(Thermo Scientific, MA), following the procedure previously
reported [21]. Briefly, 100𝜇L of AminoLink Plus coupling
resin was applied to each column and centrifuged at 1,000×g
for 1min. The columns were then washed twice with 200𝜇L
of 1x coupling buffer (sodium phosphate 0.01M containing
NaCl 0.15M, pH 7.2). Next, 50 𝜇g of purified IgGs from
malaria-resistant mice was loaded onto the column and
the volume immediately adjusted to 200𝜇L using ultrapure
water and coupling buffer. After addition of 3 𝜇L of sodium
cyanoborohydride 5M to allow covalent binding, the column
was incubated at room temperature with rotation for 2 h.
Next, the column was washed twice with coupling buffer and
prewashed with 200𝜇L of quenching buffer (Tris-HCl 1M)
to remove any uncoupled IgG. To block the remaining sites
on the resin, 200𝜇L of quenching buffer and 3 𝜇L of sodium
cyanoborohydride were once again added, and the column
was incubated for 15min with gentle shaking. Finally, the col-
umn was washed twice with coupling buffer and 6 times with
wash solution (NaCl 1M) and subjected to a final wash with
TBS (Tris-buffered saline, Tris 0.025M, NaCl 0.15M; pH 7.2).

2.5. Isolation of Parasite Antigens by Immunoaffinity. This
procedure has been previously reported [21]. Briefly, total
proteins extracted from PyL (500–1000 𝜇g) diluted in a
600𝜇L volume of TBS were loaded onto each antibody-
coupled spin column and incubated for 2 h with gentle
shaking. To remove nonbound proteins, the complex was
washed three times with TBS and once with conditioning
buffer supplied with the kit. Sodium deoxycholate 1% (w/v)
(Sigma-Aldrich, St. Louis, MO, USA) in PBS was used to
dissociate the bound antigens from the immobilized antibody
and the eluted antigenswere recovered in PBS [25].The eluted
antigens were concentrated and buffer was exchanged with
PBS using Pierce Concentrator 7mL/9K (Thermo Scientific,
MA).

Protein concentration in all fractions, from parasite
extracts to antigen isolation, was determined with the Bio-
Rad DC Protein Assay (Bio-Rad, CA, USA).

2.6. Immunoblot Assays. Parasite total protein extracts,
prepared as described above, were solubilized in SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) sample
buffer containing SDS 2.5%, boiled for 5 minutes, and sub-
sequently separated on 10% SDS-PAGE. After electrophore-
sis, proteins were transferred onto PVDF (Hybond-P, GE
Healthcare)membranes following standard procedures. Blots
were blocked for 1 h with PBS containing 5% nonfat dried
milk. The blots were subsequently incubated overnight with
individualmouse serum from any of the experimental groups
of immunized mice, diluted in PBS containing 0.05% Tween-
20 at concentration of 0.05%. Bound IgGswere detected using
HRP-conjugated anti-mouse IgG (GE Healthcare) at 1/5000
dilution. Detection was performed using the SuperSignal
chemiluminescence substrate (Thermo Scientific, MA) and
exposure to X-ray film.

2.7. Adjuvants and Immunizations. To compare CPG ODN-
1826 (InvivoGen) and Freund’s adjuvants, 60 BALB/c mice
were divided into 6 groups (𝑛 = 10 each) and inoculated with
same volume (50𝜇L) containing 2 𝜇g of the immunoaffinity-
purified antigens in different preparations as follows. Group
1: intramuscular (i.m.) injection of one volume of antigens
plus 50𝜇g CpG ODN

1826
plus one volume of incomplete

Freund’s adjuvant (IFA). Group 2: i.p. injection of one volume
of antigens plus one volume of Complete Freund’s Adjuvant
(CFA). Group 3: i.p. injection of antigens alone. Group 4:
i.m. injection of one volume of 50 𝜇g CpG ODN

1826
plus

one volume of IFA. Group 5: i.p. injection of CFA. Group 6:
i.p. injection of PBS. Inoculations were performed twice on
days 1 and 27. Four weeks later, at day 55, animals were i.p.
infected with 2 × 107 PyL parasitized RBCs. Parasitemia was
monitored by thin tail-blood smears, stained with Wright’s
eosin methylene blue. For boosting, CFA (1 : 1 emulsion) was
replaced with the IFA (1 : 1 emulsion) in groups 2 and 5.

For the second vaccination trial, immunizations were
performed only with the Freund’s adjuvant system. At days
1, 25, 50 and 85, three groups of mice were immunized
subcutaneously (s.c.) with 10 𝜇g of the immunoaffinity-
purified antigenic preparations plus adjuvant (group 1), with
only adjuvant (group 2), and with PBS (group 3). CFA was
used only in the primary immunization and was replaced
with IFA for the following boosts. Two weeks after the last
immunization, animals were infected intraperitoneally as
indicated above.

2.8. Statistical Analysis. Differences between individual
groups were analyzed using Student’s 𝑡-test or the Mann-
Whitney test in Prism 5 software (GraphPad Software Inc.).
Significance was set at 𝑃 < 0.05.

3. Results

3.1. Diversity of Blood-Stage Antigens Isolated by Immunoaffin-
ity. As shown in Figure 1(a), a wide range of molecular
weight proteins between 22 and 250 kDa were detected by the
immune sera, demonstrating that the isolated immune affin-
ity antigens have functional binding and recognition. More-
over, analysis of the antigens with only anti-mouse IgG/HRP
linked F(ab) did not show any signal in the membranes
(Figure 1(b)), establishing that either complete or fraction
IgGs did not coelute in the flow-through during purification.
This initial screening of the immunoaffinity isolated antigens
that were subsequently used for immunization demonstrated
their richness in multiple native IgGs recognition and conse-
quently their potential use for vaccination purposes.

3.2. Blood-Stage Antigens Required Adjuvant to Elicit Immune
Response. PyL antigens purified with IgGs antibodies from
ICR resistant-mouse sera were used as a vaccine to determine
their capacity to induce protection in a uniformly lethal
model of malaria as BALB/c mice infected with PyL. Due
to the difficulties in developing a vaccine formulation, in a
first trial the antigens were explored with different adjuvants
to test their stimulatory capacity. Mice were challenged with
only 2 𝜇g of purified antigens accompanied by CpGODN

1826
,
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Figure 1: Immunoreactivity against isolated antigens. Representative western blot analysis of PyL antigens obtained through immunoaffinity
chromatography with immobilized IgGs from malaria surviving ICR mice. (a) shows the specificity of immune sera from ICR mice against
purified antigens followed by the incubation with the secondary antibody anti-mouse IgG/HRP linked Fab and (b) was incubated only with
the secondary antibody. Lanes were loaded with 10𝜇g of protein.

IFA, or CFA on days 1 and 27 and infected on day 55
(Figure 2). The number of days of life of mice from groups
immunizedwith 2𝜇g of purified antigens togetherwith any of
the tested adjuvant systems (groups 1 and 2) was significantly
higher than their control groups 3, 4, and 6; and 3, 5, and
6, respectively (𝑃 < 0.05) (Figure 3(a)), suggesting that the
presence of adjuvants is necessary for the acquisition of some
degree of protection. Apart from increasing survival rates,
significant lower parasitemia was also observed on day 4
post-infection (pi) between groups 1 and 2 and their own
controls (Figure 3(b)).

Since adjuvant CpG is especially effective when small
amounts of antigen are applied [26], it was considered
potentially suitable for this type of vaccination, particularly
due to the difficulty in obtaining large amounts of highly
purified antigens. However, although a slight delay inmortal-
ity was observed, this adjuvant failed to increase protection
against lethal challenging infection with PyL (mouse group
1) showing that the choice of an appropriate adjuvant system
is critical in the immunization effectiveness with the purified
antigens in our mouse model. The most effective adjuvant in
our experimentswas Freund’s.Mice treatedwith antigens and
CFA appeared to be partially protected, as death was delayed
for about 2 days, and one mouse survived the challenge.

3.3. Immunization Elicits Progressive IgG Response to Multiple
Blood-Stage Parasite Antigens. The results obtained using
2 𝜇g of purified antigens for immunization (Figure 3) sug-
gested that the vaccine dose used could be limiting to observe
a consistent response. Hence, we increased the amount of
immunoaffinity-purified antigens for vaccination to 10 𝜇g,
doubled to 4 inoculations along 12 weeks, and tested sub-
cutaneous (s.c.) route of inoculation in order to improve
immunogenicity [27]. Thus, BALB/c mice were inoculated
with antigens using the Freund’s adjuvant system on days
1, 25, 50, and 85 (Figure 4). Our objective was to induce
B lymphocytes to synthesize antibodies as they are crucial
components of the protective immune response against

First trial

Immunization Infection

2𝜇g antigens

CpG ODN1826 and Freund’s adjuvant

Day 1 Day 27 Day 55

Figure 2: Experimental design of immunization with purified
antigens and different adjuvants. IgGs, from naturally surviving ICR
mice to PyL infection, were purified and used to isolate blood-stage
parasite antigens. BALB/c mice divided into 6 groups were then
inoculatedwith 2𝜇g of purified antigens usingCpGODN

1826
and/or

Freund’s adjuvant systems or with proper controls on days 1 and 27
and infected with 2 × 107 PyL-RBCs on day 55.

malaria in human and animal models [28, 29]. Consequently,
to ascertain the possible humoral response developed bymice
we conducted a time-course IgG immunoblot analysis prior
to infection at days 40, 70, and 100 using total PyL protein
extracts.

A progressive increase of the amount of IgGs and the
range of parasite Ags recognized was observed along the
vaccination period (Figure 5). At day 40, vaccinatedmice sera
showed a strong recognition of high molecular weight anti-
gens ranging between 250 and 95 kDa (Figure 5(a)). More-
over, both repertoire and intensity recognition increased at
day 70 and subsequently at day 100, when the maximum
was observed (Figures 5(b) and 5(c)). From inspection of
individual serum reactivity it became apparent that the later
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Figure 3: Course of infection after vaccination with different adjuvants in BALB/c mice. Mice were divided into 6 groups (𝑛 = 10 each) to
be immunized on days 1 and 27. Group (G) 1 with 2𝜇g of purified antigens and CpG ODN

1826
plus IFA, G2 with 2𝜇g antigens plus CFA, G3

with 2 𝜇g of antigens, G4 with PBS and CpG ODN
1826

plus IFA, G5 with PBS and CFA, and G6 with PBS. On day 27 CFA was replaced with
IFA. At day 55, all mice were challenged with 2 × 107 PyL-RBCs. Percentages of (a) survival and (b) parasitemia are shown as mean (± SEM).
∗

𝑃 < 0.05 comparing to controls with antigens or same adjuvant alone or PBS (G2 versus G3, G5, and G6; G1 versus G3, G4, and G6).
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Figure 4: Experimental design of immunization with purified antigens and Freund’s adjuvant. Blood-stage parasite antigens were isolated
by using IgGs from surviving ICR mice to PyL infection and were inoculated together with Freund’s adjuvant in BALB/c mice on days 1,
25, 50, and 85. Two weeks later mice were infected with 2 × 107 PyL-RBCs. Mouse sera obtained on days 40, 70, and 100 were subjected to
immunoblot analysis.

IgGs to show up were those recognizing small molecular
weight antigens, particularly in the range 64–36 kDa, in
which certain degree of heterogeneity was observed between
individual mice. Nevertheless, there was no evidence in
the individual western blot patterns that could differentiate
surviving from nonsurviving mice (Figure 5(c)).

3.4. Immunization Elicits Partial Protection against Lethal
Blood-StageMalaria Infection. After confirming the immune
stimulatory capacity of our antigens with Freund’s adjuvant,

mice were challenged two weeks after the last immunization
to determine their state of immunity to the live parasite. Vac-
cinated mice survived more days than untreated or adjuvant-
treated mice (Figure 6(a)) (𝑃 < 0.05). In addition, one
vaccinated mouse survived up to day 18 pi and another fully
survived after clearing parasitemia (Figures 6(a) and 6(b)).
Interestingly, parasitemia on these two mice reached a maxi-
mum of 30.5% on day 7 pi, much lower than the maximum of
92.4% by day 5 pi reached in control mice, and progressively
declined during the following days (Figure 6(c)). At day 17 pi,
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Figure 5: Humoral response of BALB/c mice after immunization with purified PyL antigens and Freund’s adjuvant. The reactivity of sera
obtained frommice previously immunizedwith highly affinity-purified antigens plus Freund’s adjuvant (𝑛 = 10) was assayed on immunoblots
of total P. yoelii blood-stage antigen (10 𝜇g/lane) at days 40 (a), 70 (b) and 100 (c). A representative nonvaccinated mouse serum (Control)
served as the negative control at corresponding day. Two weeks after last immunization mice were infected with PyL and mouse number 5∗
survived the infection and mouse number 10∗∗ lived until day 17 pi. Antigen-specific antibodies were detected with anti-mouse IgG/HRP
linked F(ab).
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Figure 6: Course of infection in BALB/c mice after antigen and Freund’s adjuvant vaccination. Groups of BALB/c mice were immunized
with 10𝜇g of purified antigens formulated with Freund’s adjuvant (Ag + adjuvant, 𝑛 = 10), Freund’s adjuvant plus PBS (Adjuvant, 𝑛 = 10), or
PBS alone (PBS, 𝑛 = 5). Two weeks after the fourth immunization, mice were challenged with 2 × 107 PyL-RBCs. Percentages of (a) survival
and (b) parasitemia from a total of 500 RBCs are shown as mean (± SEM). (c) Parasitemia course of mice with longer surviving rates after
vaccination: mouse which survived around two weeks (Δ) or completely survived (◼). Data is shown as mean (± SEM). ∗𝑃 < 0.05 comparing
group “Ag + adjuvant” to both controls.

one out of two vaccinated mice died with a status of severe
anaemia, while the surviving mouse cleared all parasites in
blood as observed by microscopy inspection.

4. Discussion

The incomplete immune response to malaria together with
the lack of a licensed vaccine and the spread of drug resistant
parasites hindermalaria control and turnmalaria disease into
amajor public health problem [30]. Numerous vaccine strate-
gies are being researched in the malaria field and are mainly
based on three different antigens separately used: circum-
sporozoite protein (CSP), merozoite surface protein (MSP),

and apical membrane antigen 1 (AMA-1). However, these
strategies do not emulate the naturally acquired immunity
against malaria which is based on years of repetitive infec-
tions allowing contact with a large range of different antigens
[5, 7, 31]. Actually, immunizations with a broad spectrum
of antigens from different parasite stages are considered to
counteract the parasite’s immune evasion improving protec-
tion [8]. According to this concept, experimental vaccination
with whole parasites through irradiation [32] or genetically
[33] attenuated Plasmodium sporozoites or with parasites
in hepatic or blood-stages under treatment with different
drugs [13, 14, 34] is providing excellent results of malaria
protection as they can more easily fight against the antigenic
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polymorphism of the parasite. Thus, in the present work, we
aimed to produce an immunogenic combination based on P.
yoelii blood-stage antigens isolatedwith immobilized affinity-
purified antibodies from malaria-resistant mice. During
blood-stage malaria infection, parasite-specific antibodies
have been shown to play a key role in controlling para-
sitemia [28, 35]. However, malaria infection also gives rise
to strongly elevated blood concentrations of non-malaria-
specific immunoglobulin [36] and IgG responses specific
for P. falciparum antigens are often unexpectedly short-lived
and fail to consistently boost upon reinfection [37]. For that
reason, the research of protective antigens is still difficult
and here we proposed to use the total Plasmodium-specific
IgGs produced in response to malaria reinfection in ICR
immune mice to isolate total antigens in which protective
antigens will also be present. Although resistance to malaria
can be generated through antimalarial treatment in mice
[38], drugs can alter the natural mechanisms of immune
protection. Consequently, to test the protective capacity of
PyL antigens we chose to use antibodies produced under a
naturally developed immune response in the ICR malaria
model in which a 20% of mice naturally develop immunity
to the infection [20].

We have previously demonstrated the protective role of
antibodies against the infection through the passive transfer
of pooled sera from resistant ICRmice containing 150–200𝜇g
of total IgG to näıve BALB/c mice, 2 hours after a challenge
with 2 × 107 PyL iRBCs, being able to cure 40% of transferred
mice [20]. BALB/c mice are uniformly susceptible to fatal
malaria infection with PyL so their use for vaccine and drug
preclinical trials is consolidated [24].

This procedure allows us to previously identify well-
known and new malaria antigens including protein disulfide
isomerase (PDI), the HSPA5 member of the heat shock
protein-70 family (also called binding immunoglobulin
protein BiP), the aspartic proteinase plasmepsin, and the
eukaryotic translation initiation factor 3 (IF3) as antigenic
proteins [21]. In addition to these proteins, other unidentified
bands are also detected on 1D-electrophoresis within the
immune-affinity purified proteins, suggesting that the partial
protection of BALB/c mice against the lethal infection dose
is not only due to the above indicated identified proteins.
Nonetheless the potential role of those four highly prevalent
antigens to immunize the surviving mice may contribute to
the increase of the components of a more effective blood-
stage malaria vaccine. Immune responses to malaria HSPs
have been repeatedly demonstrated in patients with malaria
[39]. Further, several reports characterizing malarial HSPs
indicated that this protein class might play important roles
in the life cycle of the parasites [40]. The ability of HSP
70 to regulate parasite actin polymerization during invasion
of RBCs suggests that HSP 70 is correlated with infectivity
of malaria parasites [40, 41]. The remaining three identified
plasmodial immunogenic antigens, for which their function-
ality in blood-stage malaria has been well defined elsewhere
[21], are similarly worth being explored as candidates to raise
antibodies during in vivo vaccination screens with purified
antigens.

Among the criteria for selecting a vaccine formulation,
the antigenic components are crucial to later investigate
adjuvants, route of delivery, potential adverse effects, and
stability. Given the large variety of responses that the same
antigens can generate with different adjuvants [42–44], we
chose to compare the effect of two different adjuvants to
test the in vivo protective immunity with our set of P. yoelii
purified antigens. Results obtained using 2 𝜇g of purified
antigens as potential immunogenic mixture showed some
degree of protective response, which was dependent on the
adjuvants used.

It has been reported that CPG ODNs binding to TLR9
receptor results in the production of proinflammatory
cytokines and chemokines stimulating the recruitment of
additional inflammatory mediators. However, our isolated
antigens plus CpG ODN adjuvant did not confer protection
against themalaria infection inmice. Actually, immunization
with CpG ODN has shown a wide variety of results in
infectious disease trials [45]. Factors as conjugation rate of
protein and ODN, infection dose, and administration route
play a role in its effectiveness as adjuvant [46–48].

On the other hand, Freund’s adjuvant decreased para-
sitemia and increased survival in the vaccinated mice. It
has been reported that early immune response caused by
IFA/CFA includes rapid uptake of adjuvant components by
dendritic cells, enhanced phagocytosis, secretion of cytokines
by mononuclear phagocytes as well as transient activation
and proliferation of CD4+ lymphocytes [49] in addition to
antibody production against denatured epitopes of proteins
[50]. Given that Freund’s adjuvant was more effective in our
experiments we chose this adjuvant in the formulation of the
following vaccine trial.

In the second trial, the humoral response developed
by BALB/c mice after the four vaccination challenges was
characterized by immunoblot which confirmed the immuno-
genicity of our isolated antigens. A large variety of PyL
specific IgGs were developed against a wide range of parasite
proteins, similar to the build-up of the humoral response
observed in partially immunized humans [51]. The key role
of B cells in controlling malaria infections has been clearly
revealed in rodent models lacking these cells, which are not
able to eliminate P. yoelii [35] and P. chabaudi infections [52].
Moreover, the protective role of Abs against malaria infection
is supported by the transfer of immune serum into infected
nonimmune humans as an efficient treatment strategy [28]
that is also efficient in mouse models [29]. Specific anti-
malarial Abs might protect by several attributes, including
merozoite invasion blocking, cooperation with monocytes,
NKs or DCs; or by inhibiting iRBCs cytoadherence [36].

Infection of our vaccinated mice showed that all individ-
uals prolonged their survival rate but only a small fraction
was really protected against the lethal infection. Further
experiments with lower infective doses could permit a pro-
gressive encounter of immune system with the parasite and
influence Th1/Th2 activity [53]. Besides, the inoculation of
a higher quantity of antigen could probably improve the
percentage of protection. Immune responses in endemic
infections in humans can be partially protective, allowing the
individual to tolerate significant parasite densities without
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overt disease [54], but themechanisms of immune protection
are poorly understood [1, 55]. In fact, we were not able to
identify differential antibody production between protected
and unprotected individuals which could be the reason of the
low duration of the protection, as it has also been described
following the administration of the RTS, S/AS01, the most
advanced vaccine candidate in humans [56–58].

5. Conclusions

In conclusion, immunoaffinity-purified antigens using IgGs
fromprotected individuals deserve further research, either by
fractionation of some of the isolated set or by complemen-
tation with additional components, to improve efficacy of a
potential multiantigen blood-stage malaria vaccine.
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[10] L. Rénia, A. C. Grüner, M. Mauduit, and G. Snounou, “Vac-
cination against malaria with live parasites,” Expert Review of
Vaccines, vol. 5, no. 4, pp. 473–481, 2006.

[11] M. F. Good and D. L. Doolan, “Malaria vaccine design:
immunological considerations,” Immunity, vol. 33, no. 4, pp.
555–566, 2010.

[12] J. M. Burns Jr., P. D. Dunn, and D. M. Russo, “Protective
immunity against Plasmodium yoeliimalaria induced by immu-
nization with particulate blood-stage antigens,” Infection and
Immunity, vol. 65, no. 8, pp. 3138–3145, 1997.

[13] D. J. Pombo, G. Lawrence, C. Hirunpetcharat et al., “Immunity
to malaria after administration of ultra-low doses of red cells
infected with Plasmodium falciparum,”The Lancet, vol. 360, no.
9333, pp. 610–617, 2002.

[14] M. Roestenberg, A. C. Teirlinck, M. B. B. McCall et al., “Long-
term protection against malaria after experimental sporozoite
inoculation: an open-label follow-up study,”TheLancet, vol. 377,
no. 9779, pp. 1770–1776, 2011.

[15] A. Pinzon-Charry, V. McPhun, V. Kienzle et al., “Low doses of
killed parasite in CpG elicit vigorous CD4+ T cell responses
against blood-stage malaria in mice,” The Journal of Clinical
Investigation, vol. 120, no. 8, pp. 2967–2978, 2010.

[16] T. L. M. ten Hagen, A. J. Sulzer, M. R. Kidd, A. A. Lal, and R.
L. Hunter, “Role of adjuvants in the modulation of antibody
isotype, specificity, and induction of protection bywhole blood-
stage Plasmodium yoelii vaccines,” Journal of Immunology, vol.
151, no. 12, pp. 7077–7085, 1993.

[17] J. Yuan, B. Xu, and B.-F. Liu, “Protective immune mechanisms
induced by cellular vaccine made of the erythrocytic Plasmod-
ium yoelii,” Zhongguo Yi Xue Ke Xue Yuan Xue Bao, vol. 26, no.
1, pp. 47–51, 2004.

[18] M. J. Gardner, N. Hall, E. Fung et al., “Genome sequence of the
human malaria parasite Plasmodium falciparum,” Nature, vol.
419, no. 6906, pp. 498–511, 2002.

[19] D. L. Doolan, “Plasmodium immunomics,” International Jour-
nal for Parasitology, vol. 41, no. 1, pp. 3–20, 2011.
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The Lck interacting protein Tip of Herpesvirus saimiri is responsible for T-cell transformation both in vitro and in vivo. Here
we designed the chimeric peptide hTip-CSKH, comprising the Lck specific interacting motif CSKH of Tip and its hydrophobic
transmembrane sequence (hTip), the latter as a vector targeting lipid rafts.We found that hTip-CSKH can induce a fivefold increase
in proliferation of human and Aotus sp. T-cells. Costimulation with PMA did not enhance this proliferation rate, suggesting that
hTip-CSKH is sufficient and independent of further PKC stimulation.We also found that humanLck phosphorylationwas increased
earlier after stimulation when T-cells were incubated previously with hTip-CSKH, supporting a strong signalling and proliferative
effect of the chimeric peptide. Additionally, Lck downstream signalling was evident with hTip-CSKH but not with control peptides.
Importantly, hTip-CSKH could be identified in heavy lipid rafts membrane fractions, a compartment where important T-cell
signalling molecules (LAT, Ras, and Lck) are present during T-cell activation. Interestingly, hTip-CSKH was inhibitory to Jurkat
cells, in total agreement with the different signalling pathways and activation requirements of this leukemic cell line. These results
provide the basis for the development of new compounds capable of modulating therapeutic targets present in lipid rafts.

1. Introduction

Selective phosphorylation of tyrosine residues in the T-
cell receptor- (TCR-) associated CD3 complex and 𝜁 chains
follows TCR engagement and activation by theMHC-peptide
complex [1]. Tyrosine phosphorylation ismediated by protein
members of the nonreceptor Src tyrosine kinase family,
mainly p56Lck (Lck) and p59Fyn (Fyn) [2]. Lck is lymphoid-
specific and essential for T-cell development and function
[3, 4]; it associates with surface molecules such as CD2,
CD4, CD8, CD45, and IL-2 receptor [4–6]. Lck can be either
phosphorylated by serine-threonine or tyrosine kinases but
it is well known that its activity is mainly positively and
negatively regulated by tyrosine phosphorylation in positions
394 and 505, respectively [7, 8]. Stimulation of T-cell lines

defective in Lck expression has shown an abnormal tyrosine
phosphorylation pattern of downstream protein targets [9].
Lck has acquired importance as a therapeutic target for
regulating T-cell response due to this central role in T-cell
function [10–12].

Lck, as well as other Src family members, is also the target
of viral proteins as a strategy for lymphotropic viruses [13],
such as human immunodeficiency virus [14], Epstein-Barr
virus [15], or Herpesvirus saimiri (HVS), to escape immune
control and maintain latency [16]. In particular, HVS is a
lymphotropic 𝛾-herpesvirus, which is nonpathogenic in its
natural host Saimiri sciureus, but in some New World pri-
mate species induces fulminant T-cell lymphomas [17]. HVS
infection has been used in vitro in human and non-human
primates (Aotus spp.) as a strategy for T-cell transformation
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[18–20].This would suggest that transformationmechanisms
in human and Aotus T-cells could have the same molecular
basis.

Two HVS gene products, Tip (tyrosine kinase interacting
protein) and StpC (Saimiri transforming protein), seem to
be essential for the observed oncogenic phenotype [21]. Tip
was able to induce T-cell lymphoma in transgenic mice and is
therefore very likely to be responsible for the oncogenicity in
T-cells [22]. Amechanisticmodel inwhich Tip participates in
TCR signalling and CD4 downregulation has been proposed
to explain HVS-infected T-cell longevity with consequences
on viral persistence and pathogenesis [23]. Some studies have
shown that Tip specifically associates with Lck, increasing
its phosphorylation and activity and thus T-cell proliferation
[24–26]. Moreover, Tip has been extensively implicated in
oncogenic transformation [13, 27].

Nevertheless, in Jurkat T-cell lines or primary T-cells
immortalized by lentiviral transduction, other authors have
shown that Tip induces downregulation of Lck and an over-
all decrease in cellular tyrosine phosphorylation of several
proteins, including Lck and ZAP70 [16, 28]. Early work
has shown differences in signalling molecule expression
and altered requirements for Jurkat cells activation [29],
explaining in part the opposite effect of Tip in primary T-cells
versus Jurkat cells or immortalized T-cells.

The Lck-binding domains (LBD) of Tip have been
mapped to the carboxyl terminal portion of the molecule
involving two independent binding motifs, SH3B (SH3 bind-
ing) and CSKH (C-terminal Src kinase homology). They are
included within a highly conserved region between amino
acids 146 to 182 [30–33]. The SH3B motif (residues 172 to
182) binds to the SH3 domain on Lck, while the CSKH motif
(residues 146 to 155) binds to the kinase catalytic domain [24].
Interestingly, mutants of Tip, containing either only SH3B
or only CSKH domains, bind to Lck although to a reduced
extent [32]. Also a truncated form of Tip lacking SH3B is
still able to induce lymphomas in vivo [34] and coexpression
of Lck with a Tip mutant lacking SH3B stimulated tyrosine
phosphorylation of cellular proteins [32]. This suggests a
suitable and sufficient role of the CSKH domain for Lck
binding, T-cell signalling, proliferation, and eventually cell
transformation.

As it would be expected for a protein regulating Lck, Tip
has been shown to be constitutively present in lipid rafts [23,
35], a signalling platform for T-cell activation [36, 37], where
early signals are induced allowing subsequently specific
gene expression and proliferation [26, 38, 39]. The carboxyl
terminal hydrophobic (hTip) sequence of Tip is responsible
for its localization to lipid rafts [40]. In the present work,
we have explored the intriguing possibility of inducing T-
cell activation and proliferation by using a short Lck binding
motif of Tip (CSKH) properly delivered to lipid rafts. In
fact, the hTip-CSKH chimera was delivered to detergent
resistant membranes allowing us to specifically target Lck,
to induce intracellular signalling and T-cell proliferation. Of
great relevance, this work suggests that using a lipid raft
targeting sequence from the transforming Tip protein could
be a novel strategy to activate or inhibit signal transduction
pathways, in other cell types and conditions, in which lipid
raft dynamic is involved.

2. Methods

2.1. Peptide Synthesis and Characterization. Peptides were
synthesized by solid phase as previously described [41].
The hTip sequence corresponds to the carboxyl-terminal
residues 232–250 (CLVVVILAVLLLVTVLSIL); the CSKH
motif EDLQSFLEKY plus a 6-residue extension (PPDFRK)
adjacent to the CSKH motif was used as the hTip cargo,
forming the chimera (CLVVVILAVLLLVTVLSILEDLQS-
FLEKYPPDFRK), here called hTip-CSKH. hTip, CSKH, and
a chimeric peptide with the CSKH sequence in a scrambled
configuration (hTip-CSKHsc) were also used in some exper-
iments as controls. Peptides were analyzed by RP-HPLC and
mass spectrometry to ascertain molecular weight and purity.

2.2. Blood Samples, Cell Isolation, and Cell Line. Human
blood samples were obtained from healthy donors after
informed consent. Aotus nancymaae from the Colombian
Amazon region were housed according to NIH guidelines for
animal handling. Both human and Aotus peripheral blood
mononuclear cells (PBMC) were isolated by Ficoll-Hypaque
density gradient centrifugation (Sigma-AldrichCo., St. Louis,
MO, USA). The Jurkat T-cell leukemia cell line (ATCC)
was cultured under standard conditions. Cell viability was
routinely assessed by Trypan-blue dye exclusion and only
samples having >90% viability were further used.

2.3. Aotus nancymaae Lck Sequence Determination. RNA
from 1 × 107 lymph node cells was extracted by TRI-
ZOL (Gibco, Invitrogen Corp., New York, NY, USA) as
described elsewhere. Lck coding and proximal 5 and 3
UTR regions were amplified by RT/PCR using SuperScript
III One Step RT/PCR with Platinum Taq (end point) (Invit-
rogen Life Technologies, Carlsbad, CA, USA) with sense
primer LckRs17 (5GCCTGGACCATGTGAAT3) and anti-
sense primer LckRa20 (5TGACTATGGCACAAGAAC-
TC3). Three clones were obtained and sequenced using
6 different primers: LckRs17, LckRa20, M13 forward, M13
reverse primers, and two internal primers LckIntF (5TGG-
ACAGTTCGGGGAGG3) and LckIntR02 (5ATGATG-
TAGATGGGCTCCT3). Sequencing was performed with
BigDye 3.1 sequence kit and analyzed in ABI PRISM 310
genetic analyzer, with the ABI PRISM Sequencing Analysis
3.3MT Navigator 1.0.2. (Perkin Elmer, Foster City, CA,
USA) and Chromas 1.45 software. Other sequencing was
done by MACROGEN Inc. Overlapping sequences were
aligned using ClustalX 1.83 software and analyzed by Gene-
Doc software (multiple sequence alignment editor, version
2.5.000). The sequence submitted to GenBank (accession
number: AY821852) was the consensus sequence from the
three clones. Human, Saimiri sciureus, and Aotus nancymaae
(accession numbers: NP 005347, CAC38871, and AAV70114,
resp.) protein sequences were compared by using the same
software. Sequences used were found in the GenBank protein
databases.

2.4. Peptide FITC-Labeling and Fluorescence Microscopy.
hTip-CSKH and scrambled CSKH peptides were labeled
with fluorescein isothiocyanate (FITC). Shortly, 4.75mL of
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a 0.0125mM solution of peptide was incubated 24 h in 0.1M
carbonate-bicarbonate buffer with 250𝜇L of a 2.5mM FITC
solution in DMSO. Dialysis was performed during 48 h
against 0.1M ammonium chloride in 1% DMSO (membrane
of exclusion limit of 3.5 kDa; Spectrum Laboratories Inc.,
Rancho Dominguez, CA, USA). 105 human PBMC resus-
pended in RPMI 1640 supplemented with 10% FCS, 10mM
HEPES, and 1mM sodium pyruvate (complete medium)
for 1 h at 37∘C were incubated with 40 𝜇M of FITC-labeled
hTip-CSKH or CSKH(Scr). Cells were washed in PBS and
resuspended in 20 𝜇L of media (150mMNaCl, 50% glycerol)
and mounted in a glass microscope slide with a coverslip and
observed in aNikonC-1plus fluorescencemicroscope. Digital
photographs were takenwith a SonyDSC-P73 digital camera.

2.5. Lymphocyte Proliferation Assays. A total of 5 ×
104 PBMC/well were cultured for 1 h at 37∘C and 5%
CO
2
in complete medium in the absence or presence of

different peptide concentrations (as indicated in each figure)
in 96-well flat-bottomed microplates (Linbro, Aliso Viejo,
CA, USA). In some experiments, PBMCwere also stimulated
with 2 𝜇g/mL PHA-P or 25 ng/mL PMA for 48 h or 72 h with
or without addition of peptides. Afterwards, 0.5𝜇Ci/well
[methyl-3H]-thymidine (ICN Biomedicals, Inc., Irvine, CA,
USA) was added to cultures for the last 18 h. Cells were then
harvested (PHD Harvester, Cambridge Tech) in glass fiber
strips (Cambridge Technology, Watertown, MA, USA) and
assayed for [methyl-3H]-thymidine incorporation by liquid
scintillation counting 𝛽-scintillation system Beckman LS
6500 (Beckman Instruments, Fullertown, CA, USA).

Peptides-treated or peptides-untreated Jurkat cells (5 ×
104) were stimulated with 2 𝜇g/mL ionomycin or 2 𝜇g/mL
PHA-P and processed as described above for primary cells.
The stimulation index percentage (SIP) was defined as
being the ratio of mean [methyl-3H]-thymidine (counts per
minute) incorporated in the presence of a peptide to that
incorporated in the absence of peptide (×100).

2.6. Protein Tyrosine Kinase Immunostaining. PBMC from
humans were preincubated (or not) for 1 h with 60 𝜇M hTip-
CSKH and further stimulated with PHA-P (5𝜇g/mL) for
15, 30 or 60min. Stimulation was stopped by ice-cooling
the cultures; these cells were then washed twice in ice-cold
PBS and cell extracts were prepared by a 20-minute incu-
bation in lysis buffer (20mMTris-Cl pH 8.0, 276mMNaCl,
10% glycerol, 1% NP40, 1mM PMSF, 10 𝜇g/mL aprotinin,
10 𝜇g/mL leupeptin, 1mMNa3VO4, 10mM NaF, and 2mM
EDTA). Extracts were centrifuged for 15min at 10,000 g and
4∘C; supernatants were recovered and subjected to 10% SDS-
PAGE as described elsewhere. Proteins were then trans-
ferred to PVDF membranes (Immobilon-P, Millipore Corp.,
Bedford, MA, USA). Immunodetection was performed with
anti-Lck (clone MOL171) antiphosphotyrosine (Clone PY20)
(Pharmingen, San Diego, CA, USA). In other sets of experi-
ments, human PBMC were stimulated with PHA-P or hTip-
CSKH and cell extracts prepared as described above. Proteins
were then transferred to PVDF membranes and immunode-
tection was performed with anti-Fyn (AHO0482, Invitrogen)
and anti-𝛽-Actin (sc-47778, Santa Cruz Biotechnology). For

data analysis, p56Fyn and p59Fyn bands were normalized to
𝛽-actin.

2.7. Downstream Signaling after hTip-CSKH Stimulation. For
ERK 1/2 phosphorylation, human PBMC were stimulated
for 2 h with the different peptides or with PHA-PMA as
described above. Cells extracts were prepared as above
and assayed by WB with anti-p-ERK1/2 (sc-7383, Santa
Cruz Biotechnology) and anti-ERK1/2 (sc-7383, Santa Cruz
Biotechnology). Erk phosphorylationwas normalized to total
ERK1/2.

2.8. Biochemical Isolation of Detergent Resistant Membranes
(DRMs). 6.5 × 107 human PBMC were treated with 40 𝜇M
of hTip-CSKH in serum-free RMPI-1640 during 1 hour at
37∘C. The cells were washed in medium and the mem-
branes were extracted during 20min in 200 𝜇L of ice-cold
lysis buffer containing Tris 25mM pH 7.4, 150mMNaCl,
2mM EDTA, 0.5% Triton-X100, 1 ug/mL leupeptin, 1 ug/mL
pepstatin, 4 ug/mL aprotinin, 1mM PMSF, 1mM Na3VO4,
and 50mMNaF. For sucrose density gradients, cell extracts
were mixed with 250 𝜇L of 80% sucrose in TNE buffer
(Tris 25mM pH 7.4, 150mM NaCl, and 2mM EDTA) and
overlayed with 730 𝜇L of 35% sucrose and 320 𝜇L 5% sucrose
and centrifuged at 200,000 g during 5 h, 4∘C (Beckman
Optima, rotor TLS-55). Eight fractions of equal volume were
recovered from the top of the gradient, diluted with 1mL
of TNE, and detergent resistant membranes in each fraction
were precipitated by ultracentrifugation at 100,000 g during
45min, 4∘C. The pellets were extracted in 20 𝜇L of Laemmli
buffer: half used for WB and Flotillin-2 detection and the
other half for SDS-PAGE in Tris-Tricine buffer for peptide
identification as described [42]. To facilitate the identification
of the peptides in this system, erythrocyte membranes were
prepared in parallel and incubated with the different peptides
used. Peptides were identified by sample separation in Tris-
Tricine SDS-PAGE.

2.9. PBMC Surface Marker Characterization after hTip-CSKH
Treatment. PBMC were incubated for 24 h in the absence
or presence of 60𝜇M hTip-CSKH peptide, PBS washed, sus-
pended in 0.5% BSA-PBS solution, and further incubated for
20min at RT with the respective monoclonal antibody. Anti-
CD3 PE-conjugated antibody (clone UCTH1) was purchased
from Sigma (Sigma-Aldrich Co., St. Louis, MO, USA); and
anti-TCR 𝛼/𝛽 FITC-conjugated antibodies were purchased
from Pharmingen (San Diego, CA, USA). All incubations
with fluorochrome-tagged antibodies were done in the dark.
Then, cells were washed with 2mL of PBS and centrifuged.
After a final wash, cells were suspended in 0.5mL PBS and
immediately read in a FACScan flow cytometer (Beckton
Dickinson, BD Biosciences, San Jose, CA, USA).

2.10. Statistical Analysis. Paired statistical analyses were per-
formed using Student two-tailed 𝑡-test. Paired two-tailed 𝑡-
test analyses were performed for the data comparing values
obtained from nontreated and hTip-CSKH or hTip-treated
cells at the same time points.
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Figure 1: hTip-CSKH induced cell proliferation in human and Aotus cells. (a) PBMC from two Aotus nancymaae and one human donor
were treated with 40 𝜇M hTip or hTip-CSKH peptides and assayed for [3H]-thymidine incorporation after 48-hour treatment. (b) Human
and Aotus PBMC exposed to several hTip-CSKH concentrations were assessed for [3H]-thymidine incorporation after 72-hour treatment.
Stimulation index percentage (SIP) is shown (see Section 2). Student’s 𝑡-test statistically significant values (𝑝 < 0.05) are marked with asterisk
(∗).

3. Results

3.1. High Identity in Lck and Similarity in T-Cell Pro-
liferation in Response to hTip-CSKH between Aotus and
Humans. The Aotus primate experimental model has proved
to be useful for basic immunology and vaccination stud-
ies. The establishment of similarities is essential for phys-
iological studies involving immune modulation, although
some differences in T-cell response have been found
[43]. Previously, we found that Aotus Lck was more
related to Saimiri sciureus than to human Lck. Never-
theless, high identity (>98%) was also observed between
human and Aotus Lck protein sequences (Supplementary
Figure 1, see Supplementary Material available online at
http://dx.doi.org/10.1155/2015/395371). Functionally impor-
tant sequences for molecular docking (i.e., CENCH motif
for CD4/CD8 coreceptors binding and SH2 phosphotyrosine
binding domain) or catalysis (ATP binding region, 364D and
273K residues) were highly conserved. Differences between
human and Aotus Lck sequences rely only on 12 residues.

Cell proliferation in Aotus and humans has different
requirements: while Aotus PBMC respond poorly to PHA-
P, they readily respond to favin stimulation [43]. On the
other hand, it is well known that human lymphocytes require
at least two different signals (signals 1 and 2) for prolifer-
ation [44]. These signals can be simulated in vitro by the
combination of calcium influx (signal 1) and PKC activation
(signal 2) or PHA-P stimulation (both signals). Interestingly,
incubation of Aotus or human PBMC with hTip-CSKH
(40 𝜇M) for 48 h induced increased proliferation (2-3 times)
(Figure 1(a)). The increased proliferation was dependent on
the cargo sequence since proliferation of PBMC treated
with hTip alone or the chimeric CSKH scrambled peptide

(hTip-CSKHsc) was as low as that of control cells without
peptide (not shown). Some variability in Aotus response to
hTip-CSKH compared to humans was observed, but this
is probably due to what we have previously described for
this experimental model [43]. The hTip-CSKH effect is then
similar to PHA-P, that is, inducing proliferation by its own,
although to a lesser extent. The result observed with hTip-
CSKH was stronger and dose-dependent in both human
and Aotus PBMC when proliferation was assayed after 72-
hour incubation and with different peptides concentrations
(Figure 1(b)). Increased proliferation was initially observed
between 20 and 40 𝜇Mbut, remarkably, a sixfold proliferation
induction was observed at 80𝜇M hTip-CSKH and 72-hour
incubation in both human and Aotus T-cells without losing
cell viability.

3.2. hTip-CSKH Induces Proliferation in Human T-Cells Inde-
pendently of Signal 2. As indicated, proliferation induced
by the polyclonal T-cell activator PHA-P in Aotus PBMC
is lower compared to humans. Also human PBMC prolif-
eration induced by hTip-CSKH was lower (40% or more
dependent on the conditions) than that usually induced by
PHA-P, suggesting different mechanisms of induction and/or
different strength of activation. To address this issue initially,
we examined hTip-CSKH proliferative effect on previously
PHA-P-stimulated Aotus T-cells. In spite of the variability
reported previously and observed above, there was a statis-
tically significant increase in proliferation induced by hTip-
CSKH (Figure 2) in 5 Aotus PBMC samples that have been
previously activated by PHA-P. As expected, this increase
was low (11–22%) but statistically significant. Control hTip
peptide treatment did not increase proliferation, confirming
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Figure 2: hTip-CSKH even induced a slight increase in prolifer-
ation in PHA-P-stimulated Aotus nancymaae PBMC. Five Aotus
nancymaae PBMC samples were treated with hTip and hTip-CSKH
peptides (40𝜇M); after 1-hour incubation, 2𝜇g/mL PHA-P was
added to the culture. [3H]-thymidine incorporation was assessed
after 72 h of culture. Student’s 𝑡-test statistically significant values
(𝑝 < 0.05) are marked with asterisk (∗).

that the proliferative effect is therefore cargo specific. Our
results show that T-cells that have been previously stimulated
by the strong activator PHA-P can still be further activated
by the chimeric peptide hTip-CSKH, suggesting either that
stimulation with PHA-P is not maximal in this condition and
hTip-CSKH delivers a synergic proliferation signal or that
hTip-CSKH signals through other pathway(s).

To further explore this topic, we used the classical protein
kinase C (PKC) activator phorbol-12-myristate-13-acetate
(PMA) which induces signal 2 [44], bypassing cell surface
receptors stimulation. We hypothesized that PKC activa-
tion will act as a complementary signal to hTip-CSKH. As
expected, a relatively low cell proliferationwas obtainedwhen
humanPBMCwere treated onlywith PMA.Addition of hTip-
CSKH induced a dose-dependent increase in proliferation
(starting at 20–40𝜇M) with a maximum fivefold increase
at 80𝜇M when compared to PMA-treated cells; the control
peptide hTip did not produce the same effect (Figure 3).
The onset of cell proliferation and maximal response to
hTip-CSKH was very similar to that obtained without PMA
(compare Figures 1(b) and 3). Therefore, hTip-CSKH seems
to be able to efficiently replace signal 2 on its own. Aotus
PBMC were not used in these PMA experiments, since we
have previously shown that under certain circumstances (and
for unknown reasons) these cells can respond to either signal
1 or signal 2 [43].

3.3. hTip-CSKH Effect on the T-Cell Line Jurkat. Jurkat T-cells
were very interesting to further test hTip-CSKH effect, since
TCR activation in this cell line causes growth inhibition, sug-
gesting that these cells have different activation requirements
[45]. Jurkat cells do not respond to PHA-P stimulation but
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Figure 3: hTip-CSKH induced similar 5-fold increased proliferation
in PMA-stimulated PBMC. Human PBMC exposed to different
hTip-CSKH or hTip concentrations for 1 h were stimulated with
25 ng/mL PMA. Cells were assessed for [3H]-thymidine incorpora-
tion after 72 h. Stimulation index percentage (SIP) is shown.

respond adequately to calcium influx. Figure 4(a) shows that
Jurkat cells had a proliferation rate about two- to threefold
higher in the presence of ionomycin than unstimulated
cells. As it has been previously reported, PHA-P-stimulated
cells showed a slight reduction in the proliferation rate
(Figure 4(a)). Interestingly, hTip-CSKH treatment of Jurkat
cells also showed a slight diminution in proliferation, similar
to what we have seen before with PHA-P (compare Figures
4(a) and 4(b), 3rd column with NS controls). Control hTip
peptide had no effect (Figure 4(b), 2nd column). Ionomycin-
stimulated Jurkat cell treated with hTip-CSKH showed a
strong reduction in proliferation rate while control hTip-
treated cells showed no effect (Figure 4(b)). Together, these
results have shown that if T-cells are able to proliferate
in response to PHA-P (signals 1 and 2 induction), as in
normal human and Aotus T-cells, then h-Tip-CSKH will
also induce proliferation. In contrast, if stimulation through
signal 1 inhibits proliferation (as in Jurkat cells), then hTip-
CSKH will also be inhibitory. This would give support to
our previous suggestion that signaling by hTip-CSKHpeptide
is strongly enough (and probably includes both signals) to
induce proliferation on its own.

3.4. hTip-CSKH Can Be Identified in Detergent Resistant
Membranes (DRMs). It has been previously reported that
the transmembrane domain (amino acid residues 229–250)
of Tip is required for its association with lipid rafts [35].
We then explored biochemically hTip-CSKH localization
at the plasma membrane, specifically its association with
DRM. Since DRMs localize into the low-density fractions
in sucrose gradients, they have usually been associated with
lipid rafts [37]. First, we tested an electrophoresis system
(SDS-PAGE in Tris-Tricine buffer) having high-resolution
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Figure 4: hTip-CSKH induced a decreased cell proliferation in Jurkat cells. (a) Jurkat cells were treated with PHA-P or ionomycin and assayed
for [3H]-thymidine incorporation after 48-hour treatment. (b) Jurkat cells were treated with hTip, hTip-CSKH for 1 h, and then ionomycin-
stimulated and assayed for [3H]-thymidine incorporation. Jurkat cells treated with each peptide alone or nontreated peptides were added
as controls. Stimulation index percentage (SIP) is shown (see Section 2). NS: nonstimulated; Iono: ionomycin. Student’s 𝑡-test statistically
significant values (𝑝 < 0.05) are marked with asterisk (∗).

power for peptides identification compared to classical SDS-
PAGE. 10 𝜇g of each of hTip-CSKH, hTip, hTip-CSKHsc,
or CSKH peptides was mixed with 10𝜇L of an erythrocyte
cell membranes extract. As it can be seen in Figure 5(a),
hTip-CSKH, hTip-CSKHsc, and CSKH could be identified as
diffuse and fast migrating bands below the 6,9 kDaMW stan-
dard (arrow). hTip could not be resolved probably because
of its high hydrophobicity. We next prepare a Triton X-
100 extract of hTip-CSKH-treated PBMC and fractionated
it by sucrose density gradient centrifugation. Eight frac-
tions were collected and assayed for hTip-CSKH (by Tris-
Tricine SDS-PAGE) and Flotillin-2 (by SDS-PAGE and WB)
presence. Flotillin-2, a marker of lipid rafts, was distributed
mainly in fractions 1–3 and 6–8 (Figure 5(b), lower panel).
A band corresponding to the hTip-CSKH MW was detected
in fractions 6 and 7 (Figure 5(b), upper panel, arrow),
showing hTip-CSKH localization in membrane rafts. The
existence of a novel type ofmembrane raft-likemicrodomains
(heavy DRM), containing a number of membrane signaling
molecules, including LAT and Lck, was recently demon-
strated [46]. The above evidence suggests that almost all of
the chimeric hTip-CSKH is present in these novel heavy rafts,
where it could interact with the Lck protein. Additionally,
incubation of human PBMC with the FITC-labeled hTip-
CSKH during 1 h and analysis by fluorescence microscopy
showed a homogeneous surface peripheral localization and

no intracytoplasmatic accumulation (Supplementary Figure
2).This shows that hTip-CSKH interacts with the cytoplasmic
membrane and is localized in lipid rafts.

3.5. hTip-CSKH Targets Lck and Induces Its Early Activation.
The heavy lipid rafts are part of a TCR signaling plat-
form involved in the early coordination of T-cell signaling
events, namely, the activation of nonreceptor protein tyrosine
kinases [46]. We have analyzed the hTip-CSKH effect on
the lymphocyte-specific protein tyrosine kinase Lck, key
molecule during T-cell activation, and hypothetical target
of the hTip-CSKH chimeric peptide used here. Antibodies
directed against human Lck and phosphotyrosine residues
were used for assessing human Lck phosphorylation during
time-course experiments, following T-cell short stimulation
with PHA-P in the presence or absence of hTip-CSKH.
Cell extracts were prepared after 0, 15, 30, and 60min of
stimulation;WB detection was simultaneously performed for
Lck and phosphotyrosine residues. Defined bands of about
56 kDa and 59 kDa were evident in both blots (Figure 6(a)).
When analyzing Lck staining at time point 0 (Figure 6(a),
top panel), the p56Lck band appeared more intense than the
p59Lck band in cells with PHA-P without hTip-CSKH. After
15min of T-cell stimulation, a progressive increase in p59Lck
band staining and tyrosine phosphorylation was noted and
this lasted for the rest of the period tested (Figure 6, top left
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Figure 5: Tris-Tricine electrophoretic identification of hTip-CSKH or control peptides. (a) 10 𝜇g of the indicated peptides (1 = hTip-CSKH;
2 = hTip; 3 = hTip-CSKH-Scr; 4 = CSKH) was mixed with 10 𝜇L of a protein extract of red blood cells membranes. The gel was stained
with Coomassie Brilliant Blue. The size of each molecular weight marker (MWM) is indicated in the right and the control (c) membranes
without peptides in the left. The arrow indicates the band corresponding to hTip-CSKH molecular weight. (b) The membrane extract from
hTip-CSKH-treated human PBMC was resolved by ultracentrifugation in a sucrose density gradient. Eight fractions were recovered as
indicated in each line. Half of each fraction was used for Tris-Tricine electrophoresis for hTip-CSKH identification (the arrow marks the
band corresponding to hTip-CSKH molecular weight). The remaining amount of the fraction was used for WB blot in order to know its
Flotillin 2 content (bottom) and to differentiate between light (lanes 1–3) and heavy (lanes 5–8) fractions. The size of each molecular weight
marker (MWM) is indicated in the left.

panel). This occurred simultaneously with reduced p56Lck
band intensity, suggesting that a more intense p59Lck band
depended on the contribution of p56Lck band during PHA-
P stimulation. On the contrary, in hTip-CSKH-treated cells,
the ratio between p59Lck and p56Lck bands became inverted
immediately after stimulation and lasted for the period tested
(Figure 6). This rapid increase in Lck phosphorylation after
hTip-CSKH and PHA-P stimulation is consistent with the
observed increase in proliferation induced by hTip-CSKH
in T-cells that have previously been activated with PHA-
P (Figure 2). As it would be expected, hTip-CSKH induced
on its own Lck phosphorylation and increased tyrosine
phosphorylation (Figure 6(c)) in full agreement with the
proliferation experiments in Figure 1.

As it has been reported that Fyn is structurally related
to Lck and has at least in part a redundant role during
T-cell activation [47], we tested hTip-CSKH effect on this
protein tyrosine kinase. Since Fyn activation depends on Lck
activation [48] and the latter seems to be still maximal after
1 h of PHA-P or hTip-CSKH stimulation (Figure 6), we tested
hTip-CSKH effect on Fyn after 2 h of peptide treatment. As
it can be seen in Figure 7(a), PHA-P stimulation induces
both the reduction in the intensity of the 59 kDa Fyn protein
(by about 22%) and the appearance of a low MW band
(56 kDa). hTip-CSKH had a similar effect (20% reduction)
on the 59 kDa Fyn protein while the second band appeared
diffused and poorly resolved. Thus, hTip-CSKH induces a
different effect on Fynwhen compared to PHA-P stimulation,

suggesting a specificity towards Lck. Additionally, it can be
concluded that the increase seen in the Lck band of 59 kDa
(Figure 6) is not due to an increase in the Fyn band since,
on the contrary, hTip-CSKH induces a reduction in the Fyn
59 kDa band. It might also be considered that although hTip-
CSKH induced early activation signals and later proliferation,
the signal inducedmust, of course, be different from thePHA-
P signal and far from being complete.

3.6. Downstream Signaling Events Induced by hTip-CSKH.
To further evaluate hTip-CSKH induced signal strength,
we studied Erk phosphorylation, an important step in
TCR-induced proliferation [49]. The ERK phosphorylation
level achieved during human PBMC stimulation with both
PHA-P and PMA was 5.5-fold when compared to control
unstimulated cells (Supplementary Figure 3). hTip-CSKH
produced 2.5-fold induction in ERK2 phosphorylation; the
other peptides tested had minimal or no effect, as evaluated
by densitometry. We observed that hTip peptide treatment
induced a 1.5-fold increase in ERK1/2 phosphorylation but
we considered this effect to be not relevant as it was not
enough to induce T-cell proliferation as it was shown above.
We conclude then that hTip-CSKHwas able to activate signals
that are known to occur downstream of Lck.

3.7. hTip-CSKH Does Not Downregulate Cell Surface Markers.
HVS infection induced a reduction in TCR, CD4, CD3, and
CD2 expression. It was shown that this downregulation was
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Figure 6: Time-course assay for Lck in human PBMC after cell stimulation. (a) PBMC either untreated (lanes 1–4) or treated (lanes 5–8) for
1 h with hTip-CSKH were stimulated with PHA-P for 0, 15, 30, and 60min and then were lysed. Extracts were subjected to SDS-PAGE and
proteins transferred to PVDF membranes. WB was performed with Lck (upper panels) and P-Y (lower panels) monoclonal antibodies. Two
bands were clearly defined which correspond to the low molecular weight (p56) and the high molecular weight band (p59), respectively. (b)
Quantification of p56 and p59 bands showed an increase of the p59/p56 ratio. White bars represent nontreated cells and black bars hTip-
CSKH-treated cells p59/p56 ratio at different time points. (c) Lck immunoprecipitation of PBMC extracts after stimulation with PHA-P or
hTip-CSKH for 30min. WB was performed with monoclonal antibodies against pTyr and Lck as indicated.

partially dependent on Tip interactions with the cellular pro-
tein Tap (Tip-associated protein) and mapped to an amino-
terminal portion of Tip, different from the Lck binding
domain [50]. Therefore, 24-hour hTip-CSKH-treated human
PBMC were evaluated for surface marker expression. We
observed that CD3 andTCR expressionwas identical in hTip-
CSKH-treated and untreated cells (Supplementary Figure 4),
suggesting that the effect of Tip on cell surface receptor
downregulation and proliferation could be dissociated by
using hTip-CSKH.

4. Discussion

HVS infection transforms both non-human primates and
humanT-cells to TCR-independent proliferation [18–20]. Tip
binding to Lck and subsequent Lck activation are partially
responsible for this effect [24, 32]. We have previously per-
formed the characterization of Lck in Aotus nancymaae and
compared them to human Lck.The high identity (98%) found
when comparing both species suggests that Lck functionality

in Aotus T-cells is very similar to humans and that synthetic
peptides designed for human Lck binding and modulation
could also do so in Aotus Lck.

The HVS Tip carboxyl-terminal hydrophobic (hTip)
sequence was selected in this study as a cargo vehicle since
it has been demonstrated that Tip is constitutively present
in lipid rafts [23, 35] and there is experimental evidence
connecting hTip with Tip localization in lipid rafts [40].
Additionally, Tip binds specifically to Lck through SH3B and
CSKH motifs. Given that a Tip mutant without the SH3B
domain was able to transform T-cells [21], we focused on
the other Tip motif (CSKH) responsible for Lck binding
and activity. It has previously been shown that both motifs
can bind Lck independently [32]. Thus, a chimeric peptide
formed by hTip and Tip’s CSKH motif was synthesized to
study its ability to modify T-cell physiology by targeting Lck.

Our results showed a clear increase (2-3 times) in thymi-
dine incorporation in human and Aotus PBMC treated with
the chimeric hTip-CSKHpeptide for 48 h.When longer stim-
ulation periods were used (e.g., 72 h), a 5- to 6-fold increase
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Figure 7: Fyn detection in stimulated human PBMC. (a) PBMC were treated with PHA-P and hTip-CSKH during 2 h, lysed, and the protein
extract resolved by SDS-PAGE. Western blot was performed with an anti-Fyn specific antibody. PHA-P was used as positive control, which
induces the appearance of a second band of 56 kDa. (b) Quantification of the Fyn p59 and p56 bands. The intensity of each Fyn band was
normalized to the loading control 𝛽-actin.

in proliferation was observed. Taking into consideration that
PHA-P inducesmultiple receptors engagement (with a strong
intracellular signaling input), the fact that hTip-CSKH by its
own can increase proliferation is remarkable since hypothet-
ically only one specific pathway is being targeted by the use
of a unique Lck binding motif (CSKH). Interestingly, after T-
cell PHA-P stimulation, hTip-CSKH could further increase
proliferation (11–22%), suggesting either a strong hTip-CSKH
effect or additional hTip-CSKH stimulation through other
mechanisms. This effect was cargo and sequence specific,
since control peptides (hTip, hTip-CSKHsc, orCSKH)did not
have any effect on proliferation.

Human T-cells require the simultaneous induction of
at least two different signaling pathways for full activation,
one through the TCR (signal 1) and the second through
costimulatory molecules (signal 2). These signals can be
mimicked by mitogenic stimulation (PHA-P) or the use of
calcium ionophores (signal 1) plus PK-C activation (signal
2) [51]. hTip-CSKH-treated or hTip-treated cells were stim-
ulated with the PK-C activator PMA to test whether signal 2
could further improve hTip-CSKH effect. A 5-fold increase
in proliferation was observed with hTip-CSKH, suggesting
either that the chimeric peptide is strong enough to induce
both signals, as with PHA-P stimulation, or that, under
very strong and atypical signal 1 stimulation, signal 2 is not
anymore required.

Further evidence of this assumption was obtained by
studying hTip-CSKH effect on the T-cell leukemia cell line

Jurkat. These cells do not proliferate in response to TCR
activation by mitogens (PHA-P) or to anti-CD3 antibodies;
even an opposite effect, driving cells to an apoptotic state,
has been shown [45]. Tip expression in these cells has
also been used as a model for Lck modulation [52]. We
have also shown here that hTip-CSKH induces a slight
decrease in proliferation, equivalent to PHA-P treatment.
This inhibition was more evident and statistically significant
when ionomycin-stimulated (signal 1) Jurkat cells were used.
It is possible that an apoptosis process is taking place, as in the
case of PHA-stimulated Jurkat cells [45]. Thus, if stimulation
via the TCR signaling pathway causes cells to proliferate,
then hTip-CSKH treatment has a proliferation inducing effect
too. On the contrary, if the TCR signaling pathway induces
an inhibitory proliferative effect, as what happens in Jurkat
cells, hTip-CSKH will also cause this outcome. Although
very similar responses to PHA-P stimulation were observed
in primary (stimulation) or transformed T-cells (inhibitory)
with hTip-CSKH, clearly, an atypical T-cell stimulation by
hTip-CSKH will hardly match completely with a classical
activation model.

After PBMC hTip-CSKH stimulation and DRM extrac-
tion, we could identify the chimeric peptide in fractions con-
taining “heavy” lipid rafts having high content of LAT, Lck,
and Ras signaling molecules [46]. Recently, it was shown that
an amphipathic helical sequence of 14 amino acids, enriched
in charged and hydrophobic amino acids and contiguous
to the Tip TM sequence, could increase Tip localization to
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lipid rafts [40]. Our cargo CSKH sequence has about the
same length of this sequence (16 aa) and is also enriched in
charged and hydrophobic amino acids, suggesting a similar
effect in lipid rafts localization.Thismembranemicrodomain
localizationwas essential to support our initial considerations
regarding the use of this hTip sequence and its capacity
to deliver a cargo sequence with the capacity to modulate
Lck. In fact, we have shown here that hTip-CSKH induces a
rapid increase in the appearance of the p59Lck band with a
concomitant reduction in p56Lck. These changes are due to
Lck phosphorylation and have been previously observed after
TCR stimulation [53–55]. This effect was similar in PBMC
stimulated only with PHA-P, although the activation kinetics
in the presence of the chimeric peptide was extremely rapid.
This suggests that hTip-CSKH induces a strong and rapid
Lck activation and is responsible on its own for the induced
proliferation observed. This is in agreement with the strong
proliferation effect of hTip-CSKH shown above.

As Fyn can replace Lck, under certain circumstances,
and there is a close sequence and structural identity between
both tyrosine kinases, it was interesting to study hTip-CSKH
effect on Fyn. Here, a reduction in the p59Fyn band was
determined excluding its participation in the observed effect
on Lck phosphorylation. The other changes observed in Fyn,
especially the appearance of a diffuse p56Fyn band, deserve
further experimentation. Nevertheless, these results are in
agreement with those that have shown that Tip effect is
specific for Lck, not for Fyn or Lyn [25], and consistent
with their described differences in protein association and
subcompartmental localization [48]. Interestingly, in the
TCR signaling models, Fyn activation is dependent on Lck
and this process is coordinated spatially in lipid rafts. How
this could affect Fyn activation is not known. Since both
kinases, Lck and Fyn, have been shown to play a role in the
different models of T-cell anergy [56], it would be interesting
to explore the hTip-CSKH capacity to revert this process in
T-cell.

One of the protein kinases responsible for Lck phos-
phorylation in Ser residues is ERK, which was activated
here too after hTip-CSKH stimulation. As shown before, Lck
phosphorylation on Y394 and Y505 is crucial for modulat-
ing its activity [57]. Some authors have shown that, after
activation, Lck autophosphorylates its Y394 residue further
increasing its catalytic activity [58].We therefore assessed Lck
tyrosine phosphorylation and found that p59Lck was more
phosphorylated than p56Lck. Taken together, our results have
shown that hTip-CSKH induces enhancedT-cell proliferation
by targeting and activating Lck. More biochemical and
structural work in this field is needed to completely elucidate
the mechanism of Lck activation by hTip-CSKH.

By using the hTip-CSKH peptide, the above-described
effects on Lck and lymphocyte proliferation could bemolecu-
larly separated from the effects caused by other Tip domains.
It has been shown that Tip amino-terminal region is par-
ticularly involved in cell surface molecules downregulation
through Tip binding to a cytosolic p80 protein [23]. We
have shown here that surface expression of CD3 and TCR𝛼𝛽
was not altered after hTip-CSKH treatment. It was therefore

possible to separate the effects induced by Tip CSKH motif
from those obtained when the whole Tip molecule was used.

Targeting proteins involved in signal transduction, like
protein tyrosine kinases [11, 59] or protein tyrosine phos-
phatases [60, 61], is considered to be a viable strategy
for therapeutic intervention. The use of defined motifs for
blocking or inducing a particular function in these signaling
molecules is a valuable approach for the fine modulation
of cellular processes. We have shown here that the infor-
mation contained in discrete protein sequences (i.e., CSKH)
could be sufficient tomodulate complex biological responses,
provided that they are duly delivered to specific subcellular
compartments. To our knowledge, this is the first report
that uses a chimeric peptide to modulate T-cell signaling in
lipid rafts. This would undoubtedly be a valuable tool for
therapeutic intervention to target molecules whose dynamics
depends on lipid rafts.

5. Conclusions

We have developed a novel chimeric peptide to modulate
Lck signaling in cell membrane lipid rafts. In fact, hTip-
CSKH induced on its own strong cell proliferation in normal
lymphocytes as a consequence of the specific activation
of the lipid rafts-anchored Lck. Interestingly, hTip-CSKH
was inhibitory to Jurkat cells, in total agreement with the
different signaling pathways and activation requirements of
this leukemic cell line. We propose that hTip could be an
effective vehicle for delivering a cargo sequence to lipid rafts,
and its use could be extended for other molecules responsible
for cancer cell growth.

Disclosure

The current address for Ana Maŕıa Perdomo-Arciniegas is
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The immunoproteasome is a highly efficient proteolytic machinery derived from the constitutive proteasome and is abundantly
expressed in immune cells. The immunoproteasome plays a critical role in the immune system because it degrades intracellular
proteins, for example, those of viral origin, into small proteins. They are further digested into short peptides to be presented
by major histocompatibility complex (MHC) class I molecules. In addition, the immunoproteasome influences inflammatory
disease pathogenesis through its ability to regulate T cell polarization. The immunoproteasome is also expressed in nonimmune
cell types during inflammation or neoplastic transformation, supporting a role in the pathogenesis of autoimmune diseases and
neoplasms. Following the success of inhibitors of the constitutive proteasome, which is now an established treatment modality
for multiple myeloma, compounds that selectively inhibit the immunoproteasome are currently under active investigation. This
paper will review the functions of the immunoproteasome, highlighting areas where novel pharmacological treatments that regulate
immunoproteasome activity could be developed.

1. Introduction

The immunoproteasome is a large proteolyticmachine derived
from the constitutive proteasome [1, 2] and plays a critical role
in homeostasis and immunity. The constitutive proteasome
is expressed ubiquitously in the body, where it degrades
ubiquitinated proteins including transcriptional factors and
proteins required for cell cycle progression [3, 4]. Since
the primary role of the immunoproteasome is to process
antigens for presentation on major histocompatibility com-
plex (MHC) class I molecules to CD8+ T lymphocytes [5],
the immunoproteasome degrades various proteins, including
viral proteins. Therefore, the immunoproteasome plays an
important role during viral infection [6, 7]. The expression
of the immunoproteasome is induced by interferon-𝛾 (IFN-
𝛾) and tumor necrosis factor-𝛼 (TNF-𝛼) [8] under inflamma-
tory conditions, such as infections, and autoimmune diseases
when inflammatory cytokines are present [9]. Accordingly

the immunoproteasome is controlled by factors that impact
the immune system [10–13]. Interestingly, various roles for the
immunoproteasome in nonimmune cells have been reported
recently [14–16], suggesting that there could still be unknown
roles for the immunoproteasome.

This review summarizes the roles of the immunoprotea-
some and recent efforts to develop novel therapeutic ap-
proaches by regulating immunoproteasome activity.

2. Structure and Activity of
the Immunoproteasome

The immunoproteasome is a large proteolytic machinery
derived from the constitutive proteasome (also known as the
26S proteasome) and is expressed abundantly in immune
cells, such as antigen-presenting cells [17–19]. The consti-
tutive proteasome is expressed in the cytosol and nucleus
of most cells, where it degrades ubiquitinated proteins to
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Table 1: Human immunoproteasome subunits.

Subunit Proteolytic activity Molecular weight Chromosome Alternative name
i𝛽1 Chymotrypsin-like 23.3 kD 6p21.3 PSMB9, LMP2
i𝛽2 Undefined 28.9 kD 16q22.1 PSMB10, LMP10, and MECL-1
i𝛽5 Chymotrypsin-like 30.4 kD 6p21.3 PSMB8, LMP7
PA28𝛼 N/A 28.7 kD 14q11.2
PA28𝛽 N/A 27.4 kD 14q11.2

Constitutive
proteasome

1
5 2

Immunoproteasome

It contains 5 new subunits:

20S core

19S cap

19S cap

Inflammation
IFN-𝛾

TNF-𝛼

i𝛽1
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𝛼-ring
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Figure 1: Structure of the constitutive proteasome and the immunoproteasome.The constitutive proteasome is composed of two pairs of inner
𝛽-rings, two pairs of outer𝛼-rings, and two caps (19S regulatory complexes). Inflammatory cytokines induce the expression of the five subunits
(i𝛽1 [LMP2], i𝛽2 [LMP10], i𝛽5 [LMP7], PA28𝛼, and PA28𝛽), which assemble on the proteasome core to create the immunoproteasome.When
the induced subunits replace the 𝛽 subunits and 19S regulatory complex, the resultingmultiprotein complex is called the immunoproteasome.

maintain cell viability and homeostasis [4, 20]. For example,
the constitutive proteasome degrades long-lived proteins,
including proteins used for cell cycle progression and gene
transcription. It is a large barrel-shaped protein complex
[21, 22] composed of a catalytic 20S core proteasome and
two 19S regulatory complex components located at both ends
of the 20S core proteasome (Figure 1, left panel). The 20S
core proteasome has two pairs of outer 𝛼 rings consisting of
seven 𝛼 subunits and two pairs of inner 𝛽 rings consisting
of seven 𝛽 subunits. The three 𝛽 subunits (𝛽1, 𝛽2, and 𝛽5)
have proteolytic activities, including caspase-like activity for
𝛽1, trypsin-like activity for𝛽2, and chymotrypsin-like activity
for 𝛽5 [23]. The 20S core proteasome is usually capped at
both ends by the 19S regulatory complex [21, 22]. The 19S
regulatory complex recognizes ubiquitinated proteins and
transfers them into the core of the proteasome where they are
degraded by proteolysis.

When a cell is exposed to inflammatory stimuli, such
as IFN-𝛾 and TNF-𝛼, five of the proteasome subunits are
substituted with more efficient subunits: 𝛽1 is replaced
with i𝛽1 (also known as large multifunctional peptidase 2
(LMP2) or proteasome subunit beta type 9 (PSMB9)), 𝛽2
is replaced with i𝛽2 (also known as LMP10, multicatalytic
endopeptidase complex-like-1 (MECL-1), or PSMB10), 𝛽5
is replaced with i𝛽5 (also known as LMP7 or PSMB8),

and the 19S regulatory complex is replaced with the 11S
regulator composed of Proteasome Activator 𝛼 (PA28𝛼) and
PA28𝛽 (Figure 1, right panel and Table 1) [24–29]. This
modified proteasome is called the immunoproteasome and
it performs its proteolytic functions more efficiently than
the constitutive proteasome [1]. For example, it degrades
viral proteins for antigen presentation [7] and also processes
ubiquitinated proteins, as does the constitutive proteasome
[30]. Expression of the immunoproteasome subunits can be
induced in nonimmune cells stimulated by IFN-𝛾 [13, 16, 31].
Therefore, the immunoproteasome plays multiple roles, and
the function of the immunoproteasome is not restricted to
the immune system.

3. Roles of the Immunoproteasome
during Infection

The best characterized role of the immunoproteasome is
the processing of proteins in order to present antigenic
peptides onMHCclass Imolecules (Figure 2) [32].Deficiency
of the immunoproteasome in mice reduces CD8+ T cell
activation in hepatitis B virus (HBV) infection, lymphocytic
choriomeningitis virus (LCMV) infection, and influenza
virus infection [7, 33, 34], although not in coxsackie virus
B3 (CVB3) infection [35]. The immunoproteasome is also
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Figure 2: The immunoproteasome as a potential therapeutic target. The immunoproteasome plays an important role in immune responses,
including processing viral proteins for antigen presentation, T cell differentiation, and macrophage activation. Recent studies have identified
that the immunoproteasome is present in nonimmune cells, where it regulates cell differentiation and function.

important for activating the immune system against viral
infection. For example, LMP2 deficiency reduced inflam-
matory cytokine (IL-1𝛽, IL-6, and TNF-𝛼) production dur-
ing influenza viral infection [36]. Inflammatory cytokines,
such as type I and type II IFNs and TNF-𝛼, induce the
expression of the subunits that assemble into the immuno-
proteasome [37, 38]. Hepatitis C viral (HCV) infection or
poly(I : C)-stimulation (mimicking viral infection) induces
the expression of type I IFN (IFN-𝛽) and the immunopro-
teasome subunits in hepatocytes [38]. Suppression of IFN-
𝛽 inhibits expression of the immunoproteasome, and type I
IFN (IFN-𝛼) treatment induces immunoproteasome expres-
sion in hepatocytes. Furthermore, Keller et al. showed that
murine gammaherpesvirus-68 (MHV-68) infection induced
expression of the immunoproteasome subunits in alveolar
macrophages in the lung [16]. Thus, viral infection, IFN
production, and expression of the immunoproteasome are
strongly linked.

It should be noted that immunity against viral infections
is not completely dependent on the immunoproteasome
because there are some antiviral immune responses indepen-
dent of the immunoproteasome [39]. In fact, mice lacking all
of the immunoproteasome activities, generated by treating
LMP2/LMP10 double-deficient mice with a LMP7-selective
inhibitor, were still able to induce IFN-𝛾-producing cytotoxic
CD8+ T cells upon LCMV infection [39].

4. Roles of the Immunoproteasome in
Inflammatory Diseases

The immunoproteasome is involved in the pathogenesis
of numerous inflammatory diseases, such as autoimmune

diseases, by influencing T cell polarization, signaling through
the nuclear factor-𝜅B (NF-𝜅B) pathway, and the produc-
tion of inflammatory cytokines by macrophage [40–45].
For example, Kalim et al. reported that LMP7 deficiency
suppressed the differentiation of näıve CD4+ T cells to Th1
and Th17 cells and instead promoted their differentiation to
regulatory T cells (Figure 2) [46]. Maldonado et al. reported
that deficiency of the immunoproteasome influenced NF-
𝜅B signaling [47]. The constitutive proteasome is involved in
NF-𝜅B signaling by degrading ubiquitinated I-𝜅B. It remains
to be defined how the constitutive proteasome and the
immunoproteasome regulate NF-𝜅B. Reis et al. reported
that upregulated LMP7 expression in mouse macrophages
due to LPS stimulation was suppressed by treatment with
immunoproteasome inhibitors, including an LMP7 inhibitor
(Figure 2) [48].

The immunoproteasome is essential for processing anti-
genic epitopes that are presented on MHC class I molecules
to activate CD8+ T lymphocytes. The immunoproteasome is
also involved in the regulation of NF-𝜅B, which is essential
for the transcription ofmany genes that encode inflammatory
cytokines. Therefore, the activity of the immunoproteasome
is essential in various inflammatory scenarios that result
in pathological conditions. Thus, attempts were made to
inhibit the immunoproteasome to identify potential treat-
ments for inflammatory diseases. ONX-0914 (also known
as PR-957) is a selective LMP7 inhibitor, which has been
used as a treatment for autoimmune diseases in animal mod-
els. Muchamuel et al. reported that ONX-0914 attenuated
experimental arthritis by blocking inflammatory cytokine
expression [10]. As we mentioned, this LMP7 inhibitor
blocked antigen presentation by MHC class I, suppressed
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the proliferation and activation ofCD8+ T cells andTh17 cells,
and lowered the production of inflammatory cytokines. The
inhibitory effects probably contribute to the attenuation of
disease progression in experimental arthritis.

Basler et al. showed that treatment with ONX-0914 sig-
nificantly attenuated the clinical symptoms of experimental
colitis and encephalomyelitis in mice [11, 12]. Expression of
the immunoproteasome subunits (LMP2, LMP7, and LMP10)
was upregulated in colitis lesions, which was induced in mice
deficient in each of the immunoproteasome subunits. Colon
lesions were significantly ameliorated in each of the deficient
mouse strains compared to wild-type controls, and the
amelioration was associated with suppressed inflammatory
cytokine expression (TNF-𝛼, IL-1𝛽, IFN-𝛾, IL-6, IL-23, and
IL17). Then, they examined the effect of ONX-0914 in exper-
imental colitis and showed that treatment with ONX-0914
significantly improved colitis lesions. Although deficiency
of the individual immunoproteasome subunits (i.e., LMP2,
LMP7, or MECL-1) did not improve disease in a mouse
model of experimental encephalomyelitis, treatment with
ONX-0914 significantly attenuated disease progression and
prevented a second exacerbation [12].The authorsmentioned
that this discrepancy between immunoproteasome subunit-
deficient mice and inhibitor-treated mice could be explained
by the fact that endogenous chymotrypsin-like activity in
monocytic cells contributes to pathogenesis and ONX-0914
inhibits chymotrypsin-like activity [12]. Deficiency of a sin-
gle subunit is not able to suppress all chymotrypsin-like
activity in the immunoproteasome because both LMP2 and
LMP7 have chymotrypsin-like activity [49, 50]. Overall, these
studies suggest that ONX-0914 has potential for treating
autoimmune diseases.

The immunoproteasome is involved in the pathogenesis
of chronic thyroiditis [13]. Transgenic mice that express
IFN-𝛾 specifically in the thyroid develop chronic thyroiditis
and hypothyroidism [51, 52]. In this mouse model, LMP2
deficiency significantly improved inflammatory thyroidmor-
phology and function [13]. Nagayama et al. reported that
treatment with ONX-0914 improved Th1-type autoimmune
thyroid disease (Hashimoto’s thyroiditis), but not Th2-type
autoimmune thyroid disease (Graves’ disease), using mouse
models [53]. Treatment with ONX-0914 suppressed IFN-𝛾
and IL-17 expression in the thyroid, which supports Basler’s
results.

LMP7deficiency or treatmentwithONX-0914 (a selective
inhibitor of LMP7) seems to suppress inflammatory diseases
with Th1 and Th17 cell-mediated inflammation. One report
showed that LMP7 deficiency reduced Th2 responses in an
asthma model [54]. LMP7 deficiency suppressed expression
of the Th2 cytokines IL-4, IL-5, and IL-13 and infiltration
of immune cells into the lung. The detailed mechanism
of how LMP7 deficiency influences T cell polarization is
still undefined. Because either Th1 or Th2 polarization is
normally involved in the pathogenesis of many inflammatory
diseases, it is necessary to know how the immunoproteasome
influences T cell polarization in various inflammatory disease
contexts in order to translate these findings to clinical
studies.

Table 2: Human PSMB8 (LMP7 gene) alleles.

Mutation Influenced cytokines Reference
Thr 75Met IL-6, IL-8, and IFN-𝛾 [58–60]
Cys 135 termination Unknown [60]
Gly 197Val IL-6 [15]
Gly 201 Val IL-6, IL-10 [57]

5. Roles of the Immunoproteasome in
Nonimmune Cells

Recent studies have examined the role of the immunopro-
teasome in nonimmune cells. Cui et al. reported that the
immunoproteasome regulated skeletal muscle differentiation
(Figure 2) [14]. They found that inhibiting the immuno-
proteasome by short hairpin RNA suppressed muscle dif-
ferentiation using the mouse myoblast cell line C2C12 and
human skeletal muscle myoblasts. Proapoptotic proteins
and apoptotic cells were upregulated by the treatment,
which indicates that the immunoproteasome also regulates
the degradation of proteins associated with apoptosis, as
does the constitutive proteasome. They speculated that the
immunoproteasome influences transcriptional factors asso-
ciating with muscle differentiation. Zu et al. reported that
the immunoproteasome regulated cardiac muscle mass in
diabetic mice [55]. Streptozotocin (STZ) is commonly used
to induce diabetic conditions in the experimental animal
model. They showed that LMP2 expression was decreased
in the hearts of STZ-injected mice. On the other hand, the
expression of phosphatase and tensin homologue deleted on
chromosome ten (PTEN) was upregulated, which impaired
muscle regeneration [56]. LMP2 deficiency itself also leads to
loss of cardiacmusclemass, which decreased cardiac function
[55].

LMP7 has been associated with human disease, although
no association has been found with the other immuno-
proteasome subunits (LMP2, LMP10, PA28𝛼, and PA28𝛽).
LMP7 mutation causes disease with autoinflammation and
lipodystrophy [15, 57–59], and the number of cases is increas-
ing [60, 61]. As we described above, LMP7 plays a critical
role in the immune system and is involved in cytokine
expression. LMP7 mutation in humans causes abnormalities
in cytokine expression, as listed in Table 2. Kitamura et al.
showed that IL-6 expression was significantly higher in the
skin lesions or sera of patients with LMP7 mutation [15],
similar to other reports [57, 60]. In particular, an association
of LMP7 and lipodystrophy is interesting. Reduction of
LMP7 expression by siRNA suppressed adipogenesis in 3T3-
L1 cells (Figure 2) [15]. LMP7 might be involved in lipid
metabolic disorders because LMP7 is also associated with
insulin-dependent diabetes mellitus [62], and inflammation
is involved in the pathophysiology of metabolic diseases [63,
64]. To date, the role of the immunoproteasome in metabolic
disorders and the endocrine system is poorly understood.We
showed previously that overexpression of LMP2was involved
in the pathogenesis of chronic thyroid inflammation and
hypothyroidism as described above [13]. In that study, we
found that LMP2 was expressed in oxyphilic thyrocytes in
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humans andmice, and deletion of LMP2 inmice dramatically
improved thyroid function and thyrocyte morphology [13].
These findings suggest an association between the immuno-
proteasome and endocrine metabolic function.

The lung is a vulnerable site for pathogens that induce
chronic inflammation. Therefore, the immunoproteasome
may play an important role in the lung. In fact, Keller et al.
reported that immunoproteasome expression was detected
in the lung parenchymal cells, for example, alveolar type
I and II cells, fibroblasts, and bronchial epithelial cells at
basal levels [16]. Viral infection and subsequent IFN secretion
upregulated immunoproteasome expression in the lung. It is
still not clear why those cells in the lung constitutively express
LMP7 without infection or inflammation.

Considering the involvement of the immunoproteasome
in cell differentiation and function, the immunoproteasome
is important in nonimmune cells, too. Expression of the
immunoproteasome in nonimmune cells during normal
conditions has been found, although its role is not fully
understood.Therefore, the role of the immunoproteasome in
nonimmune cells should be addressed usingmice deficient in
the various immunoproteasome subunits, by knockdown of
the immunoproteasome genes and with immunoproteasome
inhibitors.

6. Immunoproteasome Inhibitors and
Their Clinical Relevance for Inflammatory
Diseases and Neoplasms

ONX-0914 is, thus far, the best characterized immunopro-
teasome inhibitor. As shown in the previous section, ONX-
0914 specifically inhibits LMP7 (i𝛽5), and it has been used
in animal models and in vitro studies of inflammatory
diseases [10–12, 46, 53, 65]. Although selective inhibitors
for LMP2 were not available when we reported that LMP2
deficiency suppressed thyroid inflammation and improved
thyroid function [13], we expect that such inhibitors will
be used to treat patients with chronic thyroiditis in the
future. More studies are needed to analyze the mechanisms
underlying the action of LMP2 on thyroid function.

Recently, immunoproteasome inhibitors have been inves-
tigated for application in clinical settings to treat hematopoi-
etic neoplasms. Bortezomib is an inhibitor of 𝛽5, a compo-
nent of the constitutive proteasome, and has been used to
treatmultiplemyeloma andmantle cell lymphoma [66]. Since
the proteasome is responsible for the degradation of proteins
involved in cell cycle progression, inhibition of proteasome
function by bortezomib results in an accumulation of undi-
gested proteins that leads to cell death.

Alternative treatments that overcome bortezomib-resist-
ant malignancies have been characterized [66]. ONX-0912 is
an inhibitor of both LMP7 (i𝛽5) and 𝛽5 and is effective for
bortezomib-resistant myelomas [66, 67]. UK-101 and IPSI-
001 selectively inhibit LMP2 and exhibit antitumor activity
against malignant myelomas [68, 69]. Carfilzomib is effective
for the treatment of myelomas and small cell lung cancers
[70, 71]. Proteasome subunits LMP7 (i𝛽5), LMP2 (i𝛽1),
and 𝛽5 have chymotrypsin-like activity. Since carfilzomib

is a potent inhibitor of chymotrypsin-like activity [70], it
appears likely that chymotrypsin-like activity is important
for maintaining the proliferation of hematologic tumor cells.
Precise differences in the chymotrypsin-like activity among
the three subunits should be defined in order to understand
how malignant cells acquire resistance to those proteasome
inhibitors.

7. Conclusion

Regulating immunoproteasome expression and activity is a
powerful tool for controlling cell function,which includes cell
metabolism, differentiation, and immune regulation. So far,
inhibitors of the immunoproteasome are widely available and
applicable to the treatment of many inflammatory diseases
and hematopoietic malignancies. In the near future, colitis
and rheumatoid arthritis could be candidates for devel-
oping new treatments that target the immunoproteasome.
In addition, metabolic diseases could provide additional
candidates because the immunoproteasome is involved in
both adipogenesis and inflammation of adipose tissue. As
described in this review, most basic studies on the roles of the
immunoproteasome in disease models have been achieved
using mice (summarized in Figure 2). Since immunoprotea-
some enzymatic activity differs between species [72], findings
from such basic studies should be carefully interpreted when
considering the development of new therapeutic applications.
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