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Abstract: The human T-cell leukemia virus type 1 (HTLV-1) is a positive single-stranded RNA virus
that belongs to the delta retrovirus family. As a result, a vaccine candidate that can be recognized
by B cells and T cells is a good candidate for generating a durable immune response. Further, the
GPEHT protein is a multi-epitope protein designed based on the Gag, Pol, Env, Hbz, and Tax proteins
of HTLV-1. In developing a suitable and effective vaccine against HTLV-1, the selection of a designed
protein (GPEHT) with the formulation of an alum adjuvant was conducted. In this study, we assessed
the potential of a multi-epitope vaccine candidate for stimulating the immune response against
HTLV-1. In assessing the type of stimulated immune reaction, total IgG, IgG1, and IgG2a isotypes, as
well as the cytokines associated with Th1l (IFN-y), Th2 (IL-4), and Th17 (IL-17), were analyzed. The
outcomes showed that the particular antisera (total IgG) were more elevated in mice that received
the GPEHT protein with the alum adjuvant than those in the PBS+Alum control. A subcutaneous
vaccination with our chimera protein promoted high levels of IgG1 and IgG2a isotypes. Additionally,
IFN-y, IL-4, and IL-17 levels were significantly increased after spleen cell stimulation in mice that
received the GPEHT protein. The immunogenic analyses revealed that the GPEHT vaccine candidate
could generate humoral and cell-mediated immune reactions. Ultimately, this study suggests that
GPEHT proteins developed with an alum adjuvant can soon be considered as a prospective vaccine
to more accurately evaluate their protective efficacy against HTLV-1.
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1. Introduction

The human T-cell leukemia virus type 1 (HTLV-1) is a positive single-stranded RNA
virus that belongs to the delta retrovirus family and contaminates around 20 million indi-
viduals globally [1,2]. The HTLV-1 infection is endemic in numerous countries in Africa,
Central and South America, and some parts of the Middle East, and its main etiologi-
cal agent is HTLV-1-Associated Myelopathy/Tropical Spastic Paraparesis (HAM/TSP),
HTLV-1-associated Uveitis, and Adult T Cell Leukemia/Lymphoma (ATL) [3-5]. Fur-
ther, HTLV-1 can be transmitted via blood transfusion, drug injection, sexual activity, and
breastfeeding [6,7].

The genome of the HTLV-1 virus has common retroviral genes consisting of gag, pol,
pro, env, and PX areas [8,9]. The gag gene encodes different proteins for releasing virus
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fragments [10]. Additionally, the pro and pol genes are essential for transcription and
protease functions [11]. The pX area consists of four ORFs and encodes proteins such
as Tax and bZIP factors (HBZ), which are essential for the pathogenesis of HTLV-1 and
lowering HTLV-1 immunogenicity [12,13]. For instance, in 2012, Zhao et al. discovered
that HBZ could inhibit IFN-y responses and prompt the production of TGF-f3 and Foxp3
transactivation elements in the development of T regulatory cells as the reservoirs of HTLV-
1 throughout infection, thus boosting the expansion of HTLV-1 infection by reducing CD4+
T cells and CTL activity [14,15]. Additionally, according to an in vivo study, inhibition of
HBZ activity leads to a decrease in the proviral load and the absence of antibody response
against HTLV-1 [16]. It was also revealed that HBZ mRNA is present in 100% of ATLL
lymphocytes [17]. Additionally, Tax initiates ATLL pathogenesis along with HBZ [18]. The
previous report further clarified that the Tax is very important for viral replication as it
suppresses cell checkpoints and initiates the development of adult T-cell leukemia [19].

The pathogenesis of HTLV-1 starts with membrane fusion between the virus and CD4+
T cells [20]. The cellular connection is promoted by heparan sulfate proteoglycan [21].
Additionally, glucose transporter 1 (GLUT1) and neuropilin-1 were observed to play roles
in cellular attachment [22,23].

As a result of the rising prevalence of HTLV-1, considerable research has been per-
formed to explore efficient treatments for HTLV-1 infection [24]. Peptide-based vaccines
were found to induce cellular and humoral immunity and are chemically safe without onco-
genic capacity. For example, Frangione-Beebe et al. (2001) reported the peptide generated
from glycoprotein 46 (gp46) of HTLV-1 could stimulate a high immune reaction against
HTLV-1 in mice [25]. In addition, Sundaram et al. (2004) generated immunogenic peptides
consisting of glycoprotein (gp21) subunits with T-cell epitopes from tetanus toxoid [26].
The generated peptides created high antibody responses in mice and prevented HTLV-1
infection. Additionally, Kazanji et al. (2006) generated a recombinant vaccine including
gp46 and Tax fragments [27]. This peptide increased antibodies and IFN-y responses, trig-
gering high cellular immunity and a substantial decrease in the proviral load. Nonetheless,
there is still no information regarding the future use of these vaccines among the general
populace that is potentially exposed to this infection.

In our previous report [28], we used in silico strategies to forecast the epitopes that
could potentially bind human T and B cells. In aiming to use a reverse vaccinology
approach for the first time to identify immunogenic vaccine candidates against HTLV-1
while considering all possible epitopes of the five vital proteins, Hbz, Tax, Pol, Gag, and
Env, a GPEHT recombinant vaccine was created against HTLV-1 that can be identified by T
lymphocytes (MHCI and MHCII) and B cells to generate cellular and humoral responses
in mice. Further, to develop a suitable and effective vaccine against HTLV-1, a protein
vaccine candidate was selected with the formulation of an alum adjuvant. In this study,
we expressed the GPEHT protein in the E. coli BL21 (DE3) strain and purified the protein
using affinity chromatography. Subsequently, the immunogenicity of two doses of 20 and
40 micrograms (pug) of the GPEHT protein was evaluated in a mouse model. Finally, we
analyzed the humoral and cellular responses elicited after vaccination.

2. Materials and Methods
2.1. Vaccine Engineering

A newly designed GPEHT hybrid protein was composed of the Gag (BAX35073.1), Pol
(BAX35065.1), Env (AAA45389.1), Hbz (BAX35088.1), and Tax (AYN25375.1) genes from
the genome of HTLV-1, according to relevant bioinformatics studies [28]. In this study,
we joined the GPEHT protein domains together using GGGGS linkers. An evaluation
of the characteristics of antigenicity and allergenicity was conducted to perform protein
structure validation.
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2.2. Plasmid Construction, Expression, and Purification of GPEHT Protein

The recombinant gene of GPEHT (~70 kDa) was built in a pET28a vector (cloning site
of Ncol at the 5 end and Xhol at the 3’ end) manufactured by Biomatik (Cambridge, ON,
Canada). Furthermore, a hexahistidine tag (6xHis-tag) was included at the C-terminal of
the GPEHT protein. The GPEHT vector was transformed into competent E. coli BL21 (DE3)
cells via the heat shock technique. Expression of the recombinant proteins was caused by
including lactose at final concentrations of 10 g/L in the LB broth medium. The protein
expression was analyzed via 12% SDS-PAGE and validated using Western blot evaluation
with an HRP-conjugated His-specific antibody (Sigma, St. Louis, MO, USA) at a dilution of
1:1000. Further, the concentration analysis of GPEHT protein in images from the SDS-PAGE
and Western blot was performed using image].

2.3. Protein Purification and Dialysis

The GPEHT protein was further purified under denatured conditions using a nickel-
nitrilotriacetic acid (Ni-NTA) affinity chromatography column (Qiagen, Hilden, Gemrany),
according to the Qiagen protocol (Qiagen and Valencia, 2003). Endotoxins were removed
from the GPEHT protein using e-poly-L-lysine-agarose (Pierce High-Capacity Endotoxin
Removal Spin Column, 0.5 mL, #88274; Thermo Fisher Scientific, Inc., Waltham, MA, USA).
The dialysis membrane was prepared via boiling in 1% acetic acid and EDTA (1 mM).
Additionally, the boiling of the sample was repeated a second time in distilled water. The
dialysis membrane was filled with purified protein and put in PBS solution for 24 h at 4 °C.
The PBS solution was changed every 8 h. The samples were passed through a 0.2 um filter
to obtain sterile protein, and the concentration was determined using a Bradford assay.

2.4. Animals

The experimental animals were male Balb/C mice (aged eight to ten weeks) obtained
from the Royan Research Institute, Karaj, Iran. The mice were maintained for one week
before experiments started, with appropriate access provided to food and water, and kept
in a 12/12 h light/dark cycle. The animal investigations were undertaken according to the
standards of the European Communities Council (86/609/EEC).

2.5. Experimental Groups and Immunization

The experimental mice were separated into three groups, consisting of 6 mice each.
The first group was vaccinated with GPEHT protein (40 pg) created in the alum adjuvant,
while the 2nd group was vaccinated with GPEHT protein (20 pg) developed in the alum
adjuvant. In the control groups, PBS+Alum was created in the alum adjuvant and injected
into the third group. All injections contained an overall quantity of 100 uL and were
performed subcutaneously. Experimental groups were vaccinated three times on days 0,
14, and 28. Two weeks after the last immunization, the immunologic parameters were
analyzed. In the preparation of hybrid proteins (40 and 20 pg) with 30 puL aluminum,
hydroxide was combined prior to immunization and carefully rotated for 2 h to assist
binding. After centrifugation, the concentration of unabsorbed protein in the supernatant
was determined using a BCA assay kit. The results indicated a binding effectiveness of 96%
between the alum and hybrid proteins. Subsequently, the prepared mixture of the hybrid
protein and alum was utilized to immunize the mice.

2.6. Spleen Cell Suspension and Cytokine Analysis

Two weeks after the last shots, the spleens of the mice were gathered and suspended
in PBS with 2% FBS. The suspension was centrifuged at 300 g at 4 °C for 5 min. The cell
suspension was incubated with 5 mL red blood cell lysis buffer for 5 min. Then, 5 mL
of RPMI-1640 (Gibco, Dreieich, Germany), consisting of 10% FBS, four mM L-glutamine,
100 pg/ mL streptomycin, and 100 IU/mL penicillin, was included in the last suspension
and passed through a sieve tube. The suspension was washed three times with cold PBS
and centrifuged at 300 g/5 min at 4 °C. The spleen suspension was prepared at a density of
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3 x 105 and seeded in 24-well plates under sterilized conditions, then boosted with and
without the GPEHT antigen at a concentration of 10 pg/ mL to collect the supernatants after
72 h of incubation. Eventually, supernatants were collected 72 h after incubation and kept
at —70 °C until the cytokine assay. Two weeks after the last shot, the levels of IFN-y, IL-4,
and IL-17 cytokines were examined. Afterward, the collected supernatants were utilized to
evaluate the levels of IFN-y, IL-4, and IL-17 cytokines using an ELISA cytokine discovery
kit (R&D Systems, Minneapolis, MN, USA). Each cytokine was evaluated as pg/mL based
on the plotted standard deviation.

2.7. Specific Total IgG, 1gG1, and 1gG2a Isotypes

Fourteen days after the last vaccination dose (day 42), peripheral blood was gath-
ered from the mice to assess the stimulated antibody responses via an enzyme-linked
immunosorbent assay (ELISA) in the immunized mouse groups. The maximized indirect
ELISA was utilized to assess total IgG, IgG1, and IgG2a antibodies in vaccinated and non-
vaccinated sera according to the following protocol. In short, 96-well ELISA plates (Greiner,
Frickenhausen, Germany) were covered with purified GPEHT protein (10 pg/ mL) in a
coating buffer (0.1 mM NaHCO;3, pH = 7.4). Subsequently, the coated plates were blocked
with bovine serum albumin (BSA; Sigma) in PBS. After that, sera were diluted in a blocking
buffer (1:100 to 1/51,200), placed in the wells, and incubated for 2 h at 37 °C. In addition,
after washing the plates five times, 100 pL per well of HRP-conjugated anti-mouse IgG was
used as secondary antibodies, diluted 1:10,000 (Sigma). After washing, the plates were in-
cubated in the dark for 30 min with 100 L per well of tetramethylbenzidine (TMB) substrate.
The response was ended with 2NH,SO,, and absorbance was assessed at 450 nm with an
ELISA reader. The same approach used to measure total IgG was also used to measure the
isotype antibodies (IgG1 and IgG2a). Nevertheless, after adding mouse serum, secondary
antibodies specific for every single isotype were utilized to identify the isotype antibodies.

2.8. Statistical Analysis

In the present research, data are shown as the mean =+ S.D. Graphs were produced
using GraphPad (GraphPad Program Inc., San Diego, CA, USA). The information from the
study was evaluated via Student’s t-test and one-way analysis of variance (ANOVA) with
Tukey’s multiple-comparison examination for numerous mouse groups. A value of p < 0.05
was considered statistically significant.

3. Results
3.1. Codon Optimization and Cloning

The hybrid GPEHT protein was designed based on the HTLV-1 Gag, Pol, Env, Hbz,
and Tax proteins using bioinformatics tools (Figure 1). The evaluations showed that the
GPEHT protein is an antigen, not an allergen, and its tertiary structure is close to the
structure of proteins in nature [28]. The general characteristics of the GPEHT-designed
protein are presented in Table 1. The codon optimization of the DNA sequence for E. coli
codon usage was carried out by Biomatik Company with the OPTIMIZER server. The
gene was constructed into the Ncol and Xhol sites of the expression vector pET28a with a
poly-histidine tag (6x-His tag) to generate a protein with a 6x-His tag at the C-terminus.
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Figure 1. (A) The tertiary structure of the GPEHT protein. (B) A schematic diagram of the final

construct of the vaccine candidate.
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Table 1. The physicochemical parameters, antigenicity, and allergenicity of GPEHT protein.

Characteristics GPEHT
Number of amino acids 686

Molecular weight (dalton) 76.1598

Total number of negatively charged residues (Asp + Glu) 51

Total number of positively charged residues (Arg + Lys) 75

Theoretical isoelectric point (pI) 9.51

Emard e L el ey
Aliphatic index 94.27

Grand average hydropathy —0.283
Antigenicity 0.4885
Allergenicity Non-allergenic

3.2. Expression, Purification, and Characterization of the GPEHT Recombinant Protein

The transformation of the plasmid construct was done with E. coli BL21 (DE3) using
the heat shock method. The GPEHT fusion protein was successfully expressed and purified
using a nickel chromatography column. To confirm the existence of the GPEHT cloned gene,
plasmids were isolated from two positive clones using a QIAGEN plasmid extraction and
purification kit. Subsequently, using T7 polymerase-specific primers (17 promoter primer,
TAATACGACTCACTATAGGG and T7 terminator primer, GCTAGTTATTGCTCAGCG),
it was confirmed via PCR that the size of the gene was about 2000 bases (Figure 2). The
evaluation of the GPEHT purified protein was performed using SDS-PAGE and Western
blot analysis with the His-tag antibody and showed single bands of approximately 70 kDa
for this protein, which closely matched the calculated values (Figure 2). The LAL test
indicated less than 0.5 EU/mL levels of LPS in the purified and dialyzed proteins. Moreover,
the Supplementary S1 showed the densitometry intensity ratio of each band for the SDS-
PAGE and Western blot.

Figure 2. (1) Confirmation of the presence of the GPEHT gene in the transformed colonies (~2000 bp);
(2) SDS PAGE, purification of GPEHT protein (~70 kDa); and (3) Western blot of GPEHT protein
(~70 kDa). L: Ladder.
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3.3. Analysis of the Humoral Immune Responses

The ability of the vaccine candidates to elicit a humoral response was assessed in mice
by measuring the total IgG antibodies against the GPEHT protein using the indirect ELISA
method (Figure 3). Total IgG was measured in different serum dilutions (1:100-1:6400)
2 weeks after the second and third immunizations. The results indicated that a 1:200
dilution offered the best differentiation between the IgG levels of the mouse groups. The an-
tibody responses to the GPEHT protein in concentrations of 20 and 40 ug were significantly
enhanced compared to those of the control mice that received PBS+Alum (p < 0.0001). In
addition, mice vaccinated with 40 ug of GPEHT protein showed a slight increase compared
to mice that received 20 ug of this protein. The total antibody concentration did not show a
significant increase 28 days after the injection of the vaccine candidate, and it showed a
significant increase only 42 days after the injection.

2.0+
E 1.5
[} X o ek I
g F 1
2w B Day 0
| = FEFERED
S = 1.0 wis Day 28
g8 Day 42
&
2
: 0.5
= =9
«

0.0 e, SEEEEEEEEEEE

Designed protein/40 Designed protein/20 PBS+Alum

Figure 3. Specific total IgG in experimental groups with indirect ELISA against GPEHT protein. A
significant increase was observed in the mice immunized with the GPEHT protein (20 and 40 ug
candidates) compared to the PBS+Alum control group. *** for p < 0.0001. ** for p < 0.001.

3.4. Measurement of Antibody Isotype Responses

The isotype antibodies IgG1 and IgG2a were evaluated in the serum 2 weeks after
the third vaccination to assess the quality of the immune reactions. All mouse groups
generated significant IgG1 and IgG2a reactions versus the GPEHT protein compared to
the control mice (p < 0.05). The adjuvant did not significantly improve the IgG1 or IgG2a
reactions to the GPEHT protein (p > 0.05) (Figure 4). In general, the IgG2a levels were
higher than those of IgG1 in the groups administered 20 and 40 pg of the GPEHT antigen.
The formula containing 40 pg GPEHT protein with the alum adjuvant boosted the levels
of IgG2a and IgGl1 isotypes compared to the 20 ug GPEHT protein developed with the
alum adjuvant.

3.5. IL-17, IL-4, and IFN-y Cytokines of Experimental Mice

In the present investigation, cytokine levels were measured to identify the T-cell-
dependent immunity caused by the vaccination candidates. The mice vaccinated with the
alum—-GPEHT protein (40 ug) and 20 ng GPEHT protein vaccine candidates significantly
enhanced the levels of IFN-y, IL-4, and IL-17. In addition, the 40 ng GPEHT protein
concentration was observed to yield further stimulation of the immune system and a
stronger response (Figure 5A-C).
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Figure 4. The GPEHT protein with 20 and 40 pg candidates induced high titers of IgG1 and IgG2a.
The 40-ug protein candidate induced higher levels of specific IgG1 and IgG2a compared to the 20-pg
protein candidate. *** for p < 0.0001; ** for p < 0.001.
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Figure 5. Analysis of the cytokine response in the immunized mice with 20 and 40 pg of GPEHT protein
candidates and PBS+Alum. Mice were sacrificed 14 days after the third injection. Splenocytes from each
mouse group were prepared and promoted with the GPEHT protein for 72 h, and the supernatants were
evaluated for the secretion of (A) IFN-y, (B) IL-4, and (C) IL-17 levels. (D) IFN-y/IL-4 ratio. Outcomes
are the mean stimulation index &= S.D. of six mice per group from three independent experiments.
*** for p < 0.0001, ** for p < 0.001, and * for p < 0.01. N for No Significant Difference.
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The evaluation of the Thl-dependent cytokine (IFN-y) responses showed that GPEHT
protein can successfully activate cellular immunity. Additionally, a dramatic increase in
the Th17-dependent cytokine response was observed in the group of mice that received
GPEHT protein (40 pg) in comparison to other groups (p < 0.001), based on exposure of
the spleen cell suspension to this protein. Moreover, a comparison of the ratio of IFN-y
to IL-4 was carried out. As shown in Figure 5D, the ratio of IFN-y/IL-4 was significantly
(p < 0.001) higher in mice immunized with the GPEHT protein in comparison with the
control group. The result indicates that the ratio of IFN-y to IL-4 is much higher.

4. Discussion

Developing a prophylactic and therapeutic vaccine against viral, bacterial, and par-
asitic infections can save millions of lives [29]. Although different groups are seeking an
effective vaccine against HTLV-1, to date, there remains no efficient vaccine for HTLV-1
infection [30]. Peptide-based vaccines have vital benefits such as safety, lower expenses,
and high efficiency [31]. However, creating a reliable peptide vaccine has difficulties, such
as the reduced innate immunogenicity of each epitope [32]. Additionally, generating a
single-epitope peptide vaccine against HTLV-1 might result in inadequate immune re-
actions. Thus, based on our previous report and unlike the previous candidate vaccine,
which relied on a portion of the HTLV-1 genome, in this work we proposed a recombinant
peptide-based vaccine originating from different parts of the HTLV-1 genome to induce a
high immune response in mice [28,33]. Moreover, several subunit vaccines failed to provide
preventive and consistent immune actions. For that reason, subunit vaccines need an
appropriate adjuvant and delivery system for improved efficiency and selective delivery to
immune cells [34]. In this experiment, we used alum as an adjuvant due to its capabilities,
such as increasing antigen uptake to induce robust humoral immunity.

In addition, an efficient vaccine against viral infections should generate cellular or
humoral immunity. In HTLV-1 infections, various authors have recommended that both
cellular and humoral immunity are needed to develop a reliable protective immune re-
action [33]. A particular antibody can prevent the virus from entering target cells [35].
Moreover, cellular immunity can clear infections [36]. On the basis of the previous report,
a GPEHT multiepitope chimeric protein from different parts of HTLV-1 was used to gen-
erate a high level of immune reactions identified by B and T cells without autoimmune
reactions [28]. The GPEHT chimera protein was placed in a plasmid vector to be expressed
in the bacterial host. Subsequently, affinity chromatography was applied to purify the
expressed chimera protein to vaccinate the mice.

It was previously shown that the primary reservoir of HTLV-1 is CD4+ T cells [37]. On the
basis of their features, CD4+ T cells were divided into Th1 and Th2 subsets. Activation of Thl
cells primarily creates the IFN-y cytokine, which is essential for the clearance of intracellular
microorganisms [38]. IFN-v is a pleiotropic cytokine produced by stimulated T cells and natural
killer (NK) cells [39]. This cytokine plays a primary role in the innate and adaptive aspects of
host antiviral and antitumor immune protection, acting in various ways on host and tumor cells
to favor tumor regression by generating cellular antitumor immunity, inflammation, cell cycle
arrest, and apoptosis, as well as hindering angiogenesis and stimulating antigen presentation
through the upregulation of major histocompatibility complex (MHC) I and II [40]. Additionally,
previous reports showed that IFN-y results in anti-tumor effector features that might regulate
the initiation, development, or spread of Tax-transgenic tumors in mice [41].

In comparison, Th2 cells can generate the IL-4 cytokine, which is responsible for
extracellular pathogens, humoral immunity, eosinophils activation, and antibody manufac-
turing [38,42]. Nevertheless, different investigations also showed that the overproduction
of IL-4 can have a negative effect on antiviral activity against HTLV-1 infection [43].

This research used a chimera vaccine formulated with an alum adjuvant to enhance
the production of Th1l and Th2 cytokines and related specific antibodies. In the groups
vaccinated with 20 and 40 ug of the GPEHT protein, the production of IFN-y and IL-4
was significantly higher than in the control group. However, the essential part of the Th1
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action shifted the Th1/Th2 balance toward Thl in both groups. Additionally, previous
reports on mice showed that more Th1/Th2 negatively correlated with the proviral load
of HTLV-1 in animal models. Thus, a weak to modest Th2 immune reaction is needed to
generate a suitable immune action against HTLV-1 infection and stop Th1 hypersensitiv-
ity [33]. In addition, our previous investigation and other reports showed that a high IFN-y
response is essential to protect the body from viral infection. For instance, a recent study
by Kabiri et al. (2018) showed that a high IFN-y response is essential for anti-inflammatory
responses and could be necessary for the clearance of HTLV-1 infection [38]. Moreover, the
higher ratio of IFN-y to IL-4 indicates the tendency of the immune response to be stronger
in cellular immunity than in humoral immunity. Since the main response of the immune
system to viral infection is cellular immunity, it can be concluded that the immune response
generated against the GPEHT protein is competent.

Additionally, vaccination with a chimeric vaccine was found to induce a high IL-17
cytokine response. IL-17 is a proinflammatory cytokine associated with the induction of
inflammation [44]. In HTLV-1-contaminated people, this cytokine can act synergistically
with Th1 in favor of inflammation [45-47]. Notably, a high amount of IL-17 can stimulate
the production of other inflammatory cytokines such as TNF-« and IL-6, leading to tis-
sue damage [44,48]. Moreover, the previous investigation showed that in patients with
HAM/TSP disease, the secretion of IL-17 is less than that in uninfected controls [45]. The
results showed that in the vaccinated group, the levels of IL-17 increased significantly
compared to those in the control group. Therefore, aiming at the bifunctional activity of
IL-17, more investigations are needed to analyze the protective activity of IL-17 in mice
challenged with HTLV-1 infection [49].

Additionally, based upon antibody assays, subcutaneous vaccination with the chimera
vaccine promoted a high degree of IgG1 and IgG2a isotypes. In mice, Th1l and Th2 immune
reactions were found to be connected to the induction of IgG2a and IgG1 antibodies, respec-
tively [41]. This increase in the isotype-specific immune response can play an essential role
in eliminating the virus [41]. Moreover, previous reports and our investigation showed that
high antibody responses could induce a high protective effect against HTLV-1 infection.
For instance, a recent study by Shafifar et al. (2022) showed that high antibody production
can negatively correlate with the proviral load of HTLV-1 [33]. Additionally, a study by
Kabiri et al. (2018) showed that high IgG2a and IgG1 antibodies can induce TH1 and TH2
activation and offer strong protective effects against HTLV-1 infection [41].

This investigation has some limitations, including the lack of a challenge-based experi-
ment and no analysis of anti-HTLV-1-specific antibodies to see if the immune responses
generated this particular humoral immunity.

5. Conclusions

This examination aimed to evaluate the performance of a unique GPEHT protein vaccine
consisting of immunogenic epitopes of HTLV-1 linked with a flexible linker in the presence
of adjuvants to boost humoral and cellular immunity. The outcomes suggested that admin-
istration of the GPEHT chimera vaccine with the alum adjuvant evoked a high immune
response and shifted Th1/Th2 towards durable Th1l immunity. Moreover, the developed
vaccine minimized the degree of immunosuppressive cytokines such as IL-17 in addition to
manufacturing proinflammatory cytokines and boosting systemic immune reactions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/vaccines11010115/s1, Supplementary S1. The densitometry
intensity ratio of each band for the SDS-PAGE and Western blot.

Author Contributions: H.R.J. designed the central concept of this study; H.R.J. drafted the primary
protocol; HR.J., VS.N., Z.S. and EK. participated in the mouse handling, immunoassay, and statistical
analysis; H.R.J. and A.S. drafted the preliminary version of the manuscript; P.L. edited the final
version of the manuscript, and all authors approved the final draft. All authors have read and agreed
to the published version of the manuscript.


https://www.mdpi.com/article/10.3390/vaccines11010115/s1
https://www.mdpi.com/article/10.3390/vaccines11010115/s1

Vaccines 2023, 11, 115 11 of 13

Funding: This research received no external funding.

Institutional Review Board Statement: The animal studies were performed according to guidelines
of the European Communities Council (e86/609/EEC), and accordance with the Declaration of
Helsinki, and approved by the Ethics Committee of shiraz medical university, shiraz, Iran (Ethics
code: 4009633).

Informed Consent Statement: Not applicable.

Data Availability Statement: The authors acknowledge that the data presented in this study must be
deposited and made publicly available in an acceptable repository prior to publication. The frontiers
cannot accept a manuscript that does not adhere to our open data policies.

Acknowledgments: The authors are grateful to Khadijeh Ahmadi and Hamed Gouklani for the
technical support of this project.

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

References

1. Bangham, C.R. Human T cell leukemia virus type 1: Persistence and pathogenesis. Annu. Rev. Immunol. 2018, 36, 43-71.
[CrossRef]

2. Matsuoka, M.; Yasunaga, J.-I. Human T-cell leukemia virus type 1: Replication, proliferation and propagation by Tax and HTLV-1
bZIP factor. Curr. Opin. Virol. 2013, 3, 684-691. [CrossRef]

3.  Gessain, A.; Cassar, O. Epidemiological aspects and world distribution of HTLV-1 infection. Front. Microbiol. 2012, 3, 388.
[CrossRef] [PubMed]

4. Bangham, C.R.; Araujo, A.; Yamano, Y.; Taylor, G.P. HTLV-1-associated myelopathy/tropical spastic paraparesis. Nat. Rev. Dis.
Prim. 2015, 1, 1-17.

5. Phillips, A.A.; Harewood, J.C. Adult T cell leukemia-lymphoma (ATL): State of the art. Curr. Hematol. Malig. Rep. 2018, 13,
300-307. [CrossRef]

6.  Eusebio-Ponce, E.; Anguita, E.; Paulino-Ramirez, R.; Candel, FJ. HTLV-1 infection: An emerging risk. Pathogenesis, epidemiology,
diagnosis and associated diseases. Rev. Espafiola Quimioter. 2019, 32, 485.

7. Bandeira, L.M.; Uehara, S.N.; Puga, M.A.; Rezende, G.R.; Vicente, A.C.; Domingos, ].A.; do Lago, B.V.; Niel, C.; Motta-Castro, A.R.
HTLV-1 intrafamilial transmission among Japanese immigrants in Brazil. J. Med. Virol. 2018, 90, 351-357. [CrossRef]

8. Tamiya, S.; Matsuoka, M.; Etoh, K.I.; Watanabe, T.; Kamihira, S.; Yamaguchi, K.; Takatsuki, K. Two types of defective human
T-lymphotropic virus type I provirus in adult T-cell leukemia. Blood 1996, 88, 3065-3073. [CrossRef] [PubMed]

9. Hidaka, M.; Inoue, J.; Yoshida, M.; Seiki, M. Post-transcriptional regulator (rex) of HTLV-1 initiates expression of viral structural
proteins but suppresses expression of regulatory proteins. EMBO ]. 1988, 7, 519-523. [CrossRef]

10. LeBlanc, I; Grange, M.P,; Delamarre, L.; Rosenberg, A.R.; Blot, V.; Pique, C.; Dokhelar, M.C. HTLV-1 structural proteins. Virus
Res. 2001, 78, 5-16. [CrossRef] [PubMed]

11.  Ernzen, KJ; Panfil, A.R. Regulation of HTLV-1 transformation. Biosci. Rep. 2022, 42, BSR20211921. [CrossRef]

12.  Robek, M.D.; Wong, E-H.; Ratner, L. Human T-cell leukemia virus type 1 pX-I and pX-II open reading frames are dispensable for
the immortalization of primary lymphocytes. . Virol. 1998, 72, 4458-4462. [CrossRef] [PubMed]

13.  Zhang, W.; Nisbet, ].W.; Bartoe, ].T.; Ding, W.; Lairmore, M.D. Human T-Lymphotropic Virus Type 1 p30IIFunctions as a
Transcription Factor and Differentially Modulates CREB-Responsive Promoters. J. Virol. 2000, 74, 11270-11277. [CrossRef]

14.  Zhao, T.; Matsuoka, M. HBZ and its roles in HTLV-1 oncogenesis. Front. Microbiol. 2012, 3, 247. [CrossRef]

15.  Zhao, T; Satou, Y.; Sugata, K.; Miyazato, P.; Green, P.L.; Imamura, T.; Matsuoka, M. HTLV-1 bZIP factor enhances TGE-f3 signaling
through p300 coactivator. Blood . Am. Soc. Hematol. 2011, 118, 1865-1876.

16. Ma, G.; Yasunaga, J.-I.; Matsuoka, M. Multifaceted functions and roles of HBZ in HTLV-1 pathogenesis. Retrovirology 2016, 13, 1-9.
[CrossRef] [PubMed]

17. Panfil, A.R.; Dissinger, N.J.; Howard, C.M.; Murphy, B.M.; Landes, K.; Fernandez, S.A.; Green, P.L. Functional comparison of
HBZ and the related APH-2 protein provides insight into human T-cell leukemia virus type 1 pathogenesis. J. Virol. 2016, 90,
3760-3772. [CrossRef] [PubMed]

18. Mitra-Kaushik, S.; Harding, ]J.; Hess, ].; Schreiber, R.; Ratner, L. Enhanced tumorigenesis in HTLV-1 tax-transgenic mice deficient
in interferon-gamma. Blood 2004, 104, 3305-3311. [CrossRef]

19. Grassmann, R.; Aboud, M.; Jeang, K.-T. Molecular mechanisms of cellular transformation by HTLV-1 Tax. Oncogene 2005, 24,
5976-5985. [CrossRef]

20. Hieshima, K.; Nagakubo, D.; Nakayama, T.; Shirakawa, A.K.; Jin, Z.; Yoshie, O. Tax-inducible production of CC chemokine

ligand 22 by human T cell leukemia virus type 1 (HTLV-1)-infected T cells promote preferential transmission of HTLV-1 to
CCR4-expressing CD4+ T cells. J. Immunol. 2008, 180, 931-939. [CrossRef]


http://doi.org/10.1146/annurev-immunol-042617-053222
http://doi.org/10.1016/j.coviro.2013.08.010
http://doi.org/10.3389/fmicb.2012.00388
http://www.ncbi.nlm.nih.gov/pubmed/23162541
http://doi.org/10.1007/s11899-018-0458-6
http://doi.org/10.1002/jmv.24938
http://doi.org/10.1182/blood.V88.8.3065.bloodjournal8883065
http://www.ncbi.nlm.nih.gov/pubmed/8874205
http://doi.org/10.1002/j.1460-2075.1988.tb02840.x
http://doi.org/10.1016/S0168-1702(01)00278-7
http://www.ncbi.nlm.nih.gov/pubmed/11520576
http://doi.org/10.1042/BSR20211921
http://doi.org/10.1128/JVI.72.5.4458-4462.1998
http://www.ncbi.nlm.nih.gov/pubmed/9557741
http://doi.org/10.1128/JVI.74.23.11270-11277.2000
http://doi.org/10.3389/fmicb.2012.00247
http://doi.org/10.1186/s12977-016-0249-x
http://www.ncbi.nlm.nih.gov/pubmed/26979059
http://doi.org/10.1128/JVI.03113-15
http://www.ncbi.nlm.nih.gov/pubmed/26819304
http://doi.org/10.1182/blood-2004-01-0266
http://doi.org/10.1038/sj.onc.1208978
http://doi.org/10.4049/jimmunol.180.2.931

Vaccines 2023, 11, 115 12 of 13

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

Jones, K.S.; Petrow-Sadowski, C.; Bertolette, D.C.; Huang, Y.; Ruscetti, EW. Heparan sulfate proteoglycans mediate attachment
and entry of human T-cell leukemia virus type 1 virions into CD4+ T cells. ]. Virol. 2005, 79, 12692-12702. [CrossRef] [PubMed]
Ghez, D.; Lepelletier, Y.; Lambert, S.; Fourneau, ].M.; Blot, V,; Janvier, S.; Arnulf, B.; van Endert, PM.; Heveker, N.; Pique, C.; et al.
Neuropilin-1 is involved in human T-cell lymphotropic virus type 1 entry. J. Virol. 2006, 80, 6844-6854. [CrossRef] [PubMed]
Manel, N.; Kim, EJ.; Kinet, S.; Taylor, N.; Sitbon, M.; Battini, J.L. The ubiquitous glucose transporter GLUT-1 is a receptor for
HTLV. Cell 2003, 115, 449-459. [CrossRef] [PubMed]

Tu, ].J.; Maksimova, V.; Ratner, L.; Panfil, A.R. The Past, Present, and Future of a Human T-Cell Leukemia Virus Type 1 Vaccine.
Front. Microbiol. 2022, 13, 897346. [CrossRef] [PubMed]

Frangione-Beebe, M.; Rose, R.; Kaumaya, P.; Schwendeman, S. Microencapsulation of a synthetic peptide epitope for HTLV-1 in
biodegradable poly (D, L-lactide-co-glycolide) microspheres using a novel encapsulation technique. J. Microencapsul. 2001, 18,
663—677. [CrossRef] [PubMed]

Sundaram, R.; Beebe, M.; Kaumaya, P. Structural and immunogenicity analysis of chimeric B-cell epitope constructs derived from
the gp46 and gp21 subunits of the envelope glycoproteins of HTLV-1. J. Pept. Res. 2004, 63, 132-140. [CrossRef] [PubMed]
Kazanji, M.; Heraud, J.M.; Merien, E; Pique, C.; Gessain, A.; Jacobson, S. Chimeric peptide vaccine composed of B-and T-cell
epitopes of human T-cell leukemia virus type 1 induces humoral and cellular immune responses and reduces the proviral load in
immunized squirrel monkeys (Saimiri sciureus). J. Gen. Virol. 2006, 87, 1331-1337. [CrossRef]

Jahantigh, H.R.; Stufano, A.; Lovreglio, P; Rezaee, S.A.; Ahmadi, K. In silico identification of epitope-based vaccine candidates
against HTLV-1. J. Biomol. Struct. Dyn. 2022, 40, 6737—-6754. [CrossRef]

Ferrando, R.M.; Lay, L.; Polito, L. Gold nanoparticle-based platforms for vaccine development. Drug Discov. Today Technol. 2020,
38, 57-67. [CrossRef]

Raza, M.T.; Mizan, S.; Yasmin, F,; Akash, A.S.; Shahik, S.M. Epitope-based universal vaccine for Human T-lymphotropic virus-1
(HTLV-1). PLoS ONE 2021, 16, €0248001. [CrossRef]

Somvanshi, P; Khisty, S. Peptide-based DNA delivery system. Med. Nov. Technol. Devices 2021, 11, 100091. [CrossRef]

Kaur, R.; Arora, N.; Rawat, S.S.; Keshri, A.K,; Singh, N.; Show, S.K.; Kumar, P; Mishra, A.; Prasad, A. Inmunoinformatics driven
construction of multi-epitope vaccine candidate against Ascaris lumbricoides using its entire immunogenic epitopes. Expert Rev.
Vaccines 2021, 20, 1637-1649. [CrossRef] [PubMed]

Shafifar, M.; Mozhgani, S.H.; Pashabayg, K.R.; Mosavat, A.; Karbalaei, M.; Norouzi, M.; Rezaee, S.A. Selective APC-targeting of a
novel Fe-fusion multi-immunodominant recombinant protein (tTax-tEnv: mFcy2a) for HTLV-1 vaccine development. Life Sci.
2022, 308, 120920. [CrossRef] [PubMed]

Mustafa, A.S. Adjuvants and Antigen-Delivery Systems for Subunit Vaccines against Tuberculosis; MDPI: Basel, Switzerland, 2021;
p. 972.

Xu, L.;Ma, Z,; Li, Y,; Pang, Z.; Xiao, S. Antibody dependent enhancement: Unavoidable problems in vaccine development. Adv.
Immunol. 2021, 151, 99-133.

Woodland, D.L.; Hogan, R.J.; Zhong, W. Cellular immunity and memory to respiratory virus infections. Immunol. Res. 2001, 24,
53-67. [CrossRef] [PubMed]

Rocamonde, B.; Carcone, A.; Mahieux, R.; Dutartre, H. HTLV-1 infection of myeloid cells: From transmission to immune
alterations. Retrovirology 2019, 16, 1-12. [CrossRef]

Kabiri, M.; Sankian, M.; Sadri, K.; Tafaghodi, M. Robust mucosal and systemic responses against HTLV-1 by delivery of
multi-epitope vaccine in PLGA nanoparticles. Eur. |. Pharm. Biopharm. 2018, 133, 321-330. [CrossRef]

Arase, H.; Arase, N.; Saito, T. Interferon gamma production by natural killer (NK) cells and NK1. 1+ T cells upon NKR-P1
cross-linking. J. Exp. Med. 1996, 183, 2391-2396. [CrossRef]

Lupo, K.B.; Matosevic, S. Natural killer cells as allogeneic effectors in adoptive cancer immunotherapy. Cancers 2019, 11, 769.
[CrossRef]

Lanigan, L.G.; Hildreth, B.E., III; Dirksen, W.P,; Simmons, ].K.; Martin, C.K.; Werbeck, J.L.; Thudi, N.K.; Papenfuss, T.L.; Boyaka,
P.N.; Toribio, R.E.; et al. In Vivo Tumorigenesis, Osteolytic Sarcomas, and Tumorigenic Cell Lines from Transgenic Mice Expressing
the Human T-Lymphotropic Virus Type 1 (HTLV-1) Tax Viral Oncogene. Am. |. Pathol. 2021, 191, 335-352. [CrossRef]
Aleebrahim-Dehkordi, E.; Molavi, B.; Mokhtari, M.; Deravi, N.; Fathi, M.; Fazel, T.; Mohebalizadeh, M.; Koochaki, P.; Shobeiri,
P.; Hasanpour-Dehkordi, A. T helper type (Th1/Th2) responses to SARS-CoV-2 and influenza A (HIN1) virus: From cytokines
produced to immune responses. Transpl. Immunol. 2022, 70, 101495. [CrossRef] [PubMed]

Futsch, N.; Prates, G.; Mahieux, R.; Casseb, J.; Dutartre, H. Cytokine networks dysregulation during HTLV-1 infection and
associated diseases. Viruses 2018, 10, 691. [CrossRef] [PubMed]

Zhao, Y.; Cooper, D.K.; Wang, H.; Chen, P; He, C.; Cai, Z.; Mou, L.; Luan, S.; Gao, H. Potential pathological role of pro-
inflammatory cytokines (IL-6, TNF-«, and IL-17) in xenotransplantation. Xenotransplantation 2019, 26, e12502. [CrossRef]
[PubMed]

Saghafi, N.; Elham, A.; Mofrad, M.H. Th17 Cells and Tregs in HTLV-1 Infection. J. Clin. Nurs. Res. 2022, 6, 122-127. [CrossRef]
Carvalho, N.B.; de Lourdes Bastos, M.; Souza, A.S.; Netto, EIM.; Arruda, S.; Santos, S.B.; Carvalho, E.M. Impaired TNF, IL-1f3,
and IL-17 production and increased susceptibility to Mycobacterium tuberculosis infection in HTLV-1 infected individuals.
Tuberculosis 2018, 108, 35-40. [CrossRef]


http://doi.org/10.1128/JVI.79.20.12692-12702.2005
http://www.ncbi.nlm.nih.gov/pubmed/16188972
http://doi.org/10.1128/JVI.02719-05
http://www.ncbi.nlm.nih.gov/pubmed/16809290
http://doi.org/10.1016/S0092-8674(03)00881-X
http://www.ncbi.nlm.nih.gov/pubmed/14622599
http://doi.org/10.3389/fmicb.2022.897346
http://www.ncbi.nlm.nih.gov/pubmed/35602078
http://doi.org/10.1080/02652040110055216
http://www.ncbi.nlm.nih.gov/pubmed/11508771
http://doi.org/10.1111/j.1399-3011.2003.00113.x
http://www.ncbi.nlm.nih.gov/pubmed/15009534
http://doi.org/10.1099/vir.0.81582-0
http://doi.org/10.1080/07391102.2021.1889669
http://doi.org/10.1016/j.ddtec.2021.02.001
http://doi.org/10.1371/journal.pone.0248001
http://doi.org/10.1016/j.medntd.2021.100091
http://doi.org/10.1080/14760584.2021.1974298
http://www.ncbi.nlm.nih.gov/pubmed/34448645
http://doi.org/10.1016/j.lfs.2022.120920
http://www.ncbi.nlm.nih.gov/pubmed/36044973
http://doi.org/10.1385/IR:24:1:53
http://www.ncbi.nlm.nih.gov/pubmed/11485209
http://doi.org/10.1186/s12977-019-0506-x
http://doi.org/10.1016/j.ejpb.2018.11.003
http://doi.org/10.1084/jem.183.5.2391
http://doi.org/10.3390/cancers11060769
http://doi.org/10.1016/j.ajpath.2020.10.014
http://doi.org/10.1016/j.trim.2021.101495
http://www.ncbi.nlm.nih.gov/pubmed/34774738
http://doi.org/10.3390/v10120691
http://www.ncbi.nlm.nih.gov/pubmed/30563084
http://doi.org/10.1111/xen.12502
http://www.ncbi.nlm.nih.gov/pubmed/30770591
http://doi.org/10.26689/jcnr.v6i3.3757
http://doi.org/10.1016/j.tube.2017.10.004

Vaccines 2023, 11, 115 13 of 13

47. Doyen, V.; Corazza, F.; Nhu Thi, H.; Le Chi, T,; Truyens, C.; Nagant, C.; Tran Thi Mong, H.; Fils, ].F.; Thi Ngoc Huynh, P.; Michel,
O. Hookworm treatment induces a decrease of suppressive regulatory T cell associated with a Th2 inflammatory response. PLoS
ONE 2021, 16, €0252921. [CrossRef]

48. Mills, K.H. IL-17 and IL-17-producing cells in protection versus pathology. Nat. Rev. Immunol. 2022, 23, 38-54. [CrossRef]

49. Hasanzadeh, S.; Habibi, M.; Shokrgozar, M.A.; Ahangari Cohan, R.; Ahmadi, K.; Asadi Karam, M.R.; Bouzari, S. In silico analysis
and in vivo assessment of a novel epitope-based vaccine candidate against uropathogenic Escherichia coli. Sci. Rep. 2020, 10, 16258.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1371/journal.pone.0252921
http://doi.org/10.1038/s41577-022-00746-9
http://doi.org/10.1038/s41598-020-73179-w

	Introduction 
	Materials and Methods 
	Vaccine Engineering 
	Plasmid Construction, Expression, and Purification of GPEHT Protein 
	Protein Purification and Dialysis 
	Animals 
	Experimental Groups and Immunization 
	Spleen Cell Suspension and Cytokine Analysis 
	Specific Total IgG, IgG1, and IgG2a Isotypes 
	Statistical Analysis 

	Results 
	Codon Optimization and Cloning 
	Expression, Purification, and Characterization of the GPEHT Recombinant Protein 
	Analysis of the Humoral Immune Responses 
	Measurement of Antibody Isotype Responses 
	IL-17, IL-4, and IFN- Cytokines of Experimental Mice 

	Discussion 
	Conclusions 
	References

