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DNA is a rapidly developing vaccine platform for combatting cancer, infectious and noninfectious
diseases. Plasmid DNA used as immunogens encode proteins to be synthesized in the cells of the
vaccine recipients. Introduction of DNA vaccines into the host induces antibody and cellular responses
against the encoded protein. In this way, the induction of immune response mimics the events
occurring during natural infection with an intracellular pathogen. There are a few distinct ways in
which the vaccine antigen can be processed and presented, which shape the resulting immune response
and which can be manipulated. Characteristically, the antigen synthesized within the host cell is
processed by the proteasome, loaded onto, and presented on MHC Class I molecules. Processing can
be re-routed to the lysosome, or the immunogen can be secreted for further presentation on MHC
Class II. Vaccine efficacy is also highly dependent on DNA delivery. DNA immunogens are often
administered by intramuscular or intradermal injections, but the immune response can be significantly
enhanced by subsequent electroporation of the injection site, which enhances the delivery up to
1000-fold, thereby facilitating dose sparing. Other techniques may also be employed. For instance,
noninvasive introduction by biolistic devices such as gene guns and biojectors, skin applications with
plasters and microneedles/chips, sonication, magnetofection, and even tattooing has been shown to
improve the efficacy of delivery. The debate regarding the pros and cons of different routes of delivery
is intense but the answer to which route of administration is better for a DNA vaccine is too complex
to give a straightforward answer. It depends on multiple factors such as the choice of antigen and
vector, expressing tissues and cells, and the disease it targets. A number of studies have compared the
effect of delivery methods on the level of immunogen expression, and the magnitude and specificity of
the resulting immune response. According to some, the delivery route determines the immunogenic
performance; according to others, it can modulate the level of response but not its specificity or polarity.
All in all, research on the optimization of DNA vaccine design, delivery, and immunogenic performance
has led to a marked increase in their efficacy in larger species and humans.

This Special Issue describes the continuing efforts to increase the potency of DNA vaccines by
manipulating plasmid DNA, adding adjuvants or immunomodulators (also delivered in the form of
plasmid DNA), and by using a wide panel of novel delivery systems. These efforts are described in
seven experimental papers and four reviews.

When we launched the “Advances in DNA Vaccines” Special Issue, little did we know that the
world would face a new infectious disease threat just months after the submission deadline, a threat
which would change the entire game plan for vaccine development. The current SARS-CoV-2 pandemic
has forced vaccinology into a new intense phase of development, transformation, and innovation. Hit by
the COVID-19 epidemics, the world has come to realize the importance of efficient vaccines against
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viral infections. It is comforting that the contributing authors were working hard in this field before the
epidemic broke out: all publications of this issue focus on the development of vaccines against viral
infections, such as HIV by Kilpelainen et al. [1], Louis et al. [2], and Akulova et al. [3]; human hepatitis C
virus by Masalova et al. [4]; Ebola virus by Bazhan et al. [5]; Zika virus [2]; influenza by Hinkula et al. [6]
and Louis et al. [2]; and Epstein–Barr virus by Wojtak et al. [7].

The majority of studies presented in this issue used different forms of plasmid DNA: genes optimized
for expression and/or consensus immunogens [2,3,7], polyepitope constructs [5], or plasmids with viral
enhancers increasing protein expression and thus allowing one to reduce the DNA dose (Chapman &
Rybicki [8]). A still more efficient way to ensure high-level expression of the immunogen is to use RNA/DNA
layered alphavirus vectors, which provide a superior expression of immunogens in comparison with
conventional plasmid DNA technology (Lundstrom [9]). Besides, immunization with alphavirus DNA
vectors elicits an immune response compared with the conventional plasmid at a 1000-fold lower DNA
dose, allowing for considerable vaccine sparing [9].

In most of the studies presented in this Special Issue, plasmid DNA was introduced by intramuscular
or intradermal injections, with or without subsequent electroporation. Two more sophisticated ways of
indirect delivery of DNA encoding immunogens presented include immunization with recombinant
BCG as a vehicle to express HIV-1 and SIV antigens [1] and by mesenchymal stem cells made to express
nonstructural proteins of hepatitis C virus [4]. In both cases, delivery using bacterial or eukaryotic cells as
a vehicle allowed the researchers to significantly increase the cellular response against viral antigens as
compared with immunization with naked plasmid DNA.

A recent development is the use of plasmid DNA to encode an adjuvant; for instance, a cytokine or
another noncytokine immunomodulator with the power to enhance and shape the immune response.
In this Special Issue, we see demonstrations of the efficient use of an immunomodulatory plasmid DNA
encoding IL-36 gamma, giving a boost to an immune response against HIV, Zika virus, and influenza in
mice [2]. The review by Shrestha & Grubor-Bauk gives an excellent example of the use of a novel cytolytic
platform of DNA immunization based on truncated mouse perforin [10], whereas Hinkula et al. [6] use
a plasmid DNA encoding the TLR5 ligand flagellin as an immunomodulator which, if administered
together with formalin-inactivated whole influenza A vaccine, increases the antibody response 200-fold,
hemagglutination inhibition (HAI) titer by 100-fold, and the cellular response against flu by 40-fold.

An overview of the experimental papers in this Special Issue reveals that DNA vaccines of the
pre-COVID-19 era were not yet mature enough to be an instrument of human vaccination, as six
out of seven experimental papers describe the immunization of mice; only one, by Akulova et al.,
describes the results of the Phase II clinical trial of a HIV DNA vaccine candidate [3]. However, today,
the situation is rapidly changing.

The spread of the SARS-CoV-2 virus and the COVID-19 disease has triggered an unprecedented
surge in vaccine research and development, as well as attracting an unsurpassed amount of funding in
a very limited time—and for good reasons. Worldwide infections with SARS-CoV-2 are increasing
rapidly and, at the time of writing this editorial, approach 40 million diagnosed cases; the actual
number of infections is much higher. Over one million deaths have resulted from a disease that did
not exist for us a year ago. This new virus disseminates in a way that has been impossible to predict;
traditional countermeasures such as hygiene, physical distancing, various levels of public lockdowns,
and quarantines have proven to be insufficient, highlighting the urgent need for prophylactic vaccine(s)
to be applied worldwide as the only way to stop viral spread.

The ongoing COVID-19 crisis has led to a very rapid development of vaccine candidates from
academia and small and medium-sized biotech companies, as well as pharmaceutical giants. Now,
nine months down the road, several candidates have already gone through discovery, preclinical testing
demonstrating immunogenicity, and, in some cases, efficacy, process development, toxicity testing,
production and recruitment for and completion of Phase 1 safety and immunogenicity studies. The most
advanced candidates have already proceeded into Phase 2 and 3 testing and scaling up; preparation
for large-scale production is well under way. It is hard to comprehend what an achievement this
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really is and it is important to recognize that a lot of the progress has been made through performing
multiple steps in the vaccine (Research & Development) R&D process in parallel and at great financial
risk: in the case where a vaccine candidate does not show the expected immunogenicity or safety,
for instance, the resources invested in that candidate will be lost. In a traditional stepwise approach to
vaccine development, unsuccessful candidates would have been deselected at an earlier stage and the
financial risks would have been mitigated.

It is important to emphasize that this approach is only made possible through numerous initiatives
both from states, not-for-profit organizations such as the Coalition for Epidemic Preparedness Innovations
(CEPI) and the Bill and Melinda Gates Foundation, and private equity alike. One such initiative is
Operation Warp Speed, to which the US Congress has directed almost 10 billion USD. Operation Warp
Speed aims to deliver 300 million doses of a safe, effective vaccine for COVID-19 by January 2021 as
part of a broader strategy to accelerate the development, manufacturing, and distribution of COVID-19
vaccines, therapeutics, and diagnostics (https://www.hhs.gov/about/news/2020/06/16/fact-sheet-explaining-
operation-warp-speed.html).

At no time in history has biomedical research moved forward at such a high pace. The research
community, the pharmaceutical sector, and funding agencies have responded to the threat with
dedication. Moreover, the dissemination of data has never been faster. Rapid publication of data
has been a key factor in the battle against the virus and the role of preprint servers such as biorxiv
and biomedrxiv cannot be underestimated. For instance, the genome sequence of SARS-CoV-2 was
published online less than two weeks after the Wuhan Municipal Health Commission in Wuhan City,
China, reported a cluster of 27 pneumonia cases of unknown etiology, and only one day after the
Chinese CDC reported that a novel coronavirus had been detected as the causative agent of COVID-19
(https://virological.org/t/novel-2019-coronavirus-genome/319/26). Since then, COVID-19 research has
exploded; never before have studies on a previously undescribed disease and disease-causing agent
provided so much knowledge in such a short time. The remarkable progress in synthetic biology and
manufacturing of DNA sequences, based on the availability of sequences, not biological materials,
enabled the rapid development of vaccine candidates against COVID-19. We see this as an argument
in favor of the synthetic nucleic acid-based vaccines.

Thus, it is not surprising that some of the most advanced vaccine candidates against COVID-19
represent novel previously unlicensed technology platforms exploiting synthetic genes, such as
adenovirus vector platforms (e.g., Astra Zeneca, CanSino Biologics, Sputnik-V; https://clinicaltrials.
gov/ct2/show/NCT04437875), mRNA (e.g., Moderna, Sanofi, Curevac, Pfizer/BioNTech), and, of course,
DNA, such as INO-4800 by Inovio, thought to be the furthest ahead among four DNA-based vaccines
that have started human testing for COVID-19 (https://clinicaltrials.gov/ct2/show/NCT04336410).
A concise review by Liu in this Special Issue underpins pre-COVID-19 era efforts to make DNA
vaccines more efficient, comparing them with similar efforts made for mRNA vaccines [11]. At the
moment, the reader may get an impression that the mRNA vaccines have the upper hand, specifically
referring to the many advanced mRNA COVID-19 vaccine candidates in clinical trials. However,
the INO-4800 DNA vaccine also showed promise in a Phase 1 trial: INO-4800 was safe and well-tolerated
and induced immune responses in a majority of participants (https://www.fdanews.com/articles/199278-
inovios-covid-19-vaccine-trial-placed-on-partial-hold). Taking this stand, we are far from expressing
DNA vaccine pessimism. It is likely that the emergence of RNA vaccines as a viable vaccine modality
and the technological developments that are driven by this field may also impact the development
of new DNA vaccine and related technologies. Given the tremendous need for: (i) high speed in
vaccine development relying on the availability of sequence information, (ii) the ease and speed of
vaccine production using already established platforms, and (iii) no cold chain to allow for worldwide
distribution, which are provided by DNA vaccines, one can be sure that the first vaccines of this type
will soon see licensure for human use and find clinical application abroad.

When the smoke of the battle against COVID-19 and the race for an effective vaccine settles, we will
face a new normal where the dissemination of SARS-CoV-2 is hopefully controlled, although the way
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we interact with each other and the way we work would be changed once and forever. People would
gradually forget the times of hardship that we are currently facing. It may happen that our collective
memory will be shorter than the T cell memory. Nevertheless, we hope that the insights gained and
lessons learned in vaccinology will prevail and that investments will continue to be made in this
domain to further advance vaccinology and prevention of infectious diseases in all corners of the
world, since every dollar invested in vaccinology has an enormous potential return in saving lives
and improving peoples’ health. As scientists and vaccine advocates, we have to act to preserve
this momentum. One day, we will be out of the COVID-19 pandemic, but we can be sure that new
challenges will appear on the horizon. We have to keep up the pace to be prepared.

Author Contributions: Conceptualization, M.I.; original draft preparation, K.L., M.I.; revisions and editing K.L.,
M.I.; funding acquisition, M.I. All authors have read and agreed to the published version of the manuscript.
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Abstract: DNA vaccines are stable, safe, and cost effective to produce and relatively quick and
easy to manufacture. However, to date, DNA vaccines have shown relatively poor immunogenicity
in humans despite promising preclinical results. Consequently, a number of different approaches
have been investigated to improve the immunogenicity of DNA vaccines. These include the use of
improved delivery methods, adjuvants, stronger promoters and enhancer elements to increase antigen
expression, and codon optimization of the gene of interest. This review describes the creation and use
of a DNA vaccine vector containing a porcine circovirus (PCV-1) enhancer element that significantly
increases recombinant antigen expression and immunogenicity and allows for dose sparing. A 172 bp
region containing the PCV-1 capsid protein promoter (Pcap) and a smaller element (PC; 70 bp) within
this were found to be equally effective. DNA vaccines containing the Pcap region expressing various
HIV-1 antigens were found to be highly immunogenic in mice, rabbits, and macaques at 4–10-fold
lower doses than normally used and to be highly effective in heterologous prime-boost regimens. By
lowering the amount of DNA used for immunization, safety concerns over injecting large amounts of
DNA into humans can be overcome.

Keywords: DNA vaccine; HIV-1; enhancer element; circovirus; immunogenicity

1. Introduction

DNA vaccines were hailed as long ago as the 1990s as the next best thing in vaccines: Plasmid-based
DNA vaccines are relatively easy and affordable to produce, sharing a common production method
for all vaccines; they are thermostable and safe with no risk of virulence or apparently of anti-vector
immunity, can be administered to immunocompromised individuals, and multiple plasmids can be
mixed and used as a broad spectrum combination vaccine. DNA vaccines elicit mainly cell-mediated
immune responses due to presentation of expressed antigens via major histocompatibility complex
class I (MHC-I) presentation, which is similar to viral pathogens and a desirable feature of a vaccine [1].
One important drawback to DNA vaccines, however, is their lack of immunogenicity compared to
protein-based or whole virus vaccines: Humoral responses are generally weak if not lacking altogether,
and high, repeated doses of DNA are needed in order to obtain reasonable response rates in animal
models. Additionally, results in small experimental animals have not translated well into human clinical
trial results, and there are concerns over the safety of injecting large amounts of DNA (milligrams) into
humans [2].

2. A Novel Enhancer Sequence for DNA Vaccine Antigen Expression

Our group therefore previously investigated the potential of short enhancer sequences derived
from a mammalian single-stranded DNA virus—porcine circovirus type I (PCV-1)—for dose-sparing
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potential and immunogenicity enhancement in a clinically trialed HIV-1 subtype C DNA vaccine [3].
The plasmid vector (pTH) has been well used in preclinical and clinical studies [4–6] and is regarded
as being a high-potency vaccine antigen vector for HIV and other agents. It relies on the human
cytomegalovirus immediate/early promoter (CMV I/E) enhancer element constituting the promoter
Pcmv [7], one of the strongest known promoters in mammalian expression systems, driving in vivo
antigen expression with the help of the CMV intron A and the bovine growth hormone polyadenylation
signal. It has been used to vector the synthetic HIV-1 subtype C vaccine antigen GrttnC, a polyprotein
incorporating Gag, reverse transcriptase (RT), Tat, and Nef sequences, in studies in mice, guinea pigs,
monkeys, and humans [8–12].

PCV-1, like all circoviruses, has a compact, genetically dense, bi-directionally transcribed genome
of 1759 bp that encodes only a viral capsid protein (cap gene) and the replication-associated proteins
Rep and Rep′, which derive by alternative splicing from one open reading frame (ORF) (rep) (Figure 1).
Bidirectional transcription of the two genes originates in the origin of replication (Ori) for rep, and in
an intron within rep for cap [13]. In vitro expression studies in human embryonic kidney 293 (HEK293)
cells with various constructs derived from the PCV-1 genomes showed that enhancement activity
resided in a 70 base pair “core sequence” (C) of the 172 base pair (bp) capsid promoter, Pcap, that
includes a putative composite transcription factor binding site comprising CCAAT/enhancer-binding
protein beta (C/EBPb), GATA-1, and cAMP response element-binding protein (CREB) sites, as well
as a 47 bp conserved late element, or CLE. Inclusion of the 70 bp sequence in the reverse orientation
immediately upstream of the Pcmv sequence in pTHgrttnC (yielding pTHCRgrttnC) resulted in
2.4-fold enhancement of polyprotein expression level in vitro following transfection of HEK293 cells,
as assessed by Gag p24 ELISA. The cognate sequence from the related PCV-2 was equally effective.
The 172 bp Pcap sequence also enhanced luciferase expression in HEK293 cells three-fold when
inserted in reverse orientation upstream of the simian virus 40 (SV40) promoter in the commercial
pGL vector [3]. Accordingly, we tested the enhancement of immunogenicity in vivo by intramuscular
injection of mice with a variety of pTHgrttnC constructs with additives from PCV-1 (Figure 1C): The
best enhancement over pTHgrttnC, as assayed by interferon-gamma enzyme-linked immune absorbent
spot (IFN-γ ELISPOT) responses to a RT CD8+ peptide, was obtained using the Pcap (172 bp) insert,
after two intramuscular inoculations of 100 μg of pTHPcapRgrttnC DNA (five-fold increase in spot
forming units (sfu)/106 splenocytes). Moreover, two inoculations of 10 μg of pTHPcapgrttnC DNA
was significantly more immunogenic (3.5-fold) than pTHgrttnC and boosting with 104 plaque forming
units (pfu) of modified vaccinia Ankara (MVA) vectoring Grttn showed the same trend (Figure 2). The
response to the 10 μg of pTHPcapgrttnC DNA alone was also equivalent to or higher than to 100 μg of
pTHgrttnC, indicating that significant dose sparing (10-fold) was possible for the same priming effect
for a vaccine-relevant antigen. This proof that a simple enhancement could dramatically improve the
functionality of a DNA vaccine vector led to its being employed in subsequent studies in our HIV
vaccine research program.
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Figure 1. Porcine circovirus type-1 (PCV-1) genome arrangement. (A) Diagram of the linearized PCV-1
genome, depicted in the orientation cloned into pTHCapgrttnC. The rep intron is enlarged and the
capsid gene promoter (Pcap) indicated. The core and conserved late elements (CLE) components of
Pcap are shown. rep = replication associated protein gene, cap = capsid protein gene, Prep = rep gene
promoter, Ori = origin of replication, core = composite host transcription factor binding site. (B) DNA
sequence of 172 bp PcapR fragment. Putative host transcription factor binding sites are indicated
and underlined, CLE motifs are in bold and the minimal PcapR sequence (1252–1238; as identified by
Mankertz and Hillenbrand [13]) is highlighted in gray. PCV-1 accession number Y09921. (C) Schematic
diagrams of plasmids showing assembly of PCV elements. Pcmv = Cytomegalovirus (CMV) promoter,
grttnC = gene encoding polyprotein of HIV-1 Gag, reverse transcriptase (RT), Tat and Nef, C = 70 bp
Pcap core. Figure reproduced from Tanzer et al. [3] under the Creative Commons Attribution (CC-BY)
license as specified by BioMed Central.
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Figure 2. HIV-1 specific IFN-γ ELISPOT responses to pTHgrttnC DNA vaccines containing portions of
the PCV-1 genome. Groups of mice were vaccinated intramuscularly with DNA vaccines on days 0 and
28. Two groups of mice were subsequently boosted with 104 pfu of modified vaccinia Ankara (MVA)
on day 56. A separate group of mice was vaccinated with 10 μg pTH (empty vector) on days 0 and
28 and subsequently boosted with 104 pfu of MVA on day 56. * p < 0.001; ** p < 0.05 Student t-test.
Figure reproduced from Tanzer et al. [3] under the Creative Commons Attribution (CC-BY) license as
specified by BioMed Central.

3. Testing the Enhanced DNA Vector with HIV-1 Subtype C pr55Gag

Strong polyfunctional CD8+ T cell responses to HIV-1 Gag or Gag-derived antigens have been
found to be important for controlling viremia in HIV+ people who are termed “elite controllers.”
Accordingly, Gag should be and often is included in candidate HIV vaccination regimes, so as to allow
early clearance of infected cells at the initial sites of infection, as well as control of spread from these
sites and later control of viremia [14]. A subtype C mosaic Gag sequence was chosen to increase the
coverage of both CD8+ and CD4+ T cell epitopes from that of natural sequences with the hope of
reducing the HIV-1 escape pathways [15–18]. Subtype C (HIV-1C) was chosen as it is the most prevalent
subtype in the world, accounting for over 50% of all global infections and is the dominant subtype in
southern Africa. In a study carried out by our group, the pTHPcapR plasmid backbone [3] was used to
construct a DNA vaccine containing an HIV-1 subtype C mosaic gag gene, DNA-GagM [19,20].

HEK293T cells transfected with DNA-GagM expressed high levels of Gag (up to 26 ng/mL in
the media). The immune responses to the DNA vaccine were evaluated in mice using homologous
and heterologous prime boosts with MVA vaccine expressing the matching HIV-1 subtype C mosaic
Gag antigen (MVA-GagM). To confirm that the DNA vaccine was immunogenic at a low dose, mice
were vaccinated with 10 μg of the DNA vaccine. Mice vaccinated with two doses of DNA-GagM had
mean cumulative Gag-specific IFN-γ ELISPOT responses of 882 sfu/106 splenocytes (Figure 3). These
responses were higher for CD8+ rather than for CD4+ Gag peptides (604 and 278 sfu/106, respectively).
Mice that received a heterologous prime boost consisting of two doses of DNA-GagM followed by
a single dose of MVA-GagM had mean cumulative Gag-specific IFN-γ ELISPOT responses of 2675
sfu/106, that were evenly balanced for both Gag CD4+ and CD8+ peptides. Both the homologous and
heterologous vaccination regimen elicited a higher proportion of CD8+ T cells expressing cytokines
than CD4+ T cells. All the cytokine-positive CD8+ T cells had an effector–memory phenotype. This
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study confirmed that the pTHPcapR DNA vector backbone containing the porcine circovirus enhancer
elicits high-magnitude, Gag-specific T cell responses in BALB/c mice at a low dose.

Figure 3. DNA vaccine elicits high Gag-specific IFN-γ ELISPOT responses both alone and in a
heterologous prime boost with MVA. (A) Vaccination schedule. DNA-GagM = pTHPcapR containing
mosaic gag; DNAE = pTHPcapR empty vector; MVA-GagM = MVA containing mosaic gag. (B)
Cumulative IFN-γ ELISPOT CD8+ and CD4+ responses of vaccinated mice to HIV-1 Gag peptides. ** p
< 0.01 Student t-test of unpaired data.

4. Testing the Enhanced DNA Vector with HIV-1 Subtype C Env Immunogens

The kinds of immune responses that an effective HIV-1 vaccine would need to elicit include
non-neutralizing antibody responses as well as broadly neutralizing antibody responses, together with
polyfunctional cytotoxic T cell responses to a variety of epitopes from the HIV-1 proteome [21–23].
One of the main targets of recent HIV-1 vaccine candidates is broadly neutralizing antibody (bNAb)
responses: bNAbs that can neutralize diverse primary HIV-1 subtype isolates protect against viral
challenge in nonhuman primates (NHP) with Env-pseudotyped simian–human immunodeficiency
viruses (SHIVs), suggesting that infection in humans could be similarly prevented [24,25]. Ranking of
HIV-1 isolates according to their sensitivities to neutralizing antibodies allows identification of viruses
as Tier 1 (sensitive), Tier 2 (moderately resistant), and Tier 3 (resistant) [26]. The circulating viruses that
vaccines will need to protect against are largely Tier 2 type: Accordingly, HIV vaccines should elicit
responses that neutralize laboratory Tier 2 virus isolates. We showed previously that using a DNA
prime/MVA boost immunization regime in mice with vaccines expressing HIV-1 subtype C mosaic
Gag resulted in strong cellular immune responses directed against Gag [19]. We wished to extend
these results by improving the vaccine regimen to allow the elicitation of Env-specific neutralizing
antibodies in a rabbit model.

The pTHPcapR vector was used to construct a DNA vaccine expressing a HIV-1 envelope (DNA
Env). The envelope sequence (CAP256SU) used in this study was selected as it elicited broadly
neutralizing antibodies (bNAbs) in the patient [27] and was sensitive to several prototype broadly
neutralizing monoclonal antibodies [28]. Several modifications were made to the envelope sequence,
these included replacing the native leader sequence with the tissue plasminogen activator leader

11



Vaccines 2019, 7, 50

sequence, replacing the furin cleavage site with a flexible linker, introducing an I548P mutation
equivalent to the I559P in the SOSIP trimers to improve the trimerization of gp41 [29] and truncating the
sequence from gp160 to gp150 [30]. A second plasmid expressing the soluble envelope protein (gp140)
with the same modifications was also constructed using the pTHPcapR backbone [31]. This plasmid
was used to generate a stable cell line expressing high levels of the soluble HIV-1 envelope protein,
which was subsequently purified and utilized as a protein boost in rabbit immunogenicity studies.
MVA vaccines expressing the matching gp150 Env and Env plus mosaic Gag were also constructed.

Rabbits were inoculated with different combinations of vaccines in different regimens, in order to
ascertain the overall effects on immunogenicity of the Env component. The first test group was injected
with 100 μg of each of DNA Env- and DNA-GagM-encoding plasmids at weeks 0 and 4, boosted with
doses of 108 pfu of rMVA Env + GagM at weeks 8 and 12, and further boosted with gp140Env protein
at weeks 20 and 28 (regime designated as DDMMPP). The other group received 108 pfu of rMVA Env
+ GagM intramuscularly at weeks 0 and 4, followed by three protein boosts at weeks 12, 20, and 28
(MMPPP) (Figure 4).

Figure 4. Rabbits primed with DNA produce higher autologous Tier 2 neutralizing antibodies than
those receiving MVA and protein alone. (A) Longitudinal, Tier 2 neutralizing antibody responses to
autologous CAP256SU pseudovirion from the serum of individual rabbits. (B) Neutralizing antibody
titers at week 30. ** p < 0.01 Mann–Whitney U test, median of N = 5.

Both the DDMMPP and MMPPP vaccination regimens elicited NAbs to the autologous Tier 2
CAP256SU pseudovirion. Moreover, high titers of antibodies that bound to the homologous CAP256
Env and a CAP256 V1V2 loop scaffold were also elicited [30]. It was noticeable that the DDMMPP
regimen elicited higher mean peak titers of Tier 2 NAbs than did the MMPPP regimen: This suggests
that priming with a DNA vaccine (DDMMPP) gives a better, wider anti-Env immune response than
the MMPPP regime (Figure 4). The DDMMPP regimen rabbits also apparently developed a slight
increase in breadth of the response as they had low levels of NAbs to clade A pseudovirus 398F1. Our
findings that DNA primes a good humoral response agree with others: For example, adding DNA-C
priming in the EV01 phase-I trial resulted in increased anti-Env IgG responses (from 27% for attenuated
vaccinia virus strain NYVAC alone to 75% for DNA + NYVAC [32]). Priming with DNA also resulted
in significantly boosted T cell responses.

5. Comparison of DNA Vaccines between Two Initiatives in South Africa

In 2000, a University of Cape Town (UCT)-based consortium headed by Prof. Anna-Lise Williamson
was awarded funds by the South African AIDS Vaccine Initiative (SAAVI) for the development of HIV-1C
vaccines for South Africa. Two vaccines—designated SAAVI DNA-C2 and SAAVI MVA-C—were

12



Vaccines 2019, 7, 50

deemed suitable for human clinical trials [9,10]. The vaccines expressed a HIV-1 subtype C truncated
envelope protein Du151 (gp150) and the polyprotein designated Grttn described above, consisting of
translational fusions of HIV-1 subtype C Gag Du422, and modified reverse transcriptase (RT), Tat-, and
Nef-encoding ORFs. The vector backbone utilized for the DNA vaccines contained the regulatory R
region from the 5′ long terminal repeat (LTR) of human T-cell leukemia virus type 1, which acts as a
transcriptional and post-transcriptional enhancer [33]. Rhesus macaques were inoculated at weeks 0, 4,
and 8 with 4 mg of SAAVI DNA-C2. No HIV-specific ELISPOT responses were detected following the
DNA vaccinations (unpublished data). In a more recent study funded by the South African Medical
Research Council Strategic Health Innovation Partnerships (SHIP), DNA vaccines expressing the SIV
Gag and HIV-1 subtype C truncated envelope ZM109F.PB4 were constructed utilizing the pTHPcapR
vector backbone (unpublished data). Rhesus macaques were inoculated, at weeks 0 and 4 with 1 mg
of the DNA vaccines (four-fold lower dose). Four out of five macaques developed IFN-γ ELISPOT
responses following stimulation with SIV Gag and HIV-1 subtype Env peptides. It should be noted that
the antigens used in the SHIP vaccines have been designed to be more immunogenic than those used
in the SAAVI vaccines and thus the improvement in the immune response cannot be solely attributed
to the increased expression of the Gag and Env due to the inclusion of the porcine circovirus in the
DNA vaccines. However, the SHIP DNA vaccines elicited a HIV-specific T cell response despite being
administered at a four-fold lower dose than the SAAVI DNA-C2 vaccine.

6. Future Possibilities for Enhanced DNA Vaccine or Expression Vectors Based on Circoviruses

Our group has recently published an investigation of the possibility of using circovirus-derived
replication control elements to create replicons, or replicating dsDNA plasmid-like molecules, in
plants and in mammalian cells [34]. This followed our extensive success with use of a plant
ssDNA geminivirus-derived expression vector in plants as an enhanced expression vector [35]:
Geminiviruses are very similar to circoviruses in having small circular ssDNA genomes that replicate
via a Rep-mediated rolling circle mechanism, and very similar sequences for their non-nucleotide
origins of replication (TAATATT/AC vs. TAGTATT/AC). In this study, we used a synthetic, partially
dimeric clone of the genome of beak and feather disease virus (BFDV), a circovirus generically related
to PCV, to investigate cross-potentiation of replication between the plant and animal viruses in plants
and replication of the BFDV genome alone in HEK293TT cells.

Initial experiments where both the geminivirus-derived vector bean yellow dwarf virus
(BeYDV) and BFDV genome were introduced into Nicotiana benthamiana plants via Agrobacterium
tumefaciens-mediated DNA transfer showed that replication of BeYDV facilitated the co-replication of
BFDV, albeit to levels only 100× less than for BeYDV replicons. More importantly, however, transfection
of HEK293TT cells with the BFDV construct resulted in a ten-fold increase in genome copy number
after three days. This was the first time that BFDV genomes had been shown to replicate in any
animal-derived cell culture, in contrast to PCVs which readily infect a variety of cells [36]. Improvement
in replicon copy number could be achieved by expressing BFDV in trans from another co-transfected
vector with a strong promoter: This is not surprising, considering the native rep promoter is quite weak
and is probably not well recognized in mammalian cells, meaning expression in trans could mean a far
higher availability of Rep.

These results open up a number of fascinating possibilities for using BFDV-derived sequences
as replication-competent DNA expression and vaccine vectors, several of which we are currently
investigating (W. de Moor, G. Regnard, A.-L. Williamson, E.P. Rybicki, unpublished results and ongoing
work). There are currently no small DNA virus-derived vectors in use in vaccinology, other than
recombinant adeno-associated viruses (rAAV), and AAV2 has recently been implicated in insertional
mutagenesis in human hepatocellular carcinomas [37]. Papilloma- and polyomaviruses are also known
to be associated with cancers, which may preclude their use as replicating vectors. The essentially
ubiquitous ssDNA torque teno viruses are potentially associated with some human disease conditions,
although causation is not proven [38,39].
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Circoviruses have never been implicated in any human disease: Although PCV-1 and PCV-2 were
famously discovered in live rotavirus vaccines given to millions of children [40], and PCV-1 was shown
to be able to infect a human hepatocellular carcinoma cell line [41], there was no evidence that PCV-1
infected the infants given the contaminated rotavirus vaccine [42]. There have been concerns, however,
over ssDNA viruses of pigs associated with xenotransplantation in humans [43], and swine–human
contacts are frequent and worldwide in agriculture. Thus, use of a circovirus such as BFDV as the source
of elements for a replicating DNA expression vector, when the virus is host-restricted to one type of
birds and has never been associated with human disease, is probably more likely to be regarded as safe.
Our preliminary investigations have revealed considerable promise in this regard; however, these will
be reported elsewhere (W. de Moor, G. Regnard, A.-L. Williamson, E.P. Rybicki, unpublished results).

7. Conclusions

It has been over 25 years since DNA vaccines were first introduced and many advances have been
made in the field. However, despite showing promise in small animals, with some DNA vaccines
being licensed for veterinary use [44,45], no DNA vaccines have been licensed for human use as
immunogenicity is still relatively poor. Thus, a great deal of research has gone into improving the
immunogenicity of DNA vaccines. Some of the strategies that have been shown to be effective are: (i)
RNA optimization to remove mRNA structures that inhibit ribosomal loading and sequences that inhibit
nuclear export of mRNA [46,47]; (ii) codon optimization [46,48,49]; (iii) use of Kozak sequences [50]; (iv)
use of leader sequences to improve stability, translation, and secretion [46]; (v) use of 3′ untranslated
regions (UTR) such as polyadenylation signals and post-transcriptional response elements which are
important for nuclear export, translation, and mRNA stability [51]; (vi) use of different promoters and
enhancers [52–54]; (vii) the inclusion of genes expressing immunomodulatory molecules in the plasmid
vector such as GM-CSF or IL-2 [55,56]; (viii) formulation of DNA vaccines in lipids and polymers [57];
(ix) use of better delivery systems [58–60]; and (x) use of suitable adjuvants [58,59].

In this review, we have only focused on a single method of improving DNA vaccine immunogenicity.
This was the use of a short enhancer sequence derived from the circovirus PCV-1 capsid gene promoter
to increase recombinant antigen expression. This enhancer element led to increased antigen expression
and immunogenicity of HIV-1 subtype C candidate DNA vaccines and allowed for the use of 10-fold
lower doses. The improved performance of the DNA vaccines with these candidates, compared to
non-enhanced vectors that went into human clinical trial, has prompted the inclusion of the enhancer
into all DNA vaccines under investigation in our research group, with excellent results. Future use
of replicating circovirus-derived DNA expression and vaccine vectors may yet open up even more
exciting possibilities.
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Abstract: This review provides a comparison of the theoretical issues and experimental findings for
plasmid DNA and mRNA vaccine technologies. While both have been under development since the
1990s, in recent years, significant excitement has turned to mRNA despite the licensure of several
veterinary DNA vaccines. Both have required efforts to increase their potency either via manipulating
the plasmid DNA and the mRNA directly or through the addition of adjuvants or immunomodulators
as well as delivery systems and formulations. The greater inherent inflammatory nature of the mRNA
vaccines is discussed for both its potential immunological utility for vaccines and for the potential
toxicity. The status of the clinical trials of mRNA vaccines is described along with a comparison to
DNA vaccines, specifically the immunogenicity of both licensed veterinary DNA vaccines and select
DNA vaccine candidates in human clinical trials.
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1. Introduction

Plasmid DNA [1] and now mRNA [2] vaccines have generated significant interest and efforts
because of their potential as platform technologies that could be used for a variety of applications
ranging from prophylaxis to therapy and from personalized medicine to global health solutions.
Both can be quickly made with fairly generic manufacturing processes and can be constructed directly
from the genetic sequence of the desired protein, whether the origin of the protein is human or from
a pathogen. For vaccines, making a gene construct coding for the antigen instead of inactivating or
attenuating the pathogen, or instead of making a recombinant protein, is vastly easier, more rapid, and
avoids potential risks of working with live pathogens. Likewise, the vaccine construct can encode only
the key antigen without including other proteins that may be either deleterious (such as toxins) or that
may be irrelevant for protection yet immunodominant.

The ease and speed of making the constructs also means that these are considered potential
gamechangers for targeting epidemic or emerging diseases where rapidly designing, constructing, and
manufacturing the vaccine are crucial. For cancer, rather than relying on tumor-associated antigens
that are common to many tumors, it would require little more effort to make the vaccines specific for
that individual’s exact tumor antigens, now referred to as personalized vaccines. The concept was
demonstrated pre-clinically in the mid-1990s with DNA vaccines targeting lymphoma, where the
idiotype of a tumor could be rapidly sequenced, and a DNA vaccine made much more quickly than a
recombinant protein version [3,4]. Alternatively, as is being tested now for mRNA [2,5], libraries of
gene-based constructs encoding various antigens could be made. Then, based on a patient’s individual
tumor antigens, a combination of constructs could be easily combined from this pre-made library.

At a time when many scientists are turning from plasmid DNA to explore mRNA technology
while remaining uncertain about when or whether DNA vaccines will be licensed for human diseases, it
is useful to compare the two technologies by analyzing both the theoretical issues and the experimental
data and progress for both.

Vaccines 2019, 7, 37; doi:10.3390/vaccines7020037 www.mdpi.com/journal/vaccines19
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2. Background

In 1990, Felgner and colleagues published, in Science [6], their demonstration that so-called
“naked DNA”, that is, plasmid DNA that was not formulated in transfecting agents, could be directly
injected into muscle with resultant expression of the encoded protein by myocytes. The observation
was important because up until then, significant effort had been devoted to formulations to deliver
DNA in vivo, and many such compounds were used for in vitro transfection. The surprising simplicity
of the approach generated significant interest, and when it was soon shown (in 1993) that plasmid DNA
coding for a conserved internal influenza protein could generate protection in a pre-clinical mouse
model against influenza challenge with a very different influenza strain than the strain from which the
protein antigen was sequenced [7], many groups began developing plasmid DNA for vaccines, cancer
immunotherapies, and immune interventions for autoimmune and allergic diseases.

The same 1990 publication also demonstrated that naked RNA could similarly result in the
in vivo expression of encoded protein. However, more attention focused on utilizing plasmid DNA,
rather than mRNA, likely because of concerns about the instability of mRNA. In 1992, Bloom and
colleagues [8] demonstrated the efficacy of mRNA to express protein in vivo by showing that mRNA
encoding a hormone could correct a disease following direct injection into rat brains. In the same year
(1993) that the first demonstration of the ability of DNA plasmid to protect mice from heterosubtypic
challenge with influenza was published [7], liposome-formulated mRNA was also shown to generate
influenza-specific cytolytic T cells in mice [9] (although protection from infectious challenge, as was
shown for plasmid DNA, was not tested, perhaps explaining part of the difference in excitement about
the technologies). Nevertheless, for both entities, a key issue was how to optimally deliver the DNA
plasmid or the mRNA into the desired cells, either for optimal expression of the desired therapeutic
protein as a drug or for gene therapy (to supply a missing or defective protein), or to generate the
desired immune response against the protein if it were an antigen. For gene therapy, the encoded
protein needs to not stimulate an immune response. For a vaccine, which cell produces the protein
encoded by the mRNA or the plasmid DNA can be a key issue because, although for antibodies [10]
where the protein would likely need to be secreted, for cellular immune responses of the Cytolytic T
Lymphocyte variety [11], the type of cell producing the protein (and hence the cell type transduced by
the plasmid DNA or the mRNA) is relevant, as is discussed later.

Why was there relatively less interest in mRNA compared to plasmid DNA as a platform
technology for over a decade? What led to the recent explosion of interest and progress for mRNA?
The transient nature of messenger RNA, possibly an asset for the process whereby organisms control
the production of desired proteins, is due to RNAses that are widely present [12]. This instability
of mRNA has been a significant reason for the lack of interest in mRNA as a drug. In addition,
RNA has long been known to be an immunologically active molecule. For example, poly (I:C)
(polyinosine-polycytidylic acid) is a synthetic analog of dsRNA (double-stranded RNA) that is an
agonist of TLR3 and has long been used as an immunostimulatory mimic of viral infection and tested as
an adjuvant to increase immune responses for experimental vaccines [13–15]. mRNA has a number of
immunostimulatory mechanisms, which may be useful—or detrimental—for mRNA used for vaccines
or cancer immunotherapeutics (discussed below). However, these properties contributed to the lower
degree of interest in mRNA versus plasmid DNA for gene therapy applications when provision of a
missing or defective protein with no immune responses against either the protein or the vector delivery
system was the goal.

Two developments were important for changing the perception and reality of mRNA. These
were the demonstration by Weissman and Kariko that the use of modified nucleosides made
in vitro-transcribed mRNA less immunogenic [16]. In follow-up work, they showed that using
pseudouridine instead of uridine resulted in mRNA that was more stable and had increased translational
capacity [17]. This use of modified nucleosides thus addressed key issues for mRNA—stability of the
mRNA, increased production of the encoded protein, and some decrease of the innate immunogenicity.
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Additional work explored the use of other nucleosides, such as substituting 5-methylcytidine for
cytidine with further improvement [2,11].

3. mRNA Structure and Implications for Use as a Vaccine

At this stage, it is perhaps useful to review the structure of the mRNA as designed for drug
and vaccine delivery, which incorporates elements to improve both stability and protein expression.
The mRNA comprises a 5′ cap, a 5′ untranslated region (UTR) (also called leader RNA), the coding
sequence with a stop signal, a 3′ UTR, and a poly(A) tail. This molecule provides the template in the
cytoplasm of a cell for translation by the ribosome and tRNA into the encoded protein, making multiple
copies of the protein from each mRNA template. This amplification provides a quantitative advantage
per molecule compared to providing individual proteins. However, offsetting that numeric advantage
is that, in addition to the instability of the mRNA, it is thought that only one out of 10,000 molecules of
mRNA will escape an endosome into the cytoplasm [5]. The amplification by translation of the mRNA
into protein has to overcome the losses and the inefficiencies of degradation and the transduction
process. Another obvious implication for this is that, compared to plasmid DNA, which must enter
the nucleus of a cell, the mRNA only needs to be present in the cytoplasm, which eliminates the
additional cellular (i.e., nuclear) membrane that plasmid DNA needs to cross. On the other hand,
plasmid DNA is more stable than mRNA, and each DNA molecule results in the production of multiple
mRNA molecules, thus the theoretical advantages of one over the other boil down to the realities of
the net stability of plasmid DNA versus mRNA in their final formulation, as well as the efficiencies of
targeting to the desired cell, the transduction to the cytoplasm or nucleus followed by the efficiencies of
transcription of the plasmid DNA (resulting in amplification from DNA to mRNA), and the translation
of mRNA, whether transcribed from DNA or in vitro-transcribed mRNA, to protein (also resulting
in amplification).

Lower quantities of the (antigenic) protein are presumably needed for vaccines (due to amplification
of the immune response against the antigen) compared to amounts of protein that might be needed
for therapeutic disease targets. Additionally, whereas for gene therapy, where long-lasting or even
permanent production of the therapeutic protein is desired, vaccines likely benefit from the transient
nature of the antigen (followed by boosting). This is because, for example, the development of high
affinity antibodies occurs as antigen becomes scarcer. Subsequent boosts with antigen then expand
the production of these high affinity antibodies. The relatively temporary nature and presumably
small amounts of protein produced by mRNA would fit with this paradigm if the mRNA is present in
great enough quantities, persists, and is active long enough to produce sufficient amounts of protein
antigen to stimulate the desired immune responses. DNA vaccines likewise have been demonstrated
to produce the encoded protein for a limited period of time, although this is likely longer than mRNA
constructs given the greater inherent stability of plasmid DNA compared to mRNA. Plasmid DNA has
been shown to persist in muscle up to six months in a non-integrated fashion [18].

As noted above, the ability to make either a plasmid DNA or an mRNA construct quickly by
simply knowing the genetic sequence of a desired antigen makes plasmid DNA or mRNA much faster
technologies (compared to current approaches) to produce a vaccine, if needed, for an epidemic or an
emerging disease. Five characteristics—rapidity of making constructs, relatively temporary presence
in vivo of the encoded protein, amplification by the immune system responding to even small amounts
of expressed protein, the manufacturing advantages (generic and rapid processes compared to drugs
or recombinant proteins), and the intrinsic immunostimulatory properties of both plasmid DNA and
mRNA—combine to make a compelling rationale for vaccines to be viewed as the best initial targets
for widespread development efforts for both technologies.

4. Manufacture

The manufacture of plasmid DNA has been considered to be one of its strengths, making it a
platform technology where the same process could essentially be used regardless of the gene that was
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encoded [19]. Moreover, the process of bacterial fermentation is fairly simple, since the product is a
plasmid grown in bacteria, such as Escherichia coli, and the plasmid DNA is relatively stable, making
purification straightforward. This is in contrast to the time-consuming process of earlier generation
vaccines, which required finding ways to grow the pathogen such as making it weaker or inactivating
it. Historically, the process to develop vaccines, including the manufacturing process, has been long
and could reach up to decades (e.g., the chicken pox vaccine). The advent of recombinant proteins
provided a simpler means of making vaccine antigens, and one that eliminated the need to work with
a virulent pathogen during manufacture. However, this still had drawbacks, such as ensuring that the
antigen had any crucial antigenically correct post-translational modifications (such as glycosylations),
which can differ between host cells (such as yeast or baculovirus compared to humans), that the antigen
was properly folded, and so on. Recombinant proteins generally also need to be soluble, providing a
challenge for proteins with a transmembrane domain that is needed either antigenically or for any
necessary oligomerization [e.g., HIV envelope]. Recombinant proteins administered exogenously (e.g.,
given in an immunization) also have an inherent limitation of not stimulating Major Histocompatibility
Complex (MHC) Class I-restricted Cytolytic T Lymphocytes (CTLs), as is discussed later.

mRNA is made by in vitro transcription starting from a linearized DNA template, performing
in vitro transcription, then getting rid of the template by digestion with DNAses, at which point the
mRNA can be purified. Manufacturing mRNA by in vitro transcription is thus even more appealing
than manufacturing plasmid DNA because while it is also a generic process, (i.e., independent of
the gene insert), it is essentially a chemical process with no animal or cellular components (although
the cost is potentially greater [20]). A graphic detailing the various steps and suggested possible
improved processes can be seen in the reference [21]. The manufacturing process might be guided by
pharmaceutical product Good Manufacturing Practice (GMP) guidelines [22,23] rather than those for
biologicals [24], a likely advantage. Of course, any formulations or the addition of immunomodulators,
adjuvants, or delivery systems may increase the complexity and cost of the manufacture for either
mRNA or plasmid DNA.

5. Stability as a Product

DNA vaccines as a manufactured entity are noted for their stability [25], particularly when
supercoiled. As noted above, this stability is reflected even in vivo, since plasmid has been detected
in a non-integrated form in muscle up to six months following injection [18]. Although the ubiquity
of RNAses with the resulting instability of native mRNA has been a significant reason for the delay
in development of mRNA, the actual manufactured mRNA is stable in liquid or lyophilized form,
(reported to be stable up to two years at room temperature [26]) with an inverse relationship of stability
to temperature. It has been reported that a rabies mRNA vaccine was still effective for pre-clinical
protection after several months at temperatures ranging from −80 ◦C to as high as +70 ◦C [26].
The stability of mRNA as a vialed product (i.e., protected from RNAses) is a separate consideration
from the stability in vivo, and any formulations or delivery devices (which may cause shearing during
delivery) are key factors in the final stability as a delivered product.

6. Cellular Targets for mRNA and Plasmid DNA Vaccine Delivery

For many vaccines, antibodies play a key role in protection. The cell that is transfected by the
plasmid DNA or the mRNA vaccine does not have to be a professional antigen presenting cell (APC)
in order to produce the antigenic protein that stimulates B cells. Cellular immune responses, notably
CTLs, are thought to be important for tumor immunotherapy as well as to potentially play a role in
protection against certain infectious diseases, e.g., tuberculosis (Tb), HIV, and malaria, or for vaccines
effective against multiple strains of a virus, such as influenza, even though CTLs alone would not
provide sterilizing immunity. In order for a vaccine to generate MHC Class I-restricted CTLs, the
antigen either needs to be produced inside a professional APC or by a cell from which antigen can
be cross-presented by an APC to then stimulate CTLs. The most direct way to ensure delivery of the
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gene encoding an antigen to a professional APC is to transfect the cells in vitro prior to administering
the transfected cells back to the patient. Indeed, the largest number of mRNA clinical trials currently
underway, notably for cancer immunotherapy, involve the ex vivo transfection of cells with mRNA
encoding tumor antigens followed by re-infusion of the transfected cells into the patient. Because this
is a more cumbersome process for making a product than having a non-personalized product in a vial,
direct administration of the plasmid DNA or the mRNA to a patient is preferable for convenience, cost,
and time.

Plasmid DNA was shown to be effective for stimulating CTLs that were capable of protecting
mice against influenza caused by a strain different from the strain from which the encoded antigen was
derived [7,27,28]. Because the plasmid DNA, when injected intramuscularly (i.m.), primarily transduced
muscle cells rather than professional Antigen Presenting Cells (APCs), the mechanism whereby MHC
Class I-restricted CTLs were generated needed explaining. It was found that cross-priming appeared
to be a key mechanism for generating CTLs following DNA vaccine immunization, as directly
demonstrated by experiments with chimeric mice using bone-marrow derived dendritic cells [27], and
because muscle cells were the only cells observed to translate the protein encoded by directly-injected
plasmid DNA [6,29]. The efficacy in pre-clinical models raised the hopes that such plasmid DNA-based
CTL-inducing vaccines could be developed that would be protective against multiple strains of HIV or
influenza [7,30] (so as to produce a “universal” flu vaccine). Currently, existing influenza vaccines
depend upon strain-specific antibodies, which result in strain-specific or strain-limited protection.
Similarly, mRNA delivered in liposomes was shown early on to be capable of inducing CTLs [9].
The uptake of the mRNA is also mainly by non-immune cells, including muscle cells [31].

Both plasmid DNA and mRNA are also being developed for indications other than vaccines, such
as for gene therapy. The delivery of plasmid DNA and mRNA to specific tissues or cells may thus
be intentionally directed (in part) by the mode of delivery, the injection route, the formulation, and
so on. Both entities are anionic due to the negative charges of the phosphate groups, and various
formulations have utilized polycations. Thus, the biodistribution of each molecule depends not simply
on the inherent charge and the size of the plasmid or mRNA, but the net charge of all the components
of the formulation and the effect of any lipids.

7. Increasing the Potency of DNA and mRNA Vaccines

For DNA vaccines, despite the ease with which preclinical studies demonstrated efficacy for
a variety of disease models, the potency in humans proved generally disappointing. This led to
a number of approaches to increasing the potency by increasing the amount of protein produced
through redesigns of the plasmid. Additionally, adjuvants and other immunostimulants were included
(such as cytokines and co-stimulatory molecules) either as recombinant proteins or encoded by
plasmid DNA, by various formulations and delivery devices, and by strategies such as prime-boost
combinations (generally using plasmid DNA as a prime followed by a heterologous boost with a
viral vector or protein). The DNA plasmids themselves were optimized by trying different promoters,
adding CpG motifs, (cytosine connected via a phosphodiester bond to guanine-such CpG motifs are
pathogen-associated molecular patterns) (see below), codon optimization, etc. As noted above, the
initial work by Felgner [6] demonstrated that the expression of protein encoded by plasmid DNA was
highest in muscle following intramuscular injection versus expression in other tissues after intravenous
or subcutaneous injection. Likewise, immune responses were highest with direct i.m. syringe injection
of naked plasmid DNA rather than via intravenous (i.v.), intradermal (i.d.), or subcutaneous (s.c.)
injections [7]. Early delivery devices for plasmid DNA included a biolistics gene gun that propelled
DNA-coated gold particles into cells [32]. In addition to simple i.m. injection, approaches now include
pressurized devices (such as the Biojector® or Stratis®), or electroporation, which supplies an electric
current to cause temporary fenestration of membranes to increase the passage of plasmid into the cells
and the nuclei.
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For mRNA, the areas of continued Research and Development (R&D) efforts for improving the
potency of mRNA vaccines are shown in Table 1, which describes efforts similar to those for DNA
vaccines. These focus on augmenting delivery of the mRNA and increasing potency via increased
stability and greater expression of the protein. Alterations of the mRNA itself include changing the
codon usage and the GC (guanine-cytosine) content [5], along with modifications of the other regions,
such as the 5′ cap, the UTRs, and the poly-A tails. A more detailed description of the efforts to
increase the mRNA potency and of delivery formulations that include lipids, nanoparticles, polymers,
polycations, and various proprietary entities are presented and reviewed elsewhere with tabular and
chemical descriptions [2,11,33,34]. Cells generally take up mRNA by endocytosis, thus efforts are also
being made to design delivery systems that increase the endosomal release of the mRNA into the
cytoplasm [35]. Certain formulations, such as delivery of a particular encapsulated lipoplex mRNA
vaccine, were found to specifically be taken up by dendritic cells via micropinocytosis [36]. As with
DNA vaccines, possible immunomodulators added as recombinant proteins or encoded by mRNA are
being evaluated [37]. Various routes of injection of mRNA are being explored, including i.m., i.d., s.c.,
i.v., and intranodal [2], in addition to the ex vivo approach described. Delivery devices such as the
gene gun (where mRNA is put onto gold particles) [38] and electroporation are also being explored.

Table 1. Continued Research and Development (R&D) Focus for mRNA Vaccines.

• Stabilize/protect mRNA
• Target mRNA to desired cells (e.g., professional antigen presenting cells, APCs)
• Increase escape of mRNA from endosome
• Deliver mRNA directly to dendritic cells
• Increase amount of protein translated
• Increase duration of protein production (may not be needed for vaccines versus therapeutic

protein applications)
• Optimize immune responses for the antigen (e.g., type of T helper response, subclass of antibody)
• Decrease or select desired inflammatory effects of mRNA
• Optimize the above for potency, safety, complexity of formulation, cost of manufacture, product stability

Circular RNAs (circRNA) are endogenously expressed and are thought to play roles mainly for
gene regulation, with potential activity as tumor antigens [39]. They can be exogenously constructed
to produce proteins in cells [40]. These engineered circRNA molecules appear to be more stable and to
result in more potent production of protein than linear mRNA. However, the mechanisms for their
effects upon gene regulation and other activities are still being explored [41].

7.1. Self-Amplifying Systems for Both mRNA and DNA Vaccines

Significant efforts have been expended to take advantage of a system employed by certain
viruses, notably alpha viruses, which utilize a strategy of self-amplification of key viral proteins.
Such self-amplifying replicon systems have been developed for viral vectors, plasmid DNA, and now
mRNA [42–45]. These constructs encode viral proteins that result in the transduced cell producing
many copies of mRNA encoding the protein of interest (i.e., the antigen) without making a whole viral
particle. Thus, for a given DNA or mRNA vector, significantly more mRNA encoding the antigen and
hence antigen protein, are made. In pre-clinical models, this has resulted in increased potency for
these vectors on a per molecule of vector basis. The reason for the increased efficacy may be more than
simply the increased amount of antigen produced, as the dsRNA intermediaries result in increased
production of interferon and subsequently other immunologic effects, although the dsRNA can also
have other possibly deleterious effects (see below).
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8. Inflammatory Responses and Toxicities

8.1. Immune Activation

While both DNA and mRNA vaccines are often thought of as simply an expression system for the
desired protein, neither is immunologically inert. Both DNA vectors (which are based on bacterial
plasmids) and in vitro transcribed mRNA activate the innate immune system. DNA plasmids do so
via their CpG motifs, which stimulate TLR9. While CpG was successfully used as an adjuvant [46] for
a recombinant protein-based Hepatitis B vaccine licensed in 2018, the impact on the immunogenicity
of DNA vaccines by increasing the number of CpG motifs in the plasmid has been less clear. In fact, for
certain DNA vaccine efforts, notably those of Steinman’s group, as therapies for autoimmune diseases,
they specifically switched CpG motifs for GpG motifs (guanine connected via a phosphodiester bond to
another guanine; these compete with CpG motifs for binding to TLR9 receptors) in an effort to specifically
decrease the Th1 help for their human clinical studies (see below) [47]. The double-stranded structure
of the DNA plasmid is also thought to be an immune stimulant [48] through non-TLR mechanisms.
In fact, plasmid DNA also acts on the TBK1-STING pathway through cytosolic receptors [49,50].
This results in the generation of Type 1 interferons, which then act as adjuvants for the generation of
immune responses against the antigen(s) encoded by the plasmid DNA vaccine.

As noted above, the use of modified nucleosides for the construction of mRNA is one method of
decreasing the reactogenicity of the in vitro transcribed mRNA. However, mRNA acts via multiple
pathways, including the innate system (via TLR3, TLR 7, and TLR8) and via cytoplasmic proteins (PKR,
OAS, RIG-I, and MDA5) [11,51]. The multiple routes of activation result in several effects in addition to
inflammation and include inhibition of mRNA replication (both via TLR7 through an MYD88 pathway
affecting interferon, and via TLR3 through TRIF), stalled translation, and RNA degradation [5]. Some of
these various activities could decrease the potency of the mRNA by a net decreased protein production,
as was seen pre-clinically for an HIV mRNA vaccine complexed in cationic lipids [52]. This also raises
the issue of how effective repeat dosing of mRNA will be if previous injections result in an environment
with decreased translation or increased RNA degradation, although simply changing an injection site
may potentially circumvent this particular issue.

Other molecular entities that are introduced or generated during the manufacture of the
in vitro-transcribed mRNA and then remain (left-over contaminating nucleoside triphosphates, DNA
templates, and dsRNA) are also quite immunostimulatory and therefore need to be purified following
production of the mRNA [53].

The potential issues due to the various inflammatory effects of mRNA vaccines upon clinical
efficacy and safety are summarized in Table 2 and are discussed below. The possible utility of
RNA-induced inflammation for vaccines is demonstrated by the fact that one of the first uses of RNA
for vaccines was to include non-coding RNA in human clinical trials as an adjuvant for a rabies vaccine
(composed of an inactivated virus) [54], although this effort has been replaced by a rabies vaccine
that utilizes mRNA that itself encodes the rabies antigen [55], as is discussed below. The continued
evaluation of non-coding RNA as an adjuvant is ongoing in clinical testing for various cancers without
the provision of an antigen (see below).
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Table 2. Issues to be addressed for clinical efficacy and safety of mRNA related to inflammation.

• Potency: Impact of mRNA innate immune responses (e.g., induction of interferon alpha which
slows translation)

• Potency: Impact of other drugs (antibiotics and anti-cancer drugs) on mRNA metabolism and extent of
translation into proteins.

• Potential toxicity of mRNA due to inherent mRNA inflammatory activity, use of unnatural modified
nucleoside, and the formulations;

• Several pathways of RNA-induced inflammation: TLR 3, 7, 8, plus cytoplasmic pathways
• Known toxicities of drugs containing unnatural modified nucleosides
• Potential mitigation or enhancement due to formulation of the mRNA

• Formulation itself also apparently can affect immune activation and types of immunity (see below,
Crigler-Najjar discussion)

• Will anti-self RNA antibodies be generated and play any role in autoimmune diseases?
• Design of clinical trials to detect inflammation/toxicity due to mRNA

8.2. Toxicities of mRNA

The flip side of the possibly beneficial adjuvant inflammation, however, is potential toxicity of
the mRNA vaccines. Toxicities are seen with antivirals and anti-cancer drugs that contain unnatural
nucleoside analogues [56–58]. Such toxicities, not predicted by pre-clinical studies due to species
differences between humans and the animals used for pre-clinical safety testing, have been seen
with drugs that contain unnatural modified nucleosides. The clinical adverse effects have included
myopathy (caused by mitochondrial toxicity), lactic acidosis, pancreatitis, lipodystrophy, liver steatosis,
and nerve damage; certain ones have been fatal.

Indeed, some toxicity has been reported for mRNA pre-clinically along with limited human
adverse events. Liver toxicity was observed in pre-clinical studies with one potential mRNA therapeutic
delivered in lipid nanoparticles for Crigler-Najjar syndrome, selected as a “lowest-hanging fruit” target
because very low doses of protein were needed. These were serious enough to apparently halt the
work with this particular entity, or at least that formulation [59]. The formulation of the mRNA was
thought to potentially play a role in the toxicity [60], and repeat doses were used. Nevertheless, this
observed toxicity may be concerning for vaccines as well, since even live replicating viruses and viral
vector vaccines (which generally are more immunogenic than subunit vaccines) need repeat dosing.
In addition, most of the mRNA vaccines in clinical trials appear to need formulation. The mRNA
vaccines in clinical trials against infectious diseases from this same company are described as formulated
in lipid nanoparticles, but whether they are the same formulations as those used for the Crigler-Najjar
study is not publicly known.

Self-limited local and systemic adverse events (AEs) seen in a human clinical trial for an mRNA
rabies vaccine, although summarized as still indicating the vaccine was generally safe (described below
in the clinical trials section), may also reflect the inflammatory nature of the mRNA [55]. These results
highlight the potential toxicity downside of the inflammatory activity of mRNA vaccines, adverse effects
not seen to this extent with plasmid DNA. Also note that, for providing monoclonal antibodies [61]
(whether for preventing or for treating infectious diseases for other therapeutic applications), this
would likely require repeat administration of mRNA, which might not only increase the potential for
toxicities, but may also have an impact upon potency due to effects of the mRNA upon decreasing
translation, etc., via the other inflammatory effects.

Thus, it may still be a work in progress to find the best balance of inflammation and any deleterious
toxicities via harnessing adjuvant activities of mRNA while limiting or suppressing inherent toxicities
for vaccines and immunotherapeutics. This will involve optimizing nucleoside substitutions, the
design of other elements of the mRNA construct, any included immunostimulants, and/or specific
formulations, delivery devices, and routes of administration. The mechanisms of mRNA inflammation
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that are relevant to their potential efficacy and safety as vaccines are also reviewed elsewhere [34],
where they are aptly referred to as the “yin and yang of innate immunity”.

9. Other Potential Safety Issues

When DNA vaccines initially entered into human clinical trials, concern was raised about the
theoretical possibility of them causing autoimmunity or that the DNA would integrate into the genome.
The rationale for concerns about autoimmunity was that anti-DNA antibodies are a hallmark of various
autoimmune diseases. To date, both pre-clinical testing and careful clinical monitoring have shown
DNA vaccines to not induce or to worsen auto-immunity, and in fact, human clinical trials employing
DNA vaccines for therapy of two autoimmune diseases (diabetes mellitus and multiple sclerosis)
gave encouraging results in human clinical trials for a therapeutic benefit of the DNA vaccines [47,62].
For mRNA, a proposed mechanism for possible autoimmune responses is via the induction of type
I interferon [63], which may result in both inflammation and possibly autoimmune responses [64].
This includes work showing that the responses seen in mice were similar to those seen in humans
for an influenza mRNA vaccine construct via TLR7 and TLR8 in humans and via cytoplasmic RNA
sensors in both mice and humans [65].

DNA vaccines did not need to be evaluated by the US National Institutes of Health (NIH)
Recombinant Advisory Committee prior to human clinical trials, unlike viral vectors for gene therapy.
Nevertheless, significant safety studies were initially required to evaluate the possibility of integration
of the plasmid DNA into the host genome. As a result of these studies for both human vaccines [18,66]
and for the licensed DNA vaccines for fish [67], as well as the many human studies with DNA vaccines
that have demonstrated safety, little concern now exists regarding integration. Comparisons have
stated that mRNA offers an advantage because RNA itself cannot integrate into genomic DNA without
the presence of the viral elements in a retrovirus that enable such integration (reverse transcriptase
and integrase). However, HERVs [68] (human endogenous retroviruses) whose remnants are now
permanent parts of human genomes as retrovirus-like sequences comprise up to 8% of the human
genome. In addition, some recipients of mRNA drugs or vaccines may be already infected with a
retrovirus (e.g., HIV), thus providing a theoretical means for provision of the proteins needed for
integration [69,70]. Nevertheless, the risk of integration remains, at this point, extremely unlikely for
mRNA, even from a theoretical standpoint, nor is it any longer a significant concern for plasmid DNA.
This means that mRNA does not offer any clear advantage compared to plasmid DNA in this regard.
From a regulatory perspective, mRNA prophylactic vaccines appear to not be considered gene therapy
products [71], similar to DNA vaccines before them.

10. Clinical Trials

10.1. DNA

10.1.1. Licensed Veterinary DNA Vaccines

Five plasmid DNA products (four of them vaccines) have received licensure for veterinary
applications. These include a fish vaccine for infectious hematopoietic necrosis virus licensed in 2005,
and a vaccine against salmon pancreas disease licensed in 2016 [72]. A dog cancer immunotherapeutic
vaccine for melanoma was licensed originally based upon comparison with historic controls in the US
in 2010. After submission to the European Medicines Agency, the application was withdrawn in 2014
by the company, stating that their priorities had changed such that they did not justify the investment
in research and development to answer the remaining questions [73]. A vaccine for West Nile virus
(WNV) prevention in horses was licensed in 2005 [74], although it is no longer used in favor of the
previously licensed killed virus vaccine for unpublished reasons. Yet, a promising observation was
that the equine WNV DNA vaccine was able to protect various species of birds from WNV [75–78],
including the California condor, and has been credited by U.S. Center for Disease Control (CDC)

27



Vaccines 2019, 7, 37

scientists with saving this endangered species from potential extinction [79]. A fifth plasmid DNA
product was licensed in 2008 for veterinary use; this plasmid encodes growth hormone releasing
hormone (GHRH) and is given via electroporation to pregnant sows, resulting in litters with an
increased number of surviving piglets and of higher birthweights [80,81].

10.1.2. Significance of Licensed Veterinary DNA Vaccines for Human DNA Vaccines

The licensure and the immunogenicity of the equine WNV vaccine are significant for human DNA
vaccine efforts. The first reason is that scientists have often stated that DNA vaccines are not very
good at inducing antibodies, yet this DNA vaccine induced neutralizing antibodies of sufficient titer
for protection and licensure in horses. Also significant is that these antibodies were made in horses.
Frequently, the lack of potency of DNA vaccines in human trials was considered to reflect the size of
humans compared to the usual small pre-clinical animal models.

10.1.3. Select Human DNA Vaccine Clinical Trials Results

In related observations to the equine WNV DNA vaccine, in a human clinical trial of a WNV
DNA vaccine in humans, all subjects generated titers of antibodies that were considered protective in
the horses [82]. In a subsequent study using a construct with a stronger promoter, older adults (who
generally are considered to have senescent immune systems and respond to licensed vaccines such
as the influenza vaccine more poorly than younger persons) had neutralizing antibody responses as
good as the younger adults [83]. In a clinical trial of a DNA vaccine for Ebola and Marburg viruses, the
individuals likewise generated antibodies that were boostable [84]. These observations demonstrate
that DNA vaccines are capable of inducing antibodies in humans of relevant titers, suggesting that it is
not a limitation of the technology per se to generate effective antibodies, but rather the target and the
optimized constructs are key elements (much as finding the right target for monoclonal antibodies
(MAbs) was needed for MAbs to become such effective anti-cancer agents). Also of note is that the first
two Zika vaccines brought to human clinical trial were DNA vaccines [85]. This underscores the point
made earlier about how the ease of making both DNA and mRNA vaccines is considered a tremendous
advantage for rapid responses to emergent or epidemic diseases.

10.1.4. Additional Categories of Disease Targets for DNA Vaccines and Methods to Increase Efficacy

In addition to the various diseases for which DNA vaccines used alone have resulted in promising
human clinical immune responses, in a variety of clinical trials for several other diseases, such as HIV,
plasmid DNA as a prime followed by a heterologous boost has resulted in significant potency for the
generation of immune responses, including CTLs. Additionally, as mentioned above, phase II studies
for the treatment of two autoimmune diseases, diabetes and multiple sclerosis, yielded encouraging
clinical responses, which may mechanistically be due in part to the design of the vectors to avoid the
Th1 cell responses that generally are seen with the plasmids utilized for other diseases [47]. Moreover,
clinical trials of DNA vaccines for cancer therapy utilizing electroporation have provided encouraging
results, including for CIN3 (cervical carcinoma in situ 3) [86] and CIN2/3 [87] as well as for head and
neck cancer [88], which are all related to human papillomavirus (HPV) infection. Other clinical trials
of DNA vaccines for cancer have included using DNA that encoded fusion proteins including a tumor
CTL epitope(s) and a T helper stimulator(s) [89–91]. Therefore, even though no human DNA vaccines
have been licensed, the existing data have provided evidence for immunogenicity and early stage
evidence of clinical effect in humans for certain antigens/diseases as well as efficacy in animals ranging
from fish to horses. The remainder of this special issue deals with these efforts and ongoing clinical
trials, thus they are not elaborated upon here.
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10.2. RNA

10.2.1. Prophylactic mRNA Vaccines for Infectious Diseases

Prophylactic vaccine human trials for infectious diseases utilizing mRNA encoding the antigen(s)
are shown in Table 3. These are all Phase I trials. Any known formulations are listed, as are any
described results and references, along with the clinical trials identifier numbers. The rabies vaccine
effort utilizing a licensed vaccine with RNA as the adjuvant (discussed above, and listed in Table 4)
was replaced by a vaccine using mRNA encoding the rabies virus glycoprotein. Following either i.d. or
i.m. injection of this rabies mRNA vaccine, boostable antibodies were obtained. However, 78% of each
group had “solicited systemic adverse events” including ten patients (~10% of all injected patients)
with grade three (i.e., serious but not life-threatening) adverse events, although the conclusion was
that the vaccine was “generally safe with a reasonable tolerability profile” [55]. A second construct for
rabies is now in clinical testing.

As noted earlier, one company initially highlighted a focus on therapeutic disease areas but
reprioritized vaccines, possibly due to the recognition of the low amount of antigen actually produced
by the mRNA coupled with the low amounts of protein needed for vaccines because of the amplification
by the immune system, possibly as a response to emerging diseases such as the Zika epidemic, and
possibly influenced by the liver toxicity seen in their pre-clinical studies [59] for delivering even the
low amounts of mRNA needed for the disease (Crigler-Najjar, see above). Lipid nanoparticles are
also used for that company’s vaccine formulations, although it is not known how these relate to the
formulation used for Crigler-Najjar (the company has published relatively little in the peer-reviewed
scientific literature related to their clinical trials). References, when available, are provided within the
table, although in some cases, the assumption is made that the pre-clinical construct in the reference is
the same construct (antigen) as the one in the clinical trial.

10.2.2. Additional Clinical Trials of RNA

Table 4 lists clinical trials of mRNA for additional applications. Data are taken from clinicaltrials.gov
in addition to the citations listed. Table 4 excludes studies that employ cells transfected ex vivo prior to
re-administration to patients and excludes those that supply mRNA encoding immunomodulators
without a specific antigen also being provided.

RNA as an Adjuvant

Trials utilizing non-coding RNA as an adjuvant are listed. These studies include using non-coding
RNA as an adjuvant for a licensed rabies vaccine resulting in improved immunogenicity with mainly
mild AEs, but with two of the 14 patients having severe but limited influenza-like symptoms [54].
Studies are ongoing for using this non-coding RNA adjuvant for cancer applications (not using any
co-administered mRNA-encoded antigen).

Immunotherapeutic Vaccine

mRNA as a therapy for HIV infection was tested in two clinical trials where it was administered
intranodally. Although immunogenicity in the Phase I trial appeared promising [92], the second,
a phase 2 trial, was terminated after the interim analysis due to lack of immunogenicity above that
seen with the placebo.

Immunoprophylaxis via Provision of mRNA Encoding a Monoclonal Antibody

One company recently announced in a press release [93] (no citations found on PubMed for the
entity) that a clinical trial has been initiated with mRNA encoding a monoclonal antibody for use in
prevention of Chikungunya virus infection.
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Table 4. Clinical Phase I and II trials of mRNA excluding prophylactic infectious diseases (see Table 3)
and ex vivo-transduced cells. Information is taken from https://clinicaltrials.gov.

RNA-based Adjuvant: long-chain non-coding RNA complexed with a short cationic peptide (ssRNA adjuvant);
no mRNA-encoded antigen

• Rabies: Phase 1, Completed, ssRNA adjuvant plus licensed rabies vaccine; NCT02238756 [54]
• Melanoma, squamous cell carcinoma of the skin, squamous cell carcinoma of the head and neck, or

adenoid cystic carcinoma: Phase 1, Recruiting, ssRNA adjuvant plus anti-PD-1 therapy; NCT03291002
• Hepatocellular carcinoma (HCC): Phase 1/2, Recruiting, ssRNA adjuvant plus multi-peptide-based HCC

vaccine; NCT03203005

Therapeutic mRNA Vaccines for Infectious Disease Targets

• HIV-therapeutic:

a. Phase 1, Completed; NCT02413645 [92]
b. Phase 2, Terminated due to no immunogenicity above placebo at interim analysis; NCT02888756

mRNA Monoclonal Antibody Prophylaxis for Infectious Disease Targets

• Chikungunya: Monoclonal antibody prophylaxis, Phase 1, Recruiting; NCT03829384

mRNA Vaccines for Cancer (excluding studies where cells are transfected ex vivo, and excluding when no
antigen-encoding mRNA is given); multiple groups/companies are sponsors

• Prostate [98,99]: multiple
• Solid tumors: including personalized tumor-associated antigens
• Melanoma and epithelial tumors: multiple trials, personalized, tumor-derived antigens
• Gastronintestinal cancers
• Non-small cell lung cancer
• Breast cancer
• Various personalized tumor vaccines

Cancer

For cancer therapy, four completed studies (two each per different mRNA constructs) have been
terminated or completed for prostate cancer. Those failed to demonstrate efficacy [98,99], but new
trials, including those for other cancers, have been initiated by a variety of groups with various
mRNA constructs. Another approach being developed is steering towards personalized cancer
immunotherapeutic vaccine products via a library of mRNAs coding for different antigens that can be
combined to be personalized for an individual.

As mentioned earlier, a much larger number of trials for cancer utilize mRNA for ex vivo
transfection of dendritic cells that are then re-infused into the patient. These are reviewed
elsewhere [2,11].

11. Summary and Conclusions

In summary, despite all the excitement over pre-clinical efficacy of mRNA, it should be remembered
that in many ways, the mRNA field is recapitulating what occurred with plasmid DNA 20+ years ago,
when seemingly almost any disease could be prevented or treated in pre-clinical animal disease models
with the administration of an unformulated plasmid encoding a key antigen [1]. Therefore, one must
keep in mind that pre-clinical immunogenicity or even protection/therapy, and human immunogenicity
are low hurdles and are not predictive of human efficacy. One reason this is so challenging is that, for
many of the diseases under evaluation, scientists do not know which immune response or combination
of immune responses and which antigen targets are the crucial elements for efficacy; the vaccine
technology alone is not the only piece of the puzzle. Table 5 summarizes the main advantages and
disadvantages of mRNA vaccines with a comparison to DNA vaccines.
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Table 5. Advantages and Disadvantages of mRNA Vaccines (and comparison to DNA vaccines).

Advantages:

1) Rapid vaccine construction (as with DNA vaccines)
2) Generic manufacturing process (as with DNA vaccines)
3) Manufacturing does not require cells or animal substrates (an advantage from a regulatory perspective

compared to DNA vaccines)
4) mRNA does not need to enter the nucleus (an advantage compared to DNA vaccines)
5) Amplification—number of protein antigen molecules produced per molecule of mRNA delivered,

compared to no expansion of antigen for traditional antigens (proteins, inactivated virus particles),
however, less amplification per molecule of plasmid DNA in the nucleus and likely less amplification
than live virus vaccines)

6) Immunostimulatory effects may benefit desired vaccine responses (plasmid DNA also has
immunostimulatory effects, but fewer and better defined)

7) Theoretically should not integrate if no endogenous retroviruses or retroviruses due to infection are
present. (DNA vaccines have been extensively studied pre-clinically and clinically, easing regulatory
concerns about integration for DNA vaccines.)

Disadvantages:

1) Amplification to protein antigen per molecule of mRNA is less than that per molecule of plasmid DNA
(although the entry into the cytosol is one membrane fewer than needs to be traversed for plasmid DNA)

2) mRNA needs to escape the endosome (but does not need entry into the nucleus, whereas plasmid
DNA does)

3) Immunostimulatory effects may decrease potency via multiple pathways:

a. Decreased stability of mRNA
b. Decreased translation into protein
c. Effects upon desired type of immunity

4) Formulation may still be needed (this observation is based upon the use of formulations by the majority
of mRNA entities in clinical trials)

a. Finding the optimal delivery formulation/device for humans may be challenging given the
unknown predictability of animal models (as with DNA vaccines, although DNA vaccines are
much further advanced in clinical trials with different formulations and delivery devices for a
number of different diseases)

5) Known toxicity of RNA-based drugs using unnatural modified nucleoside analogues; will this occur
with mRNA vaccines?

6) In vitro-transcribed mRNA vaccines may be expensive based on current processes
7) Concomitant administration of other drugs may impact mRNA metabolism and thus may decrease

potency of mRNA vaccine

Reported Phase I clinical trial results for mRNA vaccines are encouraging, although only the
results of the first rabies mRNA vaccine have been published in the peer reviewed literature. The results
for the human Metapneumovirus + Parainfluenza virus 3, and the Respiratory syncytial virus (RSV)
phase I studies were announced via press release, thus details are not available. The target for the RSV
vaccine mRNA was not publicly disclosed at the time the Phase I study was initiated, and to this date,
the study appears to not be listed on clinicaltrials.gov. Whether the immune responses are at sufficient
levels or have the types of needed immune responses and the necessary duration to result in protective
efficacy is unknown and is not necessarily predicted by the Phase I studies.

One should also not ignore the reported toxicities seen with the rabies mRNA vaccine [55] that
included limited systemic AEs for the majority of patients (78%) and even grade three AEs in ~10%
of patients following doses of 80–400 μg mRNA via different routes, although the conclusions were
that the vaccine was generally safe. It is not known whether the pre-clinical hepatic toxicity that
proved to be a “no go” result for a particular Crigler-Najjar mRNA candidate is relevant to the mRNA
vaccine studies from the same company, because, despite the low doses used, the doses and mRNA
formulation for vaccine studies may be different. This is in comparison to DNA vaccine clinical trials
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where 4 mg doses of DNA i.m. with boosts have been used in a variety of clinical trials with limited
systemic symptoms [83–85] while generating good immune responses.

Just as DNA vaccines, after more than 25 years since the first publication of preclinical protective
efficacy, are still a work in progress in improving potency and finding the right antigens and targets,
there remain challenges for mRNA to become clinical products. For both DNA and mRNA vaccines
(and monoclonal antibodies and bi-specific antibodies before them), a simple concept may have a
challenging path to reality, and the technology may not be totally generic. mRNA may be even more
complex than plasmid DNA because of the modifications (modified nucleosides) plus the formulations
needed for stability, delivery, and the need to control the innate immunostimulatory activity of the
mRNA. However, it also offers advantages in terms of manufacture that avoids the need for any animal
or cellular products. The hope is that once the fundamental key challenges are solved for both plasmid
DNA and mRNA, the clinical successes will come rapidly, although that has not occurred for moving
from the veterinary licensed products for DNA vaccines into humans, demonstrating how much still
needs to be understood, not just about the technologies but about the diseases that are being treated
or prevented.
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Abstract: Infectious diseases are linked to 15%–20% of cancers worldwide. Among them, Epstein–Barr
virus (EBV) is an oncogenic herpesvirus that chronically infects over 90% of the adult population,
with over 200,000 cases of cancer and 150,000 cancer-related deaths attributed to it yearly. Acute EBV
infection can present as infectious mononucleosis, and lead to the future onset of multiple cancers,
including Burkitt lymphoma, Hodgkin lymphoma, nasopharyngeal carcinoma, and gastric carcinoma.
Many of these cancers express latent viral genes, including Epstein–Barr virus nuclear antigen 1
(EBNA1) and latent membrane proteins 1 and 2 (LMP1 and LMP2). Previous attempts to create
potent immunogens against EBV have been reported but generated mixed success. We designed
novel Synthetic Consensus (SynCon) DNA vaccines against EBNA1, LMP1 and LMP2 to improve on
the immune potency targeting important antigens expressed in latently infected cells. These EBV
tumor antigens are hypothesized to be useful targets for potential immunotherapy of EBV-driven
cancers. We optimized the genetic sequences for these three antigens, studied them for expression,
and examined their immune profiles in vivo. We observed that these immunogens generated unique
profiles based on which antigen was delivered as the vaccine target. EBNA1vax and LMP2Avax
generated the most robust T cell immunity. Interestingly, LMP1vax was a very weak immunogen,
generating very low levels of CD8 T cell immunity both as a standalone vaccine and as part of a
trivalent vaccine cocktail. LMP2Avax was able to drive immunity that impacted EBV-antigen-positive
tumor growth. These studies suggest that engineered EBV latent protein vaccines deserve additional
study as potential agents for immunotherapy of EBV-driven cancers.

Keywords: Epstein-Barr virus; DNA vaccines; latent proteins; LMP2; EBNA1; LMP1

1. Introduction

Epstein–Barr virus (EBV) is a large double-stranded DNA gammaherpesvirus with about 170
kilobases in its genome, encoding over 100 open reading frames (ORFs). EBV accounts for about 1% of
all cancer cases worldwide. This complex virus is ubiquitous in the human population, establishing a
lifelong latent infection in 90% of people by adulthood [1,2]. The viral strains can be divided into two
subgroups, type 1 and type 2, which are broadly similar and designated by differences in their nuclear
antigens [3,4]. Primary infection is either asymptomatic, experienced as a non-specific infection, or the
cause of infectious mononucleosis, with the latter more likely if exposure occurs during adolescence or
later [5]. EBV targets human B cells after being transmitted through the oral epithelium via the saliva
of an infected individual, establishing latency and allowing the viral genome to persist.

EBV is linked to the development of several human cancers. It was first identified in a Burkitt
lymphoma sample [6], and is now known to be a cause of Hodgkin’s lymphoma [7], nasopharyngeal
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carcinoma [8,9], and gastric carcinoma [10]. EBV infection is also linked to autoimmune disorders, such
as multiple sclerosis [11] and systemic lupus erythematosus [12], which are likely tied to EBV-driven
immune dysregulation [13]. The cancers associated with EBV are linked to their expression of EBV
oncogenes, including Epstein–Barr virus nuclear antigen 1 (EBNA1) and latent membrane proteins 1
and 2 (LMP1 and LMP2) [14]. The latent viral oncoproteins of EBV are important cancer drivers and
are implicated in directly contributing to EBV-associated malignancies [15–17].

EBNA1 is important in maintaining the viral genome and is required for EBV latency and
associated transformation. LMP1 and LMP2 were discovered to colocalize in the membranes of
latently infected lymphocytes [18], and these oncoproteins contribute to cancer progression via diverse
signaling pathways [19]. LMP1 interacts with tumor necrosis factor receptor (TNFR)-associated
factors (TRAFS) to drive nuclear factor-κB (NF-κB), mitogen-activated protein kinase (MAPK), and
phosphatidylinositol 3-kinase (PI3K) pathways [20]. LMP2 mimics the B cell receptor, sending survival
signals to B cells without the need for antigen stimulation [21]. The LMP2 gene produces LMP2A and
LMP2B, of which LMP2A has an additional 119 amino acids at the N-terminus.

There are no approved vaccines available to prevent initial infection by EBV, and clinical trials of
EBV vaccine candidates have had limited success. The target that progressed furthest along in the
clinic was a recombinant subunit gp350 prophylactic vaccine adjuvanted with aluminum hydroxide
and 3-O-desacyl-4′-monophosphoryl lipid A (AS04) which was tested in a phase 2 trial. The study
reported that it statistically decreased the incidence of infectious mononucleosis, but this vaccine
did not reduce infections by the virus, despite generating high-titer antibody responses in vaccine
recipients [22]. Future vaccines against EBV can further explore the numerous other glycoproteins
involved in EBV entry and the latent proteins essential for maintaining the virus [23].

EBV is a viable target for therapeutic approaches to treating cancer. Cellular immune responses
are particularly important in targeting malignant cells, and they have been exploited in specific cancer
immunotherapies [24,25]. It would be a major advantage for such approaches if they would drive both
CD4 T cell responses and induce functional CD8 T cell responses that could clear EBV-infected targets.
Prior vaccine approaches particularly lacked potent induction of CD8 cellular immunity.

Newer Synthetic Consensus (SynCon) DNA vaccines, combined with adaptive electroporation
(EP), have demonstrated safety, as well as the potent induction of antibodies, T helper responses, and
CD8 effector T cells, in multiple clinical trials. Clinical efficacy has been reported in the context of
immunotherapy for human papillomavirus (HPV)-driven neoplasia, and clinical regressions with
clearance have been described in early studies that use a combination approach involving engineered
HPV nuclear gene targets and checkpoint inhibitor therapy with PD-1. Specifically, a therapeutic DNA
vaccine targeting HPV E6/E7 antigens from the HPV 16 and 18 strains has shown a positive impact in
patients when this vaccine was delivered by Cellectra adaptive EP in a phase 2b trial for the treatment
of cervical intraepithelial neoplasia [26]. Importantly, this vaccine induced potent CD8 T cells that
infiltrated the tumor and caused the lesions to regress, resulting in both histopathological regression
and viral clearance in 40% of treated patients. Similar data has been reported impacting HPV-driven
head and neck cancers in a preliminary report [27], where a similar genetically-adjuvanted HPV DNA
vaccine has been shown to drive an increase in intratumoral T cell infiltration by CD8 cells, as well
as result in complete clinical regression in metastatic head and neck cancer when the vaccine was
followed by PD-1 immunotherapy (this outcome was observed in 2/4 patients).

These data support the importance of the synthetic DNA approach for the treatment of
virally-driven cancers which rely on viral oncogenes for continued disease. This is the situation
for EBV-driven cancer as well. Here we report on studies investigating the generation of a multiantigen
immunotherapeutic vaccine for EBV infection. We focused on developing a vaccine cocktail consisting of
the episome-maintaining EBNA1 antigen combined with the two important latency-related membrane
antigens for EBV, LMP1 and LMP2. We report the immune potency and early impact of the combined
immune responses to these constructs.
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DNA vaccines have previously reported interesting responses against LMP1 [28] and LMP2 [29] in
mouse models. This study furthers this research by exploring the immune responses to a combination
of EBV latent proteins using newly designed synthetic DNA-encoded antigens studied in the context of
facilitated in vivo local delivery. The results show potent and consistent induction of T cell immunity
in targeted mouse models with an impact on antigen-positive tumor growth, suggesting further study
of this approach for EBV immunotherapy is important.

2. Materials and Methods

2.1. DNA Vaccines

Latent protein vaccine consensus sequences for EBNA1vax, LMP1vax, and LMP2Avax were
produced from sequences obtained from strains AG876, B95-8, and GD1. Codons corresponding
to residues associated with cell signaling were modified. Repetitive sequences were deleted
from the EBNA1vax consensus sequence to avoid their inhibition of translation and MHC class
I presentation [30–32], and alanine mutations were made, affecting binding to USP7 [33]. Similarly,
mutations were made to functional domains of LMP1vax and LMP2Avax to avoid signaling through
potentially oncogenic pathways [34–39]. The sequences were codon optimized using SynCon technology
and prepared for vaccination studies within modified pVAX1 plasmids, as previously described [40].

2.2. Western Blots

Proteins were extracted, denatured, and immunoblotted as previously described [41]. Detection
antibodies used were anti-LMP2A clone 15F9 (Biorad, Hercules, CA, USA), anti-LMP1 clone CS 1-4
(Abcam, Cambridge, UK) and a polyclonal anti-EBNA1 antibody (Invitrogen, Carlsbad, CA, USA).
Secondary anti-rat, -mouse, and -goat antibodies conjugated to horseradish peroxidase were used for
visualization. Anti-β-actin (a5441, Sigma-Aldrich, St. Louis, MO, USA) was used as a loading control.
Images were captured using an ImageQuantLAS 4000 (GE Healthcare Life Sciences, Marlborough,
MA, USA).

2.3. Immunofluorescence

Cover slides coated in poly-L-lysine had 293T cells grow on them in 12-well plates and they were
transfected with pVAX empty vector, EBNA1vax, LMP1vax, or LMP2Avax DNA vaccine plasmids
using Lipofectamine 2000 per the manufacturer’s protocol (Invitrogen, Carlsbad, CA, USA). After
incubating for two days, the cells were washed with phosphate-buffered saline (PBS), fixed with
4% paraformaldehyde, and permeabilized using Triton X-100 in PBS, as previously described [42].
Commercial antibodies to EBNA1, LMP1, and LMP2A were used for primary staining as above and
Invitrogen anti-mouse, anti-rat, and anti-goat secondary antibodies conjugated to AF488, AF647, and
APC were used. Slides were imaged using a Leica TCS SP5 Confocal Laser Scanning Microscope and
analyzed with Leica LAS AF software (Leica Microsystems, Wetzlar, Germany).

2.4. ELISPOT

Mouse splenocytes were incubated for 24 hours with peptide pools composed of 15mers
overlapping by 11 amino acids and covering the full EBNA1, LMP1, and LMP2A proteins (PepTivator
EBV, Miltenyi Biotec, Bergisch Gladbach, Germany). Peptides were resuspended at 5 μg/mL during
stimulation. IFNγ ELISPOT was performed according to the manufacturer’s instructions. Spots were
counted using a Cellular Technology Limited ImmunoSpot Analyzer, as previously described [43].

2.5. Flow Cytometry

Two million splenocytes were cultured for 5–6 hours with the peptide pools used above, as
previously described [44], and with eBioscience protein transport inhibitor cocktail (Invitrogen). Surface
(for CD4 and CD8) and intracellular (for remaining markers) staining followed. Biolegend anti-mouse

41



Vaccines 2019, 7, 44

antibodies conjugated to fluorophores used in this experiment included CD3ε-PE/Cy5 (145-2C11),
CD4-FITC (RM4-5), CD8a-APC/Cy7 (53-6.7), IFNγ-APC (XMG1.2), TNFα-BV605 (MP6-XT22), and
IL-2-PE-Cy7 (JES6-5H4). Live-dead exclusion was performed using violet fluorescent reactive dye
(Invitrogen). Data was collected using a BD Biosciences LSRII flow cytometer (BD Biosciences, Franklin
Lakes, NJ, USA) and analyzed using FlowJo v10 (FlowJo LLC, Ashland, OR, USA).

2.6. Cell Lines

Retroviruses encoding B95-8 LMP2A and a green fluorescent protein (GFP) reporter were produced
by transfecting Phoenix cells (ATCC) with LMP2A sequence in pBMN-I-GFP. The retrovirus-containing
media harvested from these cells was used to infect TC-1 cells by spin-infection to generate a tumor
cell line, as previously described [45], which stably expresses LMP2A. Cells expressing the GFP marker
were isolated using FACS, and single-cell cloning was performed to obtain a clonal cell population.

2.7. Animal Studies

Female, 5-7-week-old C57BL/6 and BALB/c mice were purchased from Jackson Labs, and CD-1
mice were purchased from Charles River. The Wistar Institute Institutional Care and Use Committee
approved all animal studies under protocol 112762.

Tumors were generated by injecting 2 million TC-1-LMP2A cells into the axillary region, with
monitoring of tumor size thereafter. Tumor sizes were measured by taking their longest dimension
as length and the perpendicular as width, with tumor volume being calculated using 1

2 × length ×
width2. Multifocal tumors were separately measured, and their total volume was calculated as the
sum of the individual volumes. Vaccinations introduced 25 μg of DNA delivered within 30 μL of
deionized water by intramuscular injection into the tibialis anterior and were followed by EP with the
Cellectra 3P device (Inovio Pharmaceuticals) under general anesthesia using inhaled isoflurane, as
previously described [46,47]. Blood was collected through submandibular bleeding or post-mortem
cardiac punctures.

2.8. Statistics

GraphPad Prism 7 and 8 were used to perform statistical analyses. The two-tailed unpaired
Student’s t test was used to calculate differences between means of experimental groups, with the
Mann–Whitney test for non-parametric distributions. One-way analysis of variance (ANOVA) was used
for comparisons between more than one group, with Kruskal-Wallis used in cases of nonparametric
distributions. Error bars in all graphs show the standard error of the mean. The log-rank test was used
to compare survival rates. p < 0.05 was considered statistically significant.

3. Results

3.1. Design of DNA Vaccines Targeting EBNA1, LMP1, and LMP2A

We designed consensus optimized DNA vaccines targeting the oncogenic EBV latent proteins
commonly seen in malignancies, which are EBNA1, LMP1, and LMP2A. Consensus immunogens can
focus the immune response towards conserved regions of important antigens, allowing for increased
T cell cross reactivity as well as partially compensating for minor variability in the vaccine targeted
antigens [48–50]. Consensus sequences using GD1 (type 1), B95-8 (type 1), and AG876 (type 2)
EBV genes were generated for all 3 antigens (Figure 1A) to optimize the ability of the vaccines to
elicit immune responses against all common viral strains, which are phylogenetically similar [51].
Modifications were made to remove repetitive sequences and to ablate oncogenic properties inherent
to the proteins while preserving the structures of the antigens (Figure 1B). EBNA1vax had repetitive
sequence removed, and all three antigens had amino acids modified to abrogate functional regions
and cell signaling pathways (Appendix A Figure A1). Phylogenetic trees show close relationships
between the vaccine antigens and known sequences from viral isolates (Figure 1C). Large deletions
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were made to repetitive sequences when engineering EBNA1vax, leading to divergence from known
EBNA1 sequences and the long branch away in the diagram, although the retained sequences are
well-conserved. The LMP vaccines lie well within their phylogenetic trees, with LMP1 demonstrating
roughly 10-fold more diversity than LMP2A. This conservation supports the likelihood that the targeted
changes will elicit immune responses against native EBV antigens, as we have described in the clinic
for HPV [26,27], Ebola [52], and Zika [53]. However, formal testing in animal models and evaluation in
humans is important.

Figure 1. Design and expression of EBNA1vax, LMP1vax, and LMP2Avax vaccine antigens. (A)
Diagram showing the similarity of the consensus sequence of the EBNA1, LMP1, and LMP2A vaccines,
generated from the sequences of EBV strains B95-8, AG876, and GD1. The vaccine antigen designs use a
SynCon sequence embedded in a pVAX plasmid. (B) Modifications were made to the consensus vaccine
antigens to avoid potentially oncogenic properties and repetitive sequences. (C) Phylogenic trees
showing relationship of vaccines to known EBV latent protein sequences. (D) Western blots showing the
expression of vaccine antigens in untransfected cells (left columns) and cells transfected with the DNA
vaccine (right columns). Beta-actin was used as a loading control. (E) Immunofluorescence images
showing expression of the vaccine antigens in 293T cells, with cytoplasmic EBNA1vax, LMP1vax on
the outer membrane, and LMP2Avax showing a vesicular localization. Antigens are labeled in green,
and DAPI (4′,6-diamidino-2-phenylindole) shows the nucleus in blue. Scale bars are 10 μm.

3.2. In Vitro Expression of DNA Vaccines

293T cells were transfected with the vaccine DNA plasmids to test for expression of the designed
synthetic DNA constructs. Western blots of lysates from the transfected cells showed bands for
EBNA1vax, LMP1vax and LMP2Avax vaccines close to their predicted molecular weights (Figure 1D).
We performed immunofluorescence on the transfected 293T cells to further evaluate the expression and
localization of the constructs. These studies confirmed expression of all 3 proteins, with LMP2Avax
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showing its characteristic granular distribution and LMP1vax displaying membrane expression
(Figure 1E). Interestingly, EBNA1vax was found in the cytoplasm instead of with the typical nuclear
localization of EBNA1. This difference may be due to the changes to the consensus sequence aimed
at avoiding sequence repeats and specific changes in the functional domains that affect the ability of
EBNA1vax to bind to DNA, suggesting that the encoded changes result in attenuation.

3.3. Inbred Mice Produced Significant Responses to Latent Protein DNA Vaccines

In vivo immune responses to EBNA1vax, LMP1vax, and LMP2Avax were examined in BALB/c
and C57BL/6 mice. The animals were vaccinated with either the empty vector, individual EBNA1vax,
LMP1vax, or LMP2Avax vaccine antigens, or a combination vaccine incorporating all three plasmids.
Groups of five mice received biweekly vaccinations, and a week after the second dose they were
sacrificed to have their splenocytes collected for analysis (Figure 2A).

Figure 2. DNA vaccination produces strong cellular responses in inbred mice. (A) Vaccination schedule
to test the immunogenicity of latent proteins in inbred mice. 2 doses of individual or combined latent
protein vaccines (vax) were given to groups of 5 BALB/c or C57BL/6 mice two weeks apart, with mouse
splenocytes being harvested one week after the final dose (sac). (B) Cellular responses of BALB/c and

44



Vaccines 2019, 7, 44

C57BL/6 mice measured using IFNγELISPOT after overnight stimulation with peptide pools. Responses
were minimal for LMP1vax, but much larger for EBNA1vax and LMP2Avax. (C) Cellular response
measured by flow cytometry. IFNγ staining of cells was measured following their stimulation with
latent protein peptides. Pooled EBNA1, LMP1, and LMP2A peptides were used for stimulation. (D) The
gating of representative examples of the BALB/c CD8 data is shown. Peptide stimulated splenocytes
from a mouse vaccinated with the combination vaccine are shown on the left, and control cells left in
media are shown on the right. *p < 0.05, **p < 0.01, ns: not significant.

IFNγ responses to latent protein peptide pools were evaluated using an ELISPOT assay (Figure 2B).
Splenocytes from mice vaccinated with EBNA1vax generated an average of 81 spot forming units (sfu)
per million cells for the individual vaccine and 104 sfu for the combined triple vaccine in BALB/c mice,
an insignificant difference. A more robust 340 sfu were observed for the same vaccine in C57BL/6 mice,
whereas the combination vaccine was much less immunogenic, suggesting that other antigens in the
mixture were more a focus of the immune response. LMP2Avax generated responses in both mouse
strains as an individual vaccination and in combination with the other antigens. BALB/c mice showed
102 sfu for the individual vaccine and 80 sfu for the combined, and C57BL/6 mice exhibited 83 sfu for
LMP2A vax alone and 178 sfu in combination. LMP1vax produced a more modest response of 15 sfu in
BALB/c mice that was only notable in the combination vaccine and not observed in the C57BL/6 animals.
The modifications that were made to LMP1vax may have limited its immunogenicity. Additional
engineering was undertaken to enhance the immunity of the LMP1 antigen. Modified constructs
involved the inclusion of an IgE leader sequence coincident with truncation of the N-terminal native
sequence, as well as inclusion by gene fusion of tetanus toxoid fragments as part of the ORF. Two
constructs were made, one with a short peptide fragment inserted at the C-terminus (LMP1tt30) and
the other with a 256 amino acid fragment inserted after the leader sequence (LMP1ttDOM). This design
improved the immunity generated by the fusion antigen vaccine (Appendix A Figure A2).

Evaluation of IFNγ by flow cytometry was showed that CD8 cells were driving the immune
response (Figure 2C). The triple vaccine generated more robust CD4 and CD8 responses in BALB/c
mice, with greater CD8 responses than in the C57BL/6 mice. Overall, the responses induced appeared
to be more potent for the induction of CD8 T cell immunity, with a smaller percentage of CD4 T cell
induction, suggesting the vaccine is CD8 T cell biased. Gating for the flow cytometry data is shown in
Figure 2D.

3.4. CD8 Cellular Responses Were Robust in Outbred CD-1 Mice

To further study these immunogens in a more relevant outbred animal model, we next vaccinated
CD-1 mice and compared their responses to control-vaccinated animals. These mice were vaccinated
three times at two-week intervals, and immune studies were performed a week after the final vaccination
(Figure 3A). Cellular responses were once again more robust for EBNA1 and LMP2A than for LMP1,
as was again observed in the inbred mouse models. However, stimulation with each of the latent
protein peptide pools produced some responses, as measured by IFNγ ELISPOT (Figure 3B). CD8
responses were dominant when the splenocytes were analyzed by flow cytometry, and CD4 responses
were lower (Figure 3C). The CD-1 response supports the CD8 potency of this vaccine approach.
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Figure 3. Cellular responses produced by combination vaccine in outbred CD-1 mice. (A) Vaccination
schedule in outbred CD-1 mice. Mice were vaccinated with a combination of EBNA1vax, LMP1vax,
and LMP2Avax three times at biweekly intervals, followed by harvesting of their splenocytes a week
after the final vaccination. (B) Cellular responses to respective peptide pools, shown by IFNγ ELISPOT.
(C) Plots showing CD4 or CD8 responses of CD-1 mice immunized with the triple vaccine or empty
vector (pVax), stimulated with pooled peptides derived from EBNA1, LMP2A and LMP1. Cellular
responses are driven by CD8+ cells, as shown by flow cytometry following stimulation of splenocytes.

3.5. LMP2Avax Delays Tumor Growth

In order to study the possible impact on an EBV+ tumor expressing a model LMP2A antigen, we
next generated a murine epithelial tumor cell line using TC-1 cells that were constructed to express
LMP2A using a retroviral transduction system. This may cause high expression of LMP2A relative
to EBV-associated tumor cells, but LMP2A protein is expressed in the cancer cells of patients and
its epitopes are recognized by T cells [54]. This cell line serves as a vaccine target for our LMP2A
immunogens. We generated and selected the LMP2A line as shown in Figure 4A. Briefly, retroviral
vectors produced by transfecting Phoenix cells with pBMN plasmids containing GFP and LMP2A were
used to stably transduce TC-1 cells. These cells underwent selection via fluorescence-activated cell
sorting (FACS) and single-cell cloning to produce a homogenous population expressing LMP2A, and
this population was used to introduce tumors into mice.
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Figure 4. LMP2Avax inhibits tumor growth in mice. (A) Workflow to produce tumor cell lines
expressing target antigen, in this case TC-1-LMP2A. (B) Immunofluorescence assay demonstrating
LMP2A expression in TC-1-LMP2A cell line. DAPI is shown in blue, with LMP2A labeled in green.
Anti-LMP2A antibodies were used as primary Abs (top), with secondary Abs conjugated to AF647.
Anti-EBNA1 primary antibodies were used as a negative control (bottom). Scale bars are 50 μm.
(C) Vaccination schedule prior to tumor introduction. Two groups of five C57BL/6 mice received three
biweekly vaccinations followed by the subcutaneous axillary injection of 2 million TC-1 cells stably
expressing LMP2A. The vaccines used 20 μg of DNA in 30 μL of water delivered by electroporation,
with the vaccine group receiving plasmid encoding LMP2Avax and the control receiving the empty
vector pVAX. Tumor sizes were monitored daily afterwards. (D) TC-1-LMP2A tumor volume over
time in mice vaccinated with LMP2A or empty vector. Bars show scanning electron microscopy (SEM).
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The expression of LMP2A in the derived TC-1-LMP2A tumor line was confirmed by antibody
reactivity as demonstrated by immunofluorescence in Figure 4B. We next studied the use of this cell
line as a tumor challenge antigen. C57BL/6 mice received either the LMP2Avax DNA vaccine or empty
vector three times at biweekly intervals, followed by an axillary injection of 2 million tumor cells
after the final vaccination (Figure 4C). LMP2Avax vaccinated mice showed a smaller tumor volume
and more rapid tumor shrinkage than those vaccinated with the empty vector, demonstrating the
anti-tumor immunogenic potential of the LMP2Avax vaccine (Figure 4D).

4. Discussion

EBV, formally known as human gammaherpesvirus 4, is responsible for infectious mononucleosis,
multiple premalignant conditions, and various EBV-driven cancers. These cancers include Burkitt
Lymphoma, Hodgkin’s lymphoma, gastric cancer, nasopharyngeal carcinoma, HIV-associated oral
hairy leukoplakia, and numerous other lymphoproliferative disorders. Additionally, EBV infection is
associated with nonmalignant diseases and significant autoimmune disorders [55]. The worldwide
burden of EBV-associated cancer is approximately 150,000 deaths per year, which represents almost 2%
of all deaths from cancers. This burden continues to grow. EBV-associated gastric and nasopharyngeal
carcinomas are each responsible for over 60,000 cancer deaths per year, and the incidence of the latter
is increasing [56]. In light of this burden, additional approaches to EBV immunotherapy are important.

Here, we engineered synthetic consensus DNA vaccines of modified EBV latent proteins to
generate immune responses which could impact tumor regression. Latent proteins are present in
both lymphomas and carcinomas associated with EBV, and these have been studied as potential
targets in various immunotherapeutic strategies. Currently there is no licensed approach for EBV
immunotherapy. Cellular therapies have been studied in small trials and have shown some important
effects [57,58]. However, these were early studies and additional approaches would be highly beneficial.

Along these lines, work in the HPV setting with SynCon DNA vaccines delivered by adaptive EP
has evolved to be a robust approach for induction of antiviral cellular immunity, which can impact
tumors and precancers in vivo [26,27]. We tested this approach here for a three-antigen synthetic DNA
vaccine approach targeting the major EBV latent oncoproteins. We chose these antigen targets because
they are present in EBV-associated cancers. Small trials of cellular therapies targeting EBNA1 [59]
and LMPs [25,60,61] have shown improved outcomes against EBV-associated diseases. The high
frequency of nasopharyngeal carcinoma concentrated in east Asia makes for a unique environment to
test prophylactic and therapeutic approaches targeting the virus [62]. The frequency of Hodgkin’s
lymphoma in Europe and its temporal association with infectious mononucleosis offers another
opportunity [7]. The growing burden of EBV in the US suggests immunotherapy for nasopharyngeal
and gastric cancer as well as association of EBV with more common autoimmune disorders may also
be important to consider as amenable to robust immunotherapy approaches [61].

Synthetic DNA vaccines can drive in vivo immune responses via MHC class I and II presentation
through their delivery of and intracellular production of genetically encoded antigens. Newer delivery
approaches have resulted in the generation of more consistent and robust immunity that can target
cancer in the clinic [26,27]. Here we show that these designed latent antigen vaccines elicit significant
cytotoxic T lymphocyte responses against the encoded vaccine targets EBNA1vax and LMP2Avax,
which showed dominant CD8 T cell responses in vivo. These cellular responses are important in
protecting mouse models from EBV antigen-expressing tumors in murine vaccine models, as recently
shown in a novel heterologous prime-boost approach that impacted an EBNA1 tumor challenge [63].
Importantly, LMP2Avax-induced immunity protected against tumor growth in a TC-1 challenge model
where LMP2A was targeted by the immunization. The immune responses produced by EBNA1vax and
LMP2Avax merit further study. In addition, continued engineering may be interesting in this regard,
as DNA delivery of LMP1 as an immunogen can clearly impact tumor growth as a standalone antigen
in some models [28]. Combination development for this group of immunogens appears worthy of
additional attention.
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Recent developments in the DNA platform in formulation, engineering and delivery by adaptive
EP have led to improved immune potency and improved consistency in clinical studies [26,27]. In these
studies, we noted that the vaccines were biased towards driving highly desired CD8 immunity against
the vaccine targets over CD4 immunity. This CD8 bias may be particularly relevant for clearing
virally infected cells by cytotoxic T lymphocyte induction that would ultimately kill tumor cells.
These latent antigen vaccines could be studied in the context of epithelial tumors, such as gastric and
nasopharyngeal carcinomas, among others. The addition of checkpoint inhibitors in the context of
these immunizations, as we have reported for HPV, might also be of interest for impacting EBV-related
tumor progression [26,27,64].

5. Conclusions

There is a great need for new approaches targeting EBV, against which there are no licensed
vaccines or immunotherapies available. Acute infection can lead to infectious mononucleosis, and the
risk of autoimmune diseases such as multiple sclerosis is increased following symptomatic infection.
Immunotherapy targeting conserved, expressed, and oncogenic viral genes has the potential to drive
immunity that impacts EBV-associated cancers. Here we generated synthetic DNA immunogens
targeting the EBV latent proteins EBNA1, LMP1, and LMP2. These engineered SynCon DNA vaccines
were delivered by Cellectra EP into mice to study their immune responses. The combination of
immunogens generated significant CD8 T cell responses. In addition, these responses impacted tumor
growth in a mouse challenge model. Further study of this combination synthetic DNA approach in
EBV-driven disease is warranted.
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Appendix A

MSDEGPGTGPGNGLGQKEDTSGPEGSGGSGPQRRGGDNHG RPGAPGGSGSGPRHRDGVRRPQKRPSCIG
CKGAHGGT PGRRPFFHPVGEADYFEYHQEGGPDGEPDVPPGAIEQGPADDPGAGPATGPRGQGDGGRRK
KGGWFGKHRGQGGSNPKFENIAEGLRVLLARSHVERTTEEGNWVAGVFVYGGSKTSLYNLRRGIALAIPQ
CRLTPLSRLPFGMAPGPGPQPGPLRESIVCYFMVFLQTHIFAEVLKDAIKDLVMTKPAPTCNIKVTVCSF
DDGVDLPPWFPPMVEGAAAEGDDGDDGDEGGDGDEGEEGQE 

MEHDLERGPPGPRRPPRGPPLSSSLGLALLLLLLALLFWLYIVMSDWTGGALLVLYSFALMLIIIILIIF
IFRRDLLCPLGALCLLLLMITLLLIALWNLHGQALYLGIVLFIFGCLLVLGLWIYLLEILWRLGATIWQL
LAFFLAFFLDLILLIIALYLQQNWWTLLVDLLWLLLFLAILIWMYYHGQRHSDEHHHDDSLPHLQLAADD
SGHESDSNSNEGRHHLLVSGAGDGPPLCSQNLGAPGGGPDNGPQDPDNTDDNGPQDPDNTDDNGPQDPDN
TDDNGPQDPDNTDDNGPHDPLPHNPSDSAGNDGGPPNLTEEVENKGGDRGPPSMTDGGGGDPHLPTLLLG
TSGSGGDDDDPHGPVQLSGYD 

MDWTWILFLVAAATRVHSKNLDCWVDNEEDIDVILKKSTILNLDINNDIISDISGFNSSVITYPDAQLVP
GINGKAIHLVNNESSEVIVHKAMDIEYNDMFNNFTVSFWLRVPKVSASHLEQYGTNEYSIISSMKKHSLS
IGSGWSVSLKGNNLIWTLKDSAGEVRQITFRDLPDKFNAYLANKWVFITITNDRLSSANLYINGVLMGSA
EITGLGAIREDNNITLKLDRCNNNNQYVSIDKFRIFCKALNPKEIEKLYTSYLSITFLRDFWGNDWTGGA
LLVLYSFALMLIIIILIIFIFRRDLLCPLGALCLLLLMITLLLIALWNLHGQALYLGIVLFIFGCLLVLG
LWIYLLEILWRLGATIWQLLAFFLAFFLDLILLIIALYLQQNWWTLLVDLLWLLLFLAILIWMYYHGQRH
SDEHHHDDSLPHLQLAADDSGHESDSNSNEGRHHLLVSGAGDGPPLCSQNLGAPGGGPDNGPQDPDNTDD
NGPQDPDNTDDNGPQDPDNTDDNGPQDPDNTDDNGPHDPLPHNPSDSAGNDGGPPNLTEEVENKGGDRGP
PSMTDGGGGDPHLPTLLLGTSGSGGDDDDPHGPVQLSGYD 

MDWTWILFLVAAATRVHSDWTGGALLVLYSFALMLIIIILIIFIFRRDLLCPLGALCLLLLMITLLLIAL
WNLHGQALYLGIVLFIFGCLLVLGLWIYLLEILWRLGATIWQLLAFFLAFFLDLILLIIALYLQQNWWTL
LVDLLWLLLFLAILIWMYYHGQRHSDEHHHDDSLPHLQLAADDSGHESDSNSNEGRHHLLVSGAGDGPPL
CSQNLGAPGGGPDNGPQDPDNTDDNGPQDPDNTDDNGPQDPDNTDDNGPQDPDNTDDNGPHDPLPHNPSD
SAGNDGGPPNLTEEVENKGGDRGPPSMTDGGGGDPHLPTLLLGTSGSGGDDDDPHGPVQLSGYDFNNFTV
SFWLRVPKVSASHLE 

MGSLEMVPMGAGPPSPGGDPDGDDGGNNSQYPSASGSSGNTPTPPNDEERESNEEPAAPYEDPYWGNGDR
HSDFQPLGTQDQSLFLGLQHDGNDGLPAAPYSPRDDSSQHIFEEAGRGSMNPVCLPVIVAPYLFWLAAIA
ASCFTASVSTVVTATGLALSLLLLAAVASSYAAAQRKLLTPVTVLTAVVTFFAICLTWRIEDPPFNSLLF
ALLAAAGGLQGIYVLVMLVLLILAYRRRWRRLTVCGGIMFLACVLVLIVDAVLQLSPLLGAVTVVSMTLL
LLAFVLWLSSPGGLGTLGAALLTLAAALALLASLILGTLNLTTMFLLMLLWTLVVLLICSSCSSCPLSKI
LLARLFLYALALLLLASALIAGGSILQTNFKSLSSTEFIPNLFCMLLLIVAGILFILAILTEWGSGNRTY
GPVFMCLGGLLTMVAGAVWLTVMTNTLLSAWILTAGFLIFLIGFALFGVIRCCRYCCYYCLTLESEERPP
TPYRNTV 

Figure A1. EBNA1vax contains deleted regions of glycine-arginine and glycine-alanine repeats marked
by Δ (12 and 310 amino acid deletions) and has its DNA-binding domain highlighted. LMP1vax and
LMP2Avax have their cytoplasmic, extracellular, and transmembrane regions indicated. Modifications
to engineer LMP2Avax derivatives are labeled as well.

Figure A2. Engineered LMP1 vaccines enhance cellular immunity. The LMP1 antigen was truncated
at the N-terminal, received an IgE leader sequence, and had tetanus toxoid added to its sequence.
Splenocytes were stimulated with the 5 strongest MHC class I peptides to LMP1, as predicted in silico,
after C57BL/6 mice were vaccinated. (A) IFNγ ELISPOT results showing an average of 59 sfu for
LMP1tt30. (B) Flow cytometry data showing improved CD8 responses following plasmid engineering.
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Abstract: Background: The lack of effective vaccines against Ebola virus initiates a search for new
approaches to overcoming this problem. The aim of the study was to design artificial polyepitope T-cell
immunogens—candidate DNA vaccines against Ebola virus and to evaluate their capacity to induce a
specific immune response in a laboratory animal model. Method: Design of two artificial polyepitope
T-cell immunogens, one of which (EV.CTL) includes cytotoxic and the other (EV.Th)—T-helper
epitopes of Ebola virus proteins was carried out using original TEpredict/PolyCTLDesigner software.
Synthesized genes were cloned in pcDNA3.1 plasmid vector. Target gene expression was estimated
by synthesis of specific mRNAs and proteins in cells transfected with recombinant plasmids.
Immunogenicity of obtained DNA vaccine constructs was evaluated according to their capacity to
induce T-cell response in BALB/c mice using IFNγ ELISpot and ICS. Results: We show that recombinant
plasmids pEV.CTL and pEV.Th encoding artificial antigens provide synthesis of corresponding
mRNAs and proteins in transfected cells, as well as induce specific responses both to CD4+ and
CD8+ T-lymphocytes in immunized animals. Conclusions: The obtained recombinant plasmids can be
regarded as promising DNA vaccine candidates in future studies of their capacity to induce cytotoxic
and protective responses against Ebola virus.

Keywords: ebola virus disease; artificial T-cell antigens; DNA vaccine constructs; computer design;
gene expression; immunogenicity

1. Introduction

Ebola fever or Ebola virus disease (EVD) is an acute disease resulting in high rates of mortality. It is
caused by RNA-containing viruses of Filoviridae family, genus Ebolavirus. Viruses of genus Ebolavirus
belong to five species with different fatality rates and serologic properties: Zaire ebolavirus, Sudan
ebolavirus, Bundibugyo ebolavirus, Tai Forrest ebolavirus, and Reston ebolavirus. The first outbreaks
of EVD were registered in 1976 initially in Zaire (currently the Democratic Republic of the Congo) in
the Ebola river area (Zaire species, genus Ebola) and almost concurrently in Sudan (Sudan species,
genus Ebola). After that, sporadic outbreaks were registered over a period of 40 years in Central Africa
countries, affecting from one to several dozens or even hundreds of people. All those outbreaks were
successfully and timely controlled. The Ebola fever outbreak in Western Africa in 2014–2015 was
found to be significantly extensive. To eliminate it, efforts of several countries across the world were
required [1].

The main problems the doctors met with controlling Ebola fever included the absence of a vaccine
and prophylactic drugs against this disease. Despite the high fatality rate, an epidemic danger of this
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agent was always believed to be insignificant. Expensive development of vaccines and therapeutic
drugs against rare although lethal disease in each case seemed to be unprofitable and attracted interest
only due to a potential bioterrorism threat. The 2014–2015 Ebola fever outbreak claimed more than
11 thousand lives, which enforced studies on countermeasures against this infection. Currently,
active studies on development of control measures against the virus are being carried out including
small interfering RNA, low-molecular compounds, and antibodies [2,3], drugs based on monoclonal
antibodies [3], and, certainly, vaccines. There are a number of approaches to designing vaccines against
Ebola virus including DNA vaccines, subunit vaccines, as well as vaccines based on virus-like particles
and viral vectors such as adenoviruses HAdV-5, HAdV-26, ChAdV-3, vesicular stomatitis virus (VSV),
human cytomegalovirus, and modified vaccinia virus Ankara (MVA) [4–6]. Their protective efficacy
was evaluated in non-human primate models. Furthermore, to date, several vaccines to control
the virus in humans were described, i.e., rVSV-ZEBOV [7], Ad5-ZEBOV [8], GamEvac-Combi [9],
and others.

The majority of developed experimental vaccines were constructed based on genetically modified
viruses encoding full-length viral antigens that induce responses of both antibodies and cytotoxic
T-lymphocytes (CTL) [10]. However, it should be noted that data on the protective effect of neutralizing
antibodies against filoviruses obtained in studies on NHP are contradictory. It was shown that
some antibodies protect animals against further infection but fail to neutralize the virus, while
others neutralize the virus but fail to protect animals [11]. Consequently, the relative significance of
neutralizing antibodies compared with those that can provide protection using other mechanisms
(e.g., antibody-dependent cell cytotoxicity or Fc-dependent mechanisms) is still unclear. Besides this,
the question deserves to be asked about the role of non-neutralizing antibodies during protection against
Ebola virus, considering the well-known effect of antibody-dependent enhancement of infection [12].

A number of Ebola virus vaccine candidates develop base on glycoprotein (GP). However,
antibodies induced by such GP vaccines are typically autologous and limited to the other members
of the same species. In contrast, T-cell vaccines designed on the basis of conservative regions of
the filovirus proteins can protect against different members of the filovirus family. It was shown
that simian adenovirus- and poxvirus MVA-vectored vaccines encoding cross-filovirus immunogen
provided broad immunogenicity and a solid protection of the BALB/c and C57BL/6J mice against high,
lethal challenges with Ebola and Marburg viruses, two distant members of the family [5].

Another promising trend in virus T-cell vaccine design is DNA vaccine. Compared with
virus-vectored vaccines, DNA vaccines demonstrate a number of advantages [13]. They are inexpensive,
non-infective, and simply produced in large quantities; they can be reused since previously existing
immunity is of no importance for DNA-vectors compared to viral vectors. In addition, DNA-vaccination
provides the most natural way of antigen presentation by both MHC class I and class II molecules,
focusing the immune response only on antigen of interest, providing long-term persistence of
immunogenicity, polarizing T-helper cells toward type 1 or type 2, and inducing protective humoral
and cellular immune responses. The other important feature of DNA vaccines is the ability to put
several antigens or several epitopes from different antigens in the plasmid, resulting in immunization
against all of the agents; and a mixture of DNA plasmids can be used to form a broad spectrum of
vaccines. At last, in vivo expression of gene of interest ensures the protein resembles the normal
eukaryotic structure more closely, with accompanying post-translational modifications. The only
disadvantage of DNA vaccine is their relatively low immunogenicity; thus, they require administration
of several doses to achieve the desirable immunity [14]. However, this disadvantage can be evaded at
present due to the strategy of intramuscular electroporation making it possible to significantly enhance
DNA-vaccination efficiency [15–17]. In addition, to increase the immunogenicity of DNA vaccines it is
possible to use other methods for delivery, for example, using VLPs [18] that include DNA plasmid,
as well as by translating DNA vaccines into RNA vaccine format [19].

One of the promising trends in virus vaccine design is DNA vaccine encoding artificial polyepitope
immunogens. These vaccines comprise a combination of conservative cytotoxic T-lymphocytes (CTL)-
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and T-helper (Th)-epitopes selected from different viral proteins and combined in one molecule [20–22].
Progress in identifying T-cell epitopes, as well as understanding the mechanisms of processing and
presentation of antigens by Major Histocompatibility Complex (MHC) class I and II pathways are
instrumental for rational designing of artificial polyepitope vaccines inducing responses of cytotoxic
(CD8+) and helper (CD4+) T-lymphocytes [20,22,23].

This study aims to design artificial polyepitope T-cell immunogens—candidate DNA vaccines
against Ebola virus using computer-aided molecular design, and to study their capacity to induce a
specific immune response in a laboratory animals model.

2. Materials and Methods

2.1. Software

Selection of known T-cell epitopes of Ebola viruses was carried out based on the IEDB—Immune
Epitope Database (http://iedb.org) [24]. Prediction of T-cell epitopes was conducted using TEpredict
software [25]. Design of polyepitope antigens was performed with PolyCTLDesigner [26]. Genes
encoding target immunogens were developed using GeneDesigner software [27]; a compound of
codons was optimized to achieve high expression of genes in human cells. Analysis of amino acid
sequences of peptides, evaluating their conservatism, statistical analysis of obtained findings, and graph
plotting were executed in statistical analysis environment R (version 3.2; https://www.R-project.org/,
Vienna, Austria) [28].

2.2. Gene Synthesis and Cloning

Designed genes were synthesized (CJSC Eurogen, Moscow, Russia) and then cloned into pcDNA3.1
eukaryotic plasmid vector and sequenced. The obtained recombinant plasmids pEV.CTL and
pEV.Th—candidate DNA vaccines against Ebola virus were used to prove the expression of designed
target genes in eukaryotic cells and to assess their immunogenicity in mice of the BALB/c line.

2.3. Evaluation of Target Gene Transcription

Specific mRNA synthesis of target genes was evaluated in eukaryotic cells 293T transfected
with pEV.CTL and pEV.Th using MATra-A reagent according to the manufacturer’s instruction
(PromoKine, Heidelberg, Germany). Cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) with 10% FBS. 48 h after transfection mRNAs were isolated from cells with a kit for RNA
isolation (Promega, Madison, WI, USA). Before reverse transcription all RNA samples were treated
with RNase-free DNase. cDNAs were obtained by reverse transcription using RevertAid H Minus First
Strand cDNA Synthesis Kit (Thermo Scientific, Berlin, Germany). Further, the obtained cDNA carried
out PCR with the use of specific primers to gene EV.CTL (fCTL—AACTCAGGCACTCTTCCTGC,
rCTL—TCGTACCGGAATCTCAGGGT) and gene EV.Th (fTh—ACGTTGACAAGCTGAGGAGG,
rTh—GAGAGTCCTCAGCCCAGAGA). The amplification product was analyzed by electrophoresis in
1% agarose gel.

2.4. Immunochemical Staining of Products of Transfected Cells

The presence of target proteins in eukaryotic cells 293T transfected with pEV.CTL and pEV.Th
was detected through immunostaining. Cell transfection was carried out using MATra-A reagent
according to the manufacturer’s instruction (PromoKine, Germany). Cells were cultured in DMEM
medium with 10% FBS. 32 h after transfection cells were washed in phosphate buffer solution (PBS),
fixed in a mix of ice methanol/acetone (1:1) at 40 ◦C for 30 min, and then washed in PBS again.
The expression products of EV.CTL and EV.Th gene were detected in immunochemical staining.
Staining was carried out using antibodies MAT 29F2/30A6 (JSC Vector-Best, Novosibirsk, Russia)
to marker epitope EPFRDYVDRFYKTL being a part of all constructs, and using conjugate of rabbit
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antibodies to mice IgG with horseradish peroxidase. When staining, 3.3′-Diaminobenzidine was used
as substrate.

2.5. Ethics Statement

All experimental procedures in mice were made to minimize animal suffering and carried out in
line with the principles of humanity described in the relevant Guidelines of the European Community
and Helsinki Declaration. The protocols were approved by the Institutional Animal Care and Use
Committee (IACUC) affiliated with State Research Center of Virology and Biotechnology “Vector”
(Permit Number: SRC VB “Vector”/10-05.2016).

2.6. Immunization of Experimental Animals Ethics Statement

When immunizing, we used 5–6-week-old BALB/c mice (female) of weight 16–18 g from the State
Research Center of Virology and Biotechnology Vector vivarium. Animals were divided into four
groups with 5–10 mice in each group including (1) pE-CTL+pE-Th—mice immunized with a mix
of DNA-vaccine pEV.CTL and pEV.Th encoding CTL- and Th-epitopes of Ebola virus, respectively;
(2) pE-CTL—mice immunized with DNA plasmid pEV.CTL encoding CTL-epitopes of Ebola virus;
(3) pDNA3.1—mice immunized with vector plasmid pDNA3.1 (negative control); and (4)—intact
non-immunized animals to whom phosphate buffered saline was inoculated (PBS) (pH 7.6) (negative
control). Mice were immunized three times intramuscularly with 100 μg DNA vaccine pEV.CTL or
pEV.CTL + pEV.Th at 2-week intervals. An equivalent dose of pcDNA3.1 vector plasmid was used for
mice from the control group. Two weeks after the last immunization, spleens were removed in animals
and splenocytes were isolated to analyze T-cell immune response.

2.7. Detection of T-Cell Immune Response Using IFNγ ELISpot and Intracellular Cytokine
Staining (ICS) Assay

Enzyme-Linked ImmunoSpot (ELISpot) and intracellular cytokine staining (ICS) assays were used
to characterize the immune response of mice after immunization with DNA vaccines. Stimulation
of splenocytes was carried out using a mix of synthetic peptides (KFINKLDALH, NYNGLLSSI,
PGPAKFSLL, YFTFDLTALK, EYLFEVDNL, LFLRATTEL, and LYDRLASTV) from the compound of
the designed antigens. Peptides were synthesized by Synpeptide Co., Ltd. (Shanghai, China) with
>80% purity. Analysis of IFNγ ELISpot was performed with Mouse IFN-γ ELISPOT Set (BD, cat 551083,
San Diego, CA, USA) according to the manufacturer’s instruction and as previously described [29].
To stimulate splenocytes, we used a mix of peptides at concentration 20 μg/mL of each peptide to
1 × 106 cells followed by co-cultivation for 24 h. IFNγ-producing cells were calculated using an
ELISpot-analyzer (Zeiss, Germany). ICS was performed according to the standard protocol of BD
Biosciences as previously described [30]. To stimulate splenocytes, we used a mix of peptides at
concentration 20 μg/mL of each peptide to 1 × 106 cells and incubated for 20 h at 37 ◦C and 5%
CO2 and additionally for 5 h with Brefeldin A. Cells were washed with PBS and permeabilized with
Cytofix/Cytoperm™ Plus Fixation/Permeabilization Kit (BD Biosciences, San Diego, CA, USA). When
staining, the following monoclonal antibodies were used: PerCP Rat Anti-Mouse CD4, FITC Rat
Anti-Mouse CD8a, PE Hamster Anti-Mouse CD3ε, and APC Rat Anti-Mouse IFN-γ (BD Pharmingen,
San Diego, CA, USA). The samples were analyzed using flow cytometer FACSCalibur (Becton Dickinson,
San Jose, CA, USA) and Cell Quest software.

2.8. Statistical Analysis

Statistical analysis of the obtained results was carried out with the R software environment
for statistical analysis (version 3.2; https://www.R-project.org/). To evaluate the significance of the
differences among the groups, the Kruskal–Wallis test was applied. Pair-wise distribution comparison
of the analyzed indices in the experimental and control groups was conducted using one-sided
Mann–Whitney test. When multiple testing, FDR procedure was performed to correct p-values.
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3. Results and Discussion

3.1. Strategies to Design Polyepitope T-Cell Antigens

To stimulate response of CD8+ T-lymphocytes, viral antigens must be presented to CTL precursors
not as full-length molecules, but as short peptides (8–12 amino acid residues) in complex with MHC
class I molecules. These epitopes are formed from endogenously synthesized viral antigens in the result
of proteasome-mediated processing and then are transferred to ER lumina by means of a transporter
associated with antigen processing (TAP) proteins where it binds to emerged MHC class I molecules
(see for review [31,32]). Since proteasome-mediated processing functions for antigens synthesized
intracellularly, a vaccine inducing T-cell response may be designed as DNA vaccine because in this
case the CTL vaccine epitopes are presented in the most natural way—through MHC class I-dependent
antigen presentation pathway [33].

Unlike stimulation of CTLs, while stimulating CD4+ T-lymphocytes-helpers response, antigen
should be presented to those cells in complex with MHC class II molecules. Usually, antigen processing
and presentation occurs for extracellular antigens which are delivered in cells via endocytosis and
phagocytosis. In this case, antigen processing takes place in the lysosome.

Thus, when designing artificial polyepitope T-cell immunogens capable of inducing responses
of CD4+ and CD8+ T-lymphocytes to all epitopes it comprises, it is necessary to provide efficient
proteasome- and/or lysosome-mediated processing of the expression product of the target gene by
MHC class I and II pathway.

Different strategies can help achieve this goal:

(1) To combine epitopes in the compound of poly-CTL-epitope construct one may use spacer sequences
comprising sites of proteasomal cleavage [34–36] and/or motifs for binding to TAP [37,38].

(2) To combine epitopes in the compound of poly-Th-epitope construct one may use motif [KR][KR]
which is a cleavage site for a number of lysosomal cathepsins involved in antigen processing [39,40].

(3) To direct polyepitope immunogen to proteasome and to present CTL-epitopes to CD8+
T-lymphocytes by MHC class I pathway, genetic binding of ubiquitin sequence to its N- or
C-terminus is typically used [41].

(4) To degrade polyepitope immunogen and present released Th-epitopes to CD4+ T-lymphocytes by
MHC class II pathway, genetic binding of sequence of LAMP-1 (Lysosomal-associated membrane
protein 1) tyrosine motif to its C-terminus is typically used to direct polyepitope immunogen
from the secretory pathway to the lysosome [42–45].

In our study, two artificial polyepitope T-cell immunogens were designed, one of which comprises
cytotoxic (CTL) and the other—T-helper (Th) epitopes identified in Ebola virus proteins GP, VP24,
VP30, VP35, L, VP40, and NP (Figure 1). Previously we showed that adding ubiquitin to N-terminus of
polyepitope antigen induces CD8+ T-cell response more efficiently as compared to adding the signal
peptide and the LAMP-1 C-terminal fragment [30]. Therefore, we added N-terminal ubiquitin to the
final poly-CTL-epitope construct, and poly-Th-epitope immunogen was designed using N-terminal
signal peptide and LAMP-1 C-terminal fragment. N-terminal signal peptide should direct the
polyepitope to the endoplasmic reticulum (ER), and C-terminal fragment of LAMP-1 should redirect
the polyepitope from the secretory pathway to the lysosome.
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Figure 1. Designing artificial polyepitope antigens of Ebola virus.

3.2. Design of Artificial Poly-CTL-Epitope Antigen of Ebola Virus

For the purposes of designing poly-CTL-epitope antigen (EV.CTL), we used Immune Epitope
Database (http://iedb.org) [24] to select known T-cell epitopes and peptide fragments of antigens of
different Ebola virus strains with an experimentally verified capacity to bind to different allomorphs of
MHC molecules. In total, at the time of antigen designing (2016) the database contained information
on 1134 unique peptides from 65 antigens of 16 Ebola virus strains verified for their capacity to bind
to 60 allomorphs of MHC class I molecules (56 Human Leukocyte Antigen (HLA) allelic variants).
To analyze conservation of peptides, we used 14,556 amino acid sequences from NCBI ProteinBank
(ncbi.nlm.nih.gov/protein) belonging to different Ebola viruses (Zaire ebolavirus, Sudan ebolavirus,
Bundibugyo ebolavirus, Tai Forrest ebolavirus, and Reston ebolavirus). We considered peptides
with experimentally verified cytotoxic activity. Furthermore, when designing target immunogens,
we selected those with sufficiently high binding affinity to different HLA class I molecule variants
(pIC50 > 6.3).

After that, we selected peptides identified at least in 1000 known viral sequences and interacting
with at least two allelic HLA molecule variants. In total, we selected 44 peptides which cumulatively
were restricted by 34 allelic HLA class I molecule variants including the most globally widespread ones
(Table 1). It is known that optimally selected epitopes restricted by ten different HLA class I alleles
cover virtually the entire population of any geographic region [46,47].

Based on the selected T-cell epitopes, we designed EV.CTL poly-CTL-epitope antigen using
TEpredict/PolyCTLDesigner software we developed earlier [25,26] that we regard as a universal
platform for rational design of polyepitope immunogens—candidate DNA vaccines to induce T-cell
immunity to infectious as well as oncological diseases. PolyCTLDesigner enables us to select a
minimal set of epitopes with known or predicted specificity to different allelic variants of MHC class
I molecules covering a selected repertoire of HLA alleles with a preset degree of redundancy. After
that, PolyCTLDesigner predicts binding affinity to TAP for the selected set of known or predicted
epitopes using a model developed by Peters et al. [48] and when required adds TAP-specific amino
acid residues (no more than three) to epitope N-terminus to optimize binding.
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Table 1. Predicted CD8+ cytotoxic T-lymphocytes (CTL)-epitopes in the sequences of Ebola virus
proteins (antigens).

No. Epitope Antigen Epitope Frequency HLA Class I Alleles

1 ARLSSPIVL L 1741 B*27:05; B*39:01; C*07:02
2 EYAPFARLL NP 1764 A*24:03; A*24:02
3 FAEGVVAFL GP 3881 B*39:01; A*02:01
4 FIYFGKKQY L 1737 B*15:01; A*01:01; B*15:17
5 FLLQLNETI GP 3862 A*02:01; A*24:02
6 FLSFASLFL NP 1755 A*02:01; A*24:02; C*03:03
7 FPRCRYVHK GP 3956 B*07:02; B*08:01
8 FRLMRTNFL NP 1767 B*39:01; B*08:01; C*06:02
9 FRYEFTAPF L 1744 B*39:01; C*14:02
10 FTPQFLLQL GP 3868 A*02:01; A*24:02

11 FVHSGFIYF L 1739 A*24:03;A*23:01;B*35:01;A*26:02;B*15:01;
A*02:06; C*03:03

12 GHMMVIFRL NP 1768 B*39:01; A*02:01; A*24:02
13 GQFLSFASL NP 1753 B*15:01; B*27:05
14 GYLEGTRTL L 1748 A*24:03; A*23:01
15 HMMVIFRLM NP 1768 A*02:01; A*24:02
16 HPLARTAKV NP 1766 B*07:02; B*51:01
17 IISDLSIFI L 1713 A*02:01; A*69:01
18 ILMNFHQKK NP 1711 A*03:01; A*11:01
19 IMYDHLPGF VP35 1737 B*58:01; C*12:03
20 KQIPIWLPL VP40 1766 B*40:01; B*27:05
21 KVYWAGIEF VP24 1702 B*15:01; B*35:01; C*14:02
22 LANETTQAL GP 1242 B*07:02; B*35:01; C*03:03
23 LANPTADDF VP30 1686 B*35:01; B*58:01
24 LPQYFTFDL VP40 1763 B*07:02; B*35:01
25 LSDLCNFLV VP24 1725 A*01:01; C*05:01
26 MMVIFRLMR NP 1768 A*03:01; A*11:01
27 NFFHASLAY L 1750 B*15:01; B*35:01
28 QFLSFASLF NP 1755 A*24:03; A*24:02
29 RLASTVIYR GP 3947 A*03:01; A*31:01
30 RLMRTNFLI NP 1766 A*02:01; A*24:02
31 RTFSILNRK GP 1207 A*03:01; A*11:01; A*31:01
32 RTSFFLWVI GP 3802 A*02:01; A*24:02
33 RVPTVFHKK VP30 1684 A*03:01; A*31:01
34 SFASLFLPK NP 1756 A*03:01; A*11:01
35 TLASIGTAF L 1743 B*15:01; B*35:01
36 TPVMSRFAA L 1738 B*07:02; B*35:01
37 TRSFTTHFL L 1747 B*39:01; C*06:02
38 TTIGEWAFW GP 3824 A*24:02; B*58:01; A*68:23; A*32:15; A*32:07
39 TVAPPAPVY NP 1684 A*11:01; B*35:01
40 VLYHRYNLV L 1746 A*02:01; A*03:19
41 VQLPQYFTF VP40 1763 B*15:01; A*24:03
42 YLEGHGFRF NP 1739 A*02:01; A*24:02
43 YQGDYKLFL NP 1705 A*02:01; A*24:02
44 YSGNIVHRY L 1750 A*01:01; B*58:01

At the next step, PolyCTLDesigner analyzes all possible matchings of the selected peptides and
detects the optimal spacer sequence for each pair providing an appropriate cleavage of epitopes with a
release of proximal peptide C-terminus. To predict proteasomal and/or immunoproteasomal cleavage,
PolyCTLDesigner uses models developed by Toes, et al. [49].

When analyzing matchings of epitopes, PolyCTLDesigner forms a direct graph where nodes
denote epitopes and ribs correspond to acceptable matchings. Each rib has a relevant weight
vector characterized by effective proteasomal cleavage, spacer length, and a number of predicted
non-target epitopes at the joint. At the final stage, the software designs the optimal resultant of
polyepitope immunogen sequence determined as a full simple way in the formed graph with the least
length (weight).
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In this study, we used PolyCTLDesigner to predict binding affinity of the selected peptides
(Table 1) to TAP; when required software added alanine residue to peptides N-terminus to enhance
interaction efficiency. Poly-CTL-epitope fragment of EV.CTL was designed using a degenerated spacer
motif [ARSP][DLIT][LGA][VKA] with optimization of proteasomal cleavage and 10% exactness of
proteasomal filter.

To test the immunogenicity of the designed vaccine construct in mice using ELISpot and ICS,
we selected seven additional peptides with proven ability to induce cytotoxic response of T-lymphocytes
in BALB/c mice: KFINKLDALH, NYNGLLSSI, PGPAKFSLL, YFTFDLTALK, EYLFEVDNL, LFLRATTEL,
and LYDRLASTV. Based on the selected peptides, mouse polyepitope fragment included at C-terminus
of the polyepitope construct was designed with PolyCTLDesigner. To verify synthesis of the designed
antigen in transfected cells, we included C-terminal marker epitope EPFRDYVDRFYKTLR of p24
HIV-1 protein recognized by monoclonal antibodies 29F2 in the final construct.

Designed amino acid sequence appears as follows (mouse epitopes are italicized):

MMVIFRLMR—ADLS—GHMMVIFRL—KK—VQLPQYFTF—ADLS—KQIPIWLPL—RK—EYAPFA
RLL—RVPTVFHKK—FIYFGKKQY—R—VLYHRYNLV—ADL—YQGDYKLFL—AFPRCRYVHK—ATP
VMSRFAA—AFAEGVVAFL—KVYWAGIEF—R—TVAPPAPVY—TLASIGTAF—R—TTIGEWAFW—
RK—LANETTQAL—FLLQLNETI—R—FVHSGFIYF—K—IISDLSIFI—R—NFFHASLAY—RR—LAN
PTADDF—K—ILMNFHQKK—ADLS—FTPQFLLQL—YSGNIVHRY—ADLA—RTSFFLWVI—RTF
SILNRK—RK—LSDLCNFLV—ADLV—HMMVIFRLM—ADLK—IMYDHLPGF—ALPQYFTFDL—YL
EGHGFRF—R—FLSFASLFL—R—TRSFTTHFL—RLMRTNFLI—ADG—FRLMRTNFL—R—GQFLSFA
SL—R—SFASLFLPK—RLASTVIYR—ARLSSPIVL—AHPLARTAKV—QFLSFASLF—R—GYLEGTRTL
—R—FRYEFTAPF—KK—YFTFDLTALK—EYLFEVDNL—R—PGPAKFSLL—RK—LFLRATTEL—RK—
NYNGLLSSI—R—LYDRLASTV—R—KFINKLDALH—SGSG—EPFRDYVDRFYKTLR

The length of the designed polyepitope EV.CTL is 547 amino acids; a share of spacer sequences
is 12.76%. To target polyepitope immunogen into proteasome, we added ubiquitin sequence to
N-terminus of the final poly-CTL-epitope construct.

3.3. Design of Poly-Th-Epitope Ebola Virus

To achieve the most efficient induction of T-cell immune response, one should induce not only
responses of CD8+ but also CD4+ T-lymphocytes; therefore, in the following steps, we constructed
poly-Th-epitope fragment (EV.Th). We used Th-epitopes predicted for humans and showing the
broadest specificity regarding HLA class II molecules. For the purpose, TEpredict [25] predicted
Th-epitopes in Ebola virus proteins. PolyCTLDesigner [26] was used to select eight fragments of the
length of 35–40 amino acid residues comprising the most of the Th-epitopes with the broadest specificity
regarding different HLA class II allomorphs. N-terminus of the selected peptides was extended up
to 5 amino acid residues as compared to the beginning of the first epitope, and C-terminus—up to
5 amino acid residues as compared to the end of the last epitope (Table 2).

Additionally included at C-terminus of the construct: universal Th-epitope PADRE (PAn
DR Epitope)—AKFVAAWTLKAAA; marker epitope EPFRDYVDRFYKTLR of p24 HIV-1 protein
recognized by monoclonal antibodies 29F2, and a C-terminal fragment of LAMP-1 protein—
RKRSHAGYQTI. According to the literature, adding the signal peptide concurrently with LAMP-1
C-terminus fragment to the target antigen raises the level of CD4+ T-lymphocyte response
significantly [50–53]. As a signal peptide, we selected the sequence of an N-terminal fragment
of Ebola virus surface glycoprotein comprising MGVTGILQLPRDR leader peptide. Using the SignalP
server [54] we predicted that the leader peptide in the designed artificial polypeptide is functional
and should efficiently split out. Poly-Th-epitope antigen EV.Th was designed using K/R-K/R spacer
sequences that form cleavage sites by lysosomal cathepsins [39,40]:

MGVTGILQLPRDR—FKRTSFFLWVIILFQRTFSIPLGVIHNSTLQVSDVDKL—RR—TNTNHFN
MRTQRVKEQLSLKMLSLIRSNILKFINKLDA—RR—LTLDNFLYYLTTQIHNLPHRSLRILKPTFK
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HASVMSRL—RR—TQTYHFIRTAKGRITKLVNDYLKFFLIVQALKHNGTWQAE—RR—WDRQ
SLIMFITAFLNIALQLPCESSAVVVSGLRTLVPQSD—RR—SSAFILEAMVNVISGPKVLMKQIPIW
LPLGVADQKTYSF—RR—QYPTAWQSVGHMMVIFRLMRTNFLIKFLLIHQGMHMVAGH—RR—ES
ADSFLLMLCLHHAYQGDYKLFLESGAVKYLE—RR— AKFVAAWTLKAAA —SGSG—EPFRDY

VDRFYKTLR—SGSG— RKRSHAGYQTI

MGVTGILQLPRDR—signal peptide; AKFVAAWTLKAAA—PADRE epitope; EPFRDYVDRF
YKTLR—marker epitope; RKRSHAGYQTI—C-terminal fragment of LAMP-1 protein.

Table 2. Predicted CD4+ T-helper (Th)-epitopes in the sequences of Ebola virus proteins (antigens) *.

Peptide Protein Fragment
Number of
HLA-DR

Allomorphs

Number
of

Epitopes

FKRTSFFLWVIILFQRTFSIPLGVIHNSTLQVSDVDKL GP 14–51 48 11
TNTNHFNMRTQRVKEQLSLKMLSLIRSNILKFINKLDA VP24 129–166 49 8
LTLDNFLYYLTTQIHNLPHRSLRILKPTFKHASVMSRL L 1486–1523 50 5
TQTYHFIRTAKGRITKLVNDYLKFFLIVQALKHNGTWQAE L 2111–2150 48 10
WDRQSLIMFITAFLNIALQLPCESSAVVVSGLRTLVPQSD VP30 230–269 47 8
SSAFILEAMVNVISGPKVLMKQIPIWLPLGVADQKTYSF VP40 70–108 42 8
QYPTAWQSVGHMMVIFRLMRTNFLIKFLLIHQGMHMVAGH NP 186–225 50 13
ESADSFLLMLCLHHAYQGDYKLFLESGAVKYLE NP 68–100 47 5

*—Table demonstrates peptide sequence, antigen name, the beginning and the end of the selected peptide, the
number of HLA class II allomorphs interacting with a fragment, the number of Th epitopes predicted in a fragment.

3.4. Designing Artificial Genes and Producing Recombinant Plasmids—Candidate DNA Vaccines Against
Ebola Virus Encoding Polyepitope Immunogens of Ebola Virus

Artificial genes encoding EV.CTL and EV.Th-immunogens of Ebola virus were designed using
GeneDesigner software [27]. Reverse translation of amino acid sequences was conducted considering
the frequency of codons in humans [55]. Kozak sequence (CCGCCACC) is located ahead of ATG
initiating codon. At the end of the encoding sequence, three stop-codons (TAGTGATGA) were added.
Designed genes—EV.CTL and EV.Th were synthesized and cloned in pcDNA 3.1 vector plasmid. As the
result, we constructed two recombinant plasmids pEV.CTL and pEV.Th—candidate DNA vaccines
against Ebola virus.

3.5. Analysis of Target Gene Expression

The genes expression of DNA vaccines was evaluated with two methods: specific mRNA synthesis
assay and immunostaining of the transfected cells. To evaluate synthesis of specific mRNA, we isolated
total RNA from 293T cells transfected with plasmids pEV.CTL and pEV.Th and obtained cDNA in RT.
The obtained cDNA was used to carry out PCR using pairs of primers (fCTL, rCTL) and (fTh, rTh) to
genes EV.CTL and EV.Th, respectively.

The results in Figure 2 demonstrate that the sizes of the amplified fragments correspond to the
theoretically calculated sizes of amplification products, i.e., 891 bps for EV.CTL gene and 495 bps for
EV.Th gene. Similar PCR fragments were obtained when using initial target plasmids pEV.CTL and
pEV.Th (positive control) as a matrix. The findings indicate presence of specific mRNA in the total cell
RNA fraction.
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Figure 2. Electrophoregram on 1% agarose gel of PCR products: 1 - Molecular weight marker (M12,
SibEnzyme); 2 and 3—PCR fragments of 831 and 495 bps obtained using cDNA as a matrix with
primers (fCTL, rCTL) and (fTh, rTh), respectively; 4 and 8—The results of PCR with primers (fCTL,
rCTL) and (fTh, rTh) and total RNA isolated from 293T cells transfected with plasmids pEV.CTL
and pEV.Th, respectively (without reverse transcription; control for the absence of target plasmids
in isolated samples of total RNA); 5—Molecular weight marker (M15, SibEnzyme); 6 and 7—PCR
fragments obtained using plasmids pEV.CTL and pEV.Th as a matrix, respectively (positive control).

Immunohistochemical staining of cells transfected with pEV.CTL and pEV.Th plasmids was
evaluated using MAT 29F2/30A6 antibodies to EPFRDYVDRFYKTL marker epitope, included in all
constructs. The results depicted in Figure 3 demonstrate the presence of specific proteins. The findings
confirm the expression of the target genes both at the level of transcription and translation.

Figure 3. Evidence of genes expression in cells transfected with plasmids pEV.CTL and pEV.Th
by immunohistochemical staining. (a) 293T-cells transfected with pEV.CTL plasmid. (b) 293T-cells
transfected with pEV.Th plasmid. (c) 293T-cells transfected with pcDNA3.1 vector plasmid.

3.6. Immunogenicity Study of DNA-Vaccine Constructs Encoding Multiple T-Cell Epitopes of Ebola Virus

Immunogenicity of the target DNA vaccine constructs was evaluated regarding their capacity
to induce a T-cell response in BALB/c mice 14 days after the third immunization. The level of T-cell
immune response was detected using IFNγ-ELISpot and ICS.

ELISpot results (Figure 4) demonstrate that the induction of specific response was registered in
both experimental groups [pE-CTL+pE-Th] and [pE-CTL], especially in the animal group immunized
with a mix of target DNA vaccine constructs [pE-CTL+pE-Th]. Significant differences from both
negative controls were observed only in [pE-CTL+pE-Th] group (Table 3).

The capacity of vaccine constructs to induce IFNγ-producing CD4+ and CD8+ T-cells was tested
by ICS after stimulating splenocytes with specific peptides. The results of ICS (Figure 5) revealed
that statistically significant difference from control (Table 4) was demonstrated by IFNγ-producing
CD8+ T-lymphocytes in animal groups immunized both with pEV.CTL and a mix (pEV.CTL + pEV.Th)
DNA vaccines as well as by IFNγ-producing CD4+ T-helpers in the group immunized with only a
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mix of vaccine constructs (pEV.CTL + pEV.Th). The maximal responses of IFNγ-producing CD8+
T-lymphocytes (p = 0.024) and CD4 + T-cells (p = 0.012) were registered in the animal group immunized
with a mix of vaccine constructs. This is believed to be caused by the synergistic effect of CD8+ and
CD4+ T-lymphocytes.

Figure 4. The results of IFNγ-producing T-cell count in IFNγ-ELISpot assay in BALB/c mice immunized
with DNA-vaccine constructs encoding target immunogens (n = 6 for phosphate buffer solution (PBS)
control group and n = 10 for the other groups). The figure represents spot count (i.e., IFNγ-producing
T-cells) in different experimental and control animal groups.

Table 3. Results of statistical data analysis in ELISpot.

Animal Groups Phosphate Buffer Solution (PBS) pcDNA3.1 pE-CTL

pcDNA3.1 0.070 – –
pE-CTL 0.029 0.148 –

pE-CTL + pE-Th 0.009 0.0296 0.264

Figure 5. The results of IFNγ-producing CD4+ (A) and CD8+ (B) T-cell count using intracellular
cytokine staining (ICS) approach in BALB/c mice immunized with DNA vaccine constructs encoding
target immunogens (n = 5).

To design the target antigens, we used PolyCTLDesigner software that we had developed for
rational design of artificial polyepitope vaccine constructs [26]. It enables us to calculate amino acid
sequence of polyepitope antigen by detecting the best spacer sequences for each pair of epitopes
and optimal relative positions of epitopes in the construct considering state-of-the-art knowledge
about the specificity of proteasomal processing of antigens and interaction between peptides and TAP.
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The findings revealed that the designed artificial DNA vaccine constructs encoding CTL and Th-epitopes
of Ebola virus antigens provide expression of the target genes, as well as induce virus-specific responses
of CD4+ and CD8+ T-lymphocytes in immunized mice.

Table 4. Statistical analysis results obtained using intracellular cytokine staining (ICS).

Animal Groups
CD8+IFNγ+ CD4+IFNγ+

PBS pE-CTL PBS pE-CTL

pE-CTL 0.024 – 0.278 –
pE-CTL+pE-Th 0.024 0.635 0.012 0.024

4. Conclusions

Our original developed TEpredict/PolyCTLDesigner software was used in the study to predict
cytotoxic and T-helper epitopes in a compound of seven Ebola virus proteins (GP, VP24, VP30, VP35, L,
VP40, and NP) and to design two polyepitope immunogens EV.CTL and EV.Th on the base of those
epitopes. Recombinant plasmids, candidate DNA vaccines against Ebola virus encoding the designed
antigens, were obtained. We show that the designed DNA vaccine constructs provide a synthesis of
corresponding mRNA and proteins in a eukaryotic cell culture, as well as induce statistically significant
responses both of CD4+ and CD8+ T-lymphocytes in immunized animals, and consequently are
promising candidates for further studies of their capacity to induce cytotoxic and protective responses.
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Abstract: We developed a candidate DNA vaccine called “DNA-4”consisting of 4 plasmid DNAs
encoding Nef, Gag, Pol(rt), and gp140 HIV-1 proteins. The vaccine was found to be safe and
immunogenic in a phase I clinical trial. Here we present the results of a phase II clinical trial of
“DNA-4”. This was a multicenter, double-blind, placebo-controlled clinical trial of safety, and dose
selection of “DNA-4” in HIV-1 infected people receiving antiretroviral therapy (ART). Fifty-four
patients were randomized into 3 groups (17 patients—group DNA-4 0.25 mg, 17 patients—group
DNA-4 0.5 mg, 20 patients—the placebo group). All patients were immunized 4 times on days
0, 7, 11, and 15 followed by a 24-week follow-up period. “DNA-4” was found to be safe and
well-tolerated at doses of 0.25 mg and 0.5 mg. We found that the amplitudes of the spontaneous
viral load increases in three patients immunized with the candidate DNA vaccine were much higher
than that in placebo group—2800, 180,000 and 709 copies/mL, suggesting a possible influence of
therapeutic DNA vaccination on viral reservoirs in some patients on ART. We hypothesize that this
influence was associated with the reactivation of proviral genomes.

Keywords: HIV; AIDS; DNA vaccine; clinical trial; therapeutic vaccine

1. Introduction

Since AIDS was first described in 1981 about 60 million people have been infected with HIV,
and about 30 million have died of AIDS. In Russia more than 1.2 million infected individuals (59 per
100,000 of citizens) have been detected [1]. Despite significant progress having been made in the field
of antiretroviral therapy (ART), the pandemic of HIV infection is yet to be contained. The development
of vaccines against HIV/AIDS, both preventive and therapeutic, is the necessary step to stop further
spread of the epidemic.

Our group has developed a candidate DNA vaccine called “DNA-4” which consists of 4 plasmid
DNAs encoding Nef, Gag, Pol(rt), and gp140 HIV-1 proteins of the Eastern European subtype A.
The candidate vaccine has passed preclinical studies in laboratory animals [2] and phase I clinical
trials in healthy volunteers [3]. The vaccine was found to be safe and well-tolerated. Intramuscular
immunization with “DNA-4” induced the development of HIV-specific mostly cellular immune
responses in all trial participants. Some of the induced immune reactions, e.g., TNFα, were similar to
the reactions discovered in exposed seronegative individuals, who remain HIV uninfected despite
repeated unprotected exposure to the virus [3,4].
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Here we present the results of a phase II clinical trial of the candidate vaccine “DNA-4” in HIV-1
infected people receiving ART. The objectives of the clinical trial were to assess safety and to determine
an optimal dose of the vaccine for HIV-positive patients. We also were looking for the possible influence
of vaccination on spontaneous increase of the viral load.

2. Materials and Methods

2.1. Study Vaccine

A candidate DNA-vaccine “DNA-4” has been developed at The Biomedical Center (St. Petersburg,
Russia) in collaboration with the Research Institute of Ultra Pure Biologicals (St. Petersburg, Russia).
The vaccine contains four plasmid DNA encoding consensus sequences of nef, gag, rt, or gp140 HIV-1
FSU subtype A genes [2]. Amino acid sequences of viral proteins were modified to increase their
expression level and optimize their immunological properties. Nucleotide sequences were designed
to replace most wild-type codons with codons from highly expressed human genes. In reverse
transcriptase (RT), N-terminal methionine and hystidines were introduced to replace catalytic aspartic
acids residues 110, 185, and 186 within the active site of RT. In Nef, glycine residues 2 and 3 were deleted
to remove the myristylation site. In gp140, the signal peptide was replaced with the signal sequence of
human tissue plasminogen activator to increase its transport and secretion; the transmembrane and
cytoplasmic regions of gp160 (amino acids 676–860) were removed to obtain a soluble form of the
HIV-1 envelope glycoprotein, region 500–534 containing the cleavage site and fusion peptide domain
was removed to prevent the proteolytic processing of the envelope, to stabilize the protein by linking it
covalently to the gp41 extracellular domain, and to reduce toxicity; and region 589–618 containing the
sequence between the heptad repeats was removed to stabilize the formation of trimers and eliminate
formation of the hairpin intermediate [2].

Each gene was inserted into the vector pBMC that had been created at The Biomedical center.
Inserted genes were expressed in eukaryotic cells under the control of the cytomegalovirus promoter
and the bovine growth hormone polyadenylation signal [2].

DNA-4 was manufactured by the production facility of the Research Institute of Ultra Pure
Biologicals (St. Petersburg, Russia) in accordance with the existing Russian federal regulations.
The plasmids were equally formulated in 0.5 mL of sterile saline solution with overall plasmid
concentration of 0.25 mg/mL. No adjuvants were added to the vaccine. Placebo vials contained 0.5 mL
of saline solution without plasmids.

2.2. Phase II Clinical Trial Design

Phase II clinical trial was a multicenter, double-blind, placebo-controlled study. It was conducted
to assess the safety of two “DNA-4” doses (0.5 mg and 0.25 mg) in patients with HIV-1 receiving ART
by the analysis of frequency and severity of adverse events.

The study was conducted in 7 Centers for the Prevention and Control of AIDS and Infectious
Diseases situated in different Russian cities: Moscow region, Kazan, Tolyatti, Volgograd, Lipetsk,
Kaluga, Izhevsk.

During screening (visit 1) the following data were obtained: medical history, assessment of weight
and height, electrocardiography, chest X-ray (both direct and lateral projection), laboratory tests of
blood and urine were performed, viral load, levels of CD4 and CD8 T cells. For women pregnancy
tests were performed. Patients eligible for inclusion were included in the study. The inclusion and
exclusion criteria used in the study are listed in Appendix A. All trial participants were randomized
into three equal groups and vaccinated four times with corresponding dose (0.5 mg or 0.25 mg or
placebo) on days 1, 7, 11, and 15 with a 22-week follow-up period. Vaccine doses were selected based
on the results of the phase I clinical trials of DNA-4 vaccine [3]. The highest dose of 1.0 mg/mL was
excluded from this study since it did not show the enhancement of the immunogenicity.
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Randomization was performed centrally by an unblinded study monitor according to the
randomization list and stratum. At screening, each subject was allocated an individual registration.
Investigator completed the Inclusion form including following information: screening date, site number,
subject number, subject initials, date of birth, and basic ART. At Randomization visit the eligible
patients were randomized to one of three treatment groups with the ratio 1:1:1. Trial participants
were stratified by basic ART. Investigator indicated basic ART for each subject during randomization:
2NRTI + NNRTI or 2NRTI + PI. Patients with different basic ART were allocated equally to one of
three treatment groups.

A dose of the studied vaccine was blinded by using two types of packages for each patient (box A
and box B). Each package contained 4 ampoules with the DNA-4 vaccine with a dosage of 0.25 mg or
with placebo.

Patients from 0.25 mg DNA-4 group were immunized with one ampoule from box A with DNA-4
vaccine of 0.25 mg intramuscularly strictly to the deltoid muscle of the right shoulder and one ampoule
from box B with placebo intramuscularly to the deltoid muscle of the left shoulder.

Patients from 0.5 mg DNA-4 group were immunized with one ampoule from box A with DNA-4
vaccine of 0.25 mg intramuscularly strictly to the deltoid muscle of the right shoulder and one ampoule
from box B with DNA-4 vaccine of 0.25 mg intramuscularly to the deltoid muscle of the left shoulder.

Patients from the placebo group were immunized with one ampoule from box A with placebo
intramuscularly strictly to the deltoid muscle of the right shoulder and one ampoule from box B with
placebo intramuscularly to the deltoid muscle of the left shoulder.

The candidate vaccine was administered intramuscularly in 1 mL of sterile saline solution in the
deltoid muscle of each shoulder. Figure 1 shows the clinical trial design.

 
Figure 1. Trial scheme. Arrows show days of immunization.

Safety and tolerability were evaluated by the frequency and severity of adverse events (AE)
according to subjective complaints from the patient’s diary, vital signs, physical examination, laboratory
tests and development of local reactions. The severity of AE was assigned in accordance with the
DAIDS scale, Version 1.0, December 2004. Each adverse event was graded using a 4-grade scale:
1—mild, 2—moderate, 3—severe, 4—potentially life threatening.

Association of AE with vaccine administration was determined as associated, possibly associated,
unlikely associated, or not associated. AE associated with the vaccine injection should meet the
following criteria: occurs in a short time after injection, accompanies a known response to the use of the
vaccine, terminates after cessation of the vaccination, re-occurs after the resumption of the vaccination.

The viral load was assessed at screening and at visits 2 and 6–11 by real-time PCR analysis.
“AmpliSense HIV-Monitor-M-FL” kit (Russia) were used to detect transient viral increases above
50 copies/mL (the sensitivity of the kit was 20 copies/mL). The magnitude of viral blips, the number of
viral increases as well as the number of patients with viral increases were compared between vaccinated
groups and placebo group.

The quantity and ratio of CD4 and CD8 T cells were measured by flow cytometry analysis.
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The viral load and CD4 and CD8 T cell levels at visit 2 were the baselines for assessing the
dynamics of the viral load.

2.3. Ethical Compliance

The study was reviewed and approved by the Ethical Committee of the Ministry of Health of the
Russian Federation (clinical trial approval number 222 of 22 April 2014). The volunteers provided
written informed consent following protocol review, as well as discussion and counseling with the
clinical study team.

3. Results

3.1. Adherence and Tolerability

54 HIV-1 infected individuals receiving ART participated in the study. All participants were
randomized into three equivalent groups: 0.5 mg of vaccine—17 individuals, 0.25 mg—17 individuals,
and placebo—20 individuals. Demographic characteristics of trial participants are presented in Table 1.

Table 1. Demographic characteristics of trial participants.

Group Placebo 0.25 mg 0.5 mg Total

Number of participants randomized 20 17 17 54
Number of men 9 5 9 23

Number of women 11 12 8 31
Average age 33.6 ± 6.2 36.9 ± 9.4 37.1 ± 8.5 35.7 ± 8.0

Vaccination was fully completed in 53 trial participants. One individual from group vaccinated
with 0.25 mg of the vaccine was prematurely withdrawn from the study after first vaccine application
due to a cold caused by a respiratory virus. There was no temporal association with vaccine
administration, so this AE was determined as unlikely to be associated with the vaccination. However,
data on safety and tolerability were analyzed in this participant.

The diagram describing the course of the study is presented at Figure 2.
Adverse events were registered in 17 out of 54 trial participants (31.8%). In the vaccinated groups

(0.25 mg and 0.5 mg combined) 35 AE in 12 patients were detected (35.3%), in the placebo group—13 AE
in 5 patients (25.0%). In the group receiving 0.25 mg of the vaccine AE were found twice as often as in
the group receiving the 0.5 mg dose (47.1% and 23.5% respectively). The total data on the adverse
events registered in trial participants are presented in Table 2. Statistically significant differences
between the frequencies of adverse events in vaccinated and placebo groups were not found (Fisher’s
exact test).

Pain in the left arm and hyperemia at the injection site were associated with immunization with
the studied candidate vaccine. Fourteen cases of AE were determined to be possibly associated with
vaccination including leukopenia, neutropenia, fever, itching at the injection site, hypersecretion from
the genital tract, and menstrual disorders.

No deaths were detected. Most adverse events had mild or moderate severity. In the vaccinated
groups, 4 cases of 3rd grade AE (3 cases in the 0.25 mg group and 1 case in the 0.5 mg group) and 1 case
of 4th grade AE (in the 0.25 mg group) were registered, all of them neutropenias. This did not lead to
an interruption of the vaccination. In all cases neutropenias were completely resolved.
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Figure 2. Consort diagram of the study.

Table 2. Adverse events registered in trial participants.

Adverse Event
DNA-4
0.25 mg

DNA-4
0.5 mg

Placebo

Number
17 17 20

N % N % N %

Fever 1 5.9 0 0.0 2 10.0
Feeling of acid in the mouth 0 0.0 0 0.0 1 5.0

Toothache 0 0.0 0 0.0 1 5.0
Weakness 0 0.0 0 0.0 1 5.0

Left arm pain 0 0.0 0 0.0 1 5.0
Itching at the injection site 1 5.9 0 0.0 1 5.0

Hyperemia at the injection site 1 5.9 0 0.0 0 0.0
Menstrual disorders 2 18.2 0 0.0 0 0.0

Hypersecretion from the genital tract (subjective analysis) 1 5.9 0 0.0 0 0.0
Cold 3 17.6 3 17.6 0 0.0

Gastrointestinal infection 1 5.9 0 0.0 0 0.0
High blood pressure 1 5.9 0 0.0 0 0.0

Neutropenia 3 17.6 1 5.9 1 5.0
Increased bilirubin 1 5.9 0 0.0 1 5.0

Leukopenia 2 11.8 2 11.8 1 5.0
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Table 2. Cont.

Adverse Event
DNA-4
0.25 mg

DNA-4
0.5 mg

Placebo

Number
17 17 20

N % N % N %

Anemia 1 5.9 0 0.0 1 5.0
Increase in alanine aminotransferase 1 5.9 0 0.0 0 0.0

Increase in gamma-glutamyl transferase 1 5.9 0 0.0 0 0.0
Erythropenia 0 0.0 1 5.9 0 0.0
Proteinuria 0 0.0 1 5.9 0 0.0
Irritability 0 0.0 1 5.9 0 0.0

p > 0.05.

3.2. Viral Load Dynamics

A viral load was measured at screening and at visits 2 and 6–11 by real-time PCR analysis.
Transient viral increases above 50 copies/mL (viral blips) were analyzed. Table 3 presents the data on
viral load analysis.

Table 3. Data on viral load increases registered in trial participants.

Group 0.25 mg 0.5 mg Placebo

The number of viral blips (>50 copies/mL) 8/88 9.1% 6/89 6.7% 7/95 7.4%
The number of participants with viral blips 4/17 23.5% 6/17 35.3% 6/20 30.0%

p > 0.1.

The relative frequency of the viral blips as well as the number of patients with viral blips in the
placebo group and the vaccinated groups did not differ (Table 3). But the magnitude of some transient
viral increases was much higher in groups receiving the candidate DNA vaccine. The biggest blips
were detected in the group receiving 0.25 mg of the vaccine (patients # 21 and 37) and made up 2800
and 18,000 copies/mL, respectively. There were gradual increases and then decreases of the viral load
in participant #21. The third largest blip, 709 copies/mL, was found in 0.5 mg group in patient #43
(Appendix B Table A1).

3.3. CD4 and CD8 T Cells Measurement

The number of CD4 and CD8 T cells were measured by flow cytometry at visits 2, 6, 7, 9, and 11.
At visit 2 blood donation was performed before the first vaccination. Results at visit 2 present the data
on the CD4 and CD8 level at the time of study entry. The results are shown in Tables 4 and 5.

There was a weak trend to increase in the absolute number of CD4 T cells in the group
receiving 0.25 mg of the studied vaccine, but the differences with the placebo group were not
statistically significant.
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Table 4. Data on CD4 T cells number in trial participants at different visits (cells × 109/L).

Group
Visit

Screening 2 6 7 9 11 t test

0.25 mg

N 17 16 17 15 15 13

0.132
Mean 0.669 0.593 0.619 0.722 0.703 0.756

SD 0.224 0.223 0.241 0.152 0.223 0.187
Min 0.289 0.246 0.288 0.506 0.354 0.348
Max 1.086 1.114 1.290 1.176 1.121 1.056

0.5 mg

N 17 17 17 14 14 11

0.104
Mean 0.707 0.769 0.714 0.710 0.671 0.797

SD 0.259 0.282 0.278 0.278 0.255 0.323
Min 0.289 0.307 0.333 0.346 0.232 0.361
Max 1.157 1.281 1.267 1.275 1.093 1.196

Placebo

N 20 20 20 17 16 12

-
Mean 0.567 0.558 0.620 0.603 0.555 0.650

SD 0.197 0.202 0.183 0.213 0.127 0.211
Min 0.336 0.189 0.353 0.278 0.239 0.367
Max 1.159 1.063 1.018 1.009 0.749 1.009

Table 5. Data on CD8 T cells number in trial participants at different visits (cells × 109/L).

Group
Visit

Screening 2 6 7 9 11 t test

0.25 mg

N 17 16 17 15 15 13

0.306
Mean 0.926 0.939 0.937 1.059 1.014 0.937

SD 0.413 0.540 0.450 0.533 0.534 0.293
Min 0.347 0.312 0.316 0.301 0.390 0.352
Max 1.776 2.376 1.926 2.199 2.230 1.406

0.5 mg

N 17 17 17 14 14 11

0.969
Mean 1.023 1.037 0.992 0.902 0.847 1.033

SD 0.477 0.479 0.380 0.276 0.390 0.451
Min 0.358 0.422 0.322 0.507 0.262 0.469
Max 1.871 2.020 1.870 1.287 1.635 2.033

Placebo

N 20 20 20 17 16 12

-
Mean 0.975 0.976 0.976 0.940 0.923 1.086

SD 0.436 0.549 0.484 0.408 0.349 0.500
Min 0.299 0.285 0.332 0.364 0.437 0.476
Max 2.169 2.506 2.059 1.711 1.604 2.365

4. Discussion

Different therapeutic vaccine strategies including tools based on DNA, viral vectors such as
modified vaccinia Ankara (MVA) and vesicular stomatitis virus (VSV), RNA, peptide, or protein,
Lentiviral vector and dendritic cell have been used in numerous clinical trials. Despite the major
advances in our immunological understanding of HIV-1 specific T cell responses and HIV-1 reservoir,
we have not been able to achieve a cure and none of these vaccines have proven to be effective [5].
Combination strategies are now being considered as the most promising approach for therapeutic HIV
vaccine development. Interleukins, immune checkpoint inhibitors and Treg modulation were suggested
as candidates for effective vaccine, but failed to yield any significant clinical benefit [5]. At the CROI
2017 conference data on clinical trial BCN02 were presented. It was the combined use of therapeutic
vaccination with a vaccine based on the MVA vector (MVA.HIVconsv vaccine) and Romidepsin, specific
drugs that can reactivate latent virus from the reservoir (Kick and kill strategies) followed by ART
treatment interruption. At the time of the report 11 patients had interrupted treatment, 7 of them had
to resume ART within the first 4 weeks while 4 participants (36%) remained off ART after 7, 12, 14,
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and 22 weeks, respectively. The authors suggested that therapeutic vaccination targeting conserved
regions of HIV-1 combined with HIV latency reactivation strategies may facilitate clearance of the viral
reservoir in early-treated individuals [6]. The DNA vaccine, since it induces HIV specific cytotoxic T
cells, in case of latent viral reservoirs destruction may be an ideal strategy for HIV eradication.

In our previous studies we have developed a candidate DNA vaccine against HIV-1 consisting of
four plasmids encoding four HIV-1 subtype A genes: gag, env, rt, and nef [2]. The preclinical studies
and phase I clinical trial of the vaccine were conducted [2,3]. The phase I trial was conducted to access
safety, tolerability and immunogenicity of the DNA-4 HIV vaccine in healthy HIV-1-negative adult
volunteers. We found that our DNA vaccine was safe and well-tolerated at three used doses (0.25 mg,
0.5 mg, and 1.0 mg). Altogether, T-cell immune responses were elicited in all participants. We observed
the increase in lymphocyte proliferation after fourth immunization that can show the advantage of
fourfold against triple immunization. The frequency of detection positive cytokine responses decreases
with increasing the vaccine dose. The humoral responses were induced in 5 people (24%). We did
not observe any correlation between the antibody production and the DNA-4 vaccine doses. We also
found the important correlation with our results obtained for the HIV specific immune responses in
exposed seronegative individuals, i.e., TNFa production in immunized group [3].

This study was conducted as a multicenter, double-blind, placebo-controlled study of safety and
dose selection of a candidate HIV vaccine for HIV-infected people receiving ART. It can be concluded
that the DNA-4 candidate vaccine at doses of 0.25 mg and 0.5 mg was safe and well-tolerated by
HIV-infected individuals receiving ART. In vaccinated groups, three spontaneous increases of viral
load with largest amplitude were detected.

The proportion of trial participants who demonstrated adverse events associated or possibly
associated with the vaccine administration was 7.4% higher in the vaccinated group than in the placebo
group. The frequency of local reactions in group immunized with 0.25 mg of the vaccine and the
placebo group was similar, and in the group immunized with 0.5 mg no local reactions were revealed.
This is in contrast with other AE, which were highest in the group receiving 0.25 mg of the vaccine.

Immunogenicity of the DNA-4 vaccine was performed in Phase I clinical trial using IFNγ-ELISpot,
intracellular cytokine staining (ICS) of IFNγ, TNFα and IL-2, lymphocyte proliferation assay (LPA) and
ELISA [3]. For specific T cell stimulation, a panel of 451 overlapping peptides spanning HIV-1 subtype
A-Eastern European (EE) Env, Gag, RT, and Nef proteins was used. Peptides were synthesized at the
Research Institute of Ultra Pure Biologicals (St. Petersburg, Russia). HIV-specific cellular immune
responses were detected in 21/21 (100%) trial participants: 9 patients were IFNγ-ELISpot reactive,
18 patients expressed cytokines to specific antigen stimulation, and 12 patients had positive lymphocyte
proliferation. Using ICS we detected the increased TNFα expression by CD4 T cells in response to
the specific peptide stimulation in 3/21 trial participants [3]. The humoral response was induced in
5 people (24%). The titer of HIV-specific antibodies did not exceed 1/100.

For complete eradication of the HIV infection the destruction of latent viral reservoirs is necessary,
and this cannot be achieved by modern ART. The only example of HIV cure is the so-called “Berlin
patient” who underwent allogeneic hematopoietic stem-cell transplantation (HSCT) from a donor
carrying homozygous mutation in the HIV coreceptor CCR5 [7,8]. Recently information about HIV-1
remission maintained over a further 18 months after a similar procedure has been published [9].
However, this procedure is very expensive, high-risk and cannot be widely used.

One of the approaches used for eliminating viral reservoirs is reactivation of latent proviral
genomes during ART treatment by histone deacetylase inhibitors and some cytokines [10,11].

Another way is enhancement of cellular immunity in HIV-infected individuals using therapeutic
vaccines capable of inducing functional CD8+ T cells specific for HIV-1 epitopes [12–16]. The next
generation of therapeutic vaccines will also be combined with reservoir activating agents [17].
DNA vaccines, in case of provirus activation, may be an ideal drug for viral reservoirs eradication.

Proviral genome reactivation may be caused by TNFα expression. TNFα activates transcription
factor NFkB and HIV transcription [12,18]. DNA-4 vaccination induced increased TNFα expression
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in some individuals, as shown in a phase I clinical trial by intracellular cytokine staining followed
by flow cytometry [3]. The expression of TNFα was also demonstrated by us in a cohort of exposed,
seronegative individuals [4]. That is why we hypothesized that therapeutic “DNA-4” vaccine
immunization may activate latent provirus and destroy at least some virus reservoirs. In order to
measure that, we assessed the frequency and magnitude of transient viral load increases above
50 copies/mL (blips). Such spontaneous viral load increases occurring during ART treatment may be
associated with latent viral reservoirs activation.

To investigate the possible effects of DNA vaccination on viral reservoirs we analyzed the
magnitude and frequency of the blips in the placebo and immunized groups (Table 3). Neither relative
frequency of the blips nor relative numbers of patients with blips differ between groups. But the
amplitudes of blips in patients 21 and 37 immunized with 0.25 mg of the candidate DNA vaccine were
much higher than that in placebo group—2800 and 18,000 copies/mL, respectively. In participant #21
an increase of the viral load was detected from the 6th to the 10th visit with the dynamics of increasing,
peak and decreasing of the viral load, while most of the other blips were detected only during a single
visit. The third largest blip, 709 copies/mL, was found in trial participant 43 vaccinated with 0.5 mg of
DNA vaccine.

The number of patients is small. However, the largest increases were registered in double-blinded
vaccinated groups. The results suggest that the lower DNA concentration (0.25 mg) is more active than
0.5 mg. This is in correspondence with more AE in the group vaccinated with 0.25 mg.

These results may have several explanations. The participation of therapeutic DNA-4 vaccination
during ART in destruction of latent viral reservoirs in some patients due to the reactivation of a latent
provirus by TNFα is possible but is not proved. The destruction of latent cells containing viral RNA
can be the source of the viral blips.“Repliclones”, populations of replicating cells with HIV’s genome
nested inside them can also produce new virions [19].

The studied vaccine contains Nef protein which has been shown to have an ability to induce viral
reactivation. It was demonstrated that exogenous Nef activated virus production in latent cell lines
and in peripheral blood mononuclear cells isolated from asymptomatic HIV-infected individuals [20].
Early production of Nef during viral reactivation might enhance latent T cell activation.

Nef increases the production of exosomes containing activated ADAM17 (a disintegrin and
metalloprotease domain 17), an enzyme that converts pro-TNF-α into its active form. The uptake of
ADAM17-containing exosomes by target cells can induce the release of TNF-α, which subsequently
binds to TNF receptor type 1 and activates NF-κB and c-Jun N-terminal kinase (JNK) pathways [20].

On the other hand, Nef is able to selectively downregulate surface CD4 and HLA-I molecules that
may lead to evade immune surveillance by reactivated cells. Moreover, Nef can counteract multiple
apoptotic pathways and promote cell survival could further hinder the clearance of reactivating
reservoirs [20]. So, Nef protein can has dual effect on latent viral reservoirs reactivation.

5. Conclusions

The further studies of these effects are necessary. As far as we know, no systematic studies of
blips in vaccinated patients have been performed before. The measurement of the magnitude of
spontaneous increases of viral load could become the part of monitoring the results of immunotherapy
of HIV-infected patients in the future.

In conclusion, we demonstrated safety of the candidate DNA vaccine in HIV-infected patients
receiving ART, and detected unusual blips effects in vaccinated individuals, which may be of interest
for the future studies.
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Appendix A

The inclusion and exclusion criteria used in the study:

1. Inclusion criteria:

• Informed consent to participate in the study;
• HIV positive men and women over 18 years old receiving stable first-line ART for at least

6 months and not more than 2 years;
• Stable clinical course of HIV infection (clinical stage 1 or 2 according to WHO classification);
• HIV viral load less than 50 copies/mL at screening;
• Number of CD4 T cells more than 250 cells/mm3 at screening;
• blood parameters: leukocytes—≥2900/mm3 (2.9 × 109 cells/L), absolute neutrophil

count—≥1500/mm3 (1.5 × 109 cells/L), platelets—≥100,000/mm3 (100 × 109 cells/L),
hemoglobin—≥9.0 g/dL, bilirubin—≤1.5 × upper limit of normal, ALT and AST—≤2.5
× upper limit of normal;

• Glomerular filtration rate (GFR)—>60 mL/min.
• Consent to use adequate contraceptive methods throughout the study (condom with spermicide).

2. Exclusion criteria:

• Acute hepatitis or cirrhosis of any etiology; anti-HCV or HBsAg, at screening;
• Opportunistic infections that meet the Category C classification of the Centers for Disease

Control and Prevention (CDC) of 2008, with the exception of Kaposi’s sarcoma that does not
require systemic therapy;

• Tuberculosis;
• Malignant neoplasms;
• Participation in other clinical studies within 3 months before screening;
• Reception of immunomodulators (interferons, interleukins), immunosuppressive (cyclosporine),

glucocorticosteroids within 3 months before screening;
• Any vaccination within 6 months before screening;
• Significant alcohol or drug addiction;
• Hypersensitivity to any component of the study vaccine;
• Severe concomitant diseases, such as disorders of the nervous, respiratory, cardiovascular,

renal, hepatic, endocrine system and the gastrointestinal tract;
• Systemic autoimmune diseases or connective tissue diseases requiring treatment with

systemic glucocorticosteroids, cytostatics or penicillamine;
• Pregnancy or breastfeeding. Women planning a pregnancy during a clinical trial; women

who do not use adequate methods of contraception;
• The inability to read or write, failure to understand and follow research protocol procedures.
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Appendix B

Table A1. Data on viral load measured in trial participants.

Group Participant Number
Visit

Screening 2 6 7 8 9 10 11

Placebo

01 20 440 20 39 20 20 80 20
02 20 20 565 20 71 39 20 20
03 20 200 39 20 20 39 43 20
04 20 55 20 47 52 20 20 20
05 40 57 20 20 20 20 39 20
06 20 20 20 20 20 20 20 20
07 20 39 20 39 n/a n/a n/a n/a
08 42 232 95 20 n/a n/a n/a n/a
09 20 20 39 20 n/a n/a n/a n/a
10 20 39 20 20 20 20 20 20
11 20 20 20 20 80 20 n/a n/a
12 40 39 20 20 20 20 n/a n/a
13 40 20 39 20 20 n/a n/a n/a
14 40 20 20 20 n/a 20 20 n/a
15 20 20 20 20 20 20 20 20
16 40 39 39 20 20 39 39 42
17 20 39 20 41 20 20 20 20
18 40 39 39 39 50 20 20 20
19 20 20 20 20 20 20 52 n/a
20 20 20 20 n/a n/a 20 n/a 20
N 20 20 20 19 15 16 13 12

Median 20 39 20 20 20 20 20 20
SD 9.9 104.8 121.2 9.6 20.9 7.7 18.4 6.4

Min 20 20 20 20 20 20 20 20
Max 42 440 565 47 80 39 80 42
>50 0 5 2 0 3 0 2 0

0.25 mg

21 20 39 101 59 129 2800 39 20
22 20 20 20 20 39 20 20 20
23 20 20 20 20 20 50 20 20
24 20 20 20 20 20 20 20 20
25 20 46 20 20 20 20 20 20
26 20 20 20 39 n/a 59 80 39
27 20 20 39 20 20 20 57 n/a
28 20 39 39 39 20 n/a n/a n/a
29 20 20 20 20 20 20 20 20
30 20 49 39 20 20 20 20 20
31 20 20 n/a 20 20 20 20 20
32 20 20 20 20 20 n/a n/a n/a
33 20 20 20 20 20 20 20 20
34 20 20 20 n/a 20 40 20 20
35 20 20 20 20 39 39 20 20
36 40 39 39 20 20 20 20 20
37 20 20 20 18,000 n/a n/a n/a n/a
N 17 17 16 16 15 14 14 13

Median 20 20 20 20 20 20 20 20
SD 4.9 10.8 20.8 4493.7 28.2 740.9 18.3 5.3

Min 20 20 20 20 20 20 20 20
Max 40 49 101 18000 129 2800 80 39
>50 0 0 1 2 1 2 2 0

81



Vaccines 2019, 7, 92

Table A1. Cont.

Group Participant Number
Visit

Screening 2 6 7 8 9 10 11

0.5 mg

38 20 39 62 20 20 20 20 20
39 20 20 39 20 20 20 20 20
40 20 42 44 49 61 20 20 20
41 20 39 20 20 20 20 20 20
42 40 20 20 20 71 20 20 20
43 20 20 20 20 709 20 20 n/a
44 20 20 20 20 20 20 20 n/a
45 40 20 39 20 20 20 n/a n/a
46 20 20 39 20 n/a n/a n/a n/a
47 20 20 20 20 20 20 20 20
48 40 39 58 20 20 20 39 20
49 20 20 20 39 n/a n/a n/a n/a
50 40 39 40 39 20 20 39 20
51 40 20 20 20 20 20 20 20
52 40 39 39 57 39 39 20 n/a
53 40 39 20 46 20 20 20 39
54 20 20 20 20 20 20 20 20
N 17 17 17 17 15 15 14 11

Median 20 20 20 20 20 20 20 20
SD 10.1 9.9 14.3 12.8 176.6 4.9 6.9 5.7

Min 20 20 20 20 20 20 20 20
Max 40 42 62 57 709 39 39 39
>50 0 0 2 1 3 0 0 0

SD—standard deviation; Min—minimum value; max—maximum value; 20 copies/mL—a method sensitivity limit,
means undetectable viral load.
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Lisziewicz, Z.; Autran, B.; et al. Single DermaVirimmunization: Dose-dependent expansion of precursor/
memory T cells against all HIV antigens in HIV-1 infected individuals. PLoS ONE 2012, 7, e35416. [CrossRef]
[PubMed]

15. García, F.; Climent, N.; Assoumou, L.; Gil, C.; González, N.; Alcamí, J.; León, A.; Romeu, J.; Dalmau, J.;
Martínez-Picado, J.; et al. A therapeutic dendritic cell-based vaccine for HIV-1 infection. J. Infect. Dis. 2011,
203, 473–478. [CrossRef] [PubMed]

16. Achenbach, C.J.; Assoumou, L.; Deeks, S.G.; Wilkin, T.J.; Berzins, B.; Casazza, J.P.; Lambert-Niclot, S.;
Koup, R.A.; Costagliola, D.; Calvez, V.; et al. Effect of therapeutic intensification followed by HIV DNA
prime and rAd5 boost vaccination on HIV-specific immunity and HIV reservoir (EraMune02): A multicentre
randomised clinical trial. Lancet HIV 2015, 2, e82–e91. [CrossRef]

17. Barouch, D.H.; Deeks, S.G. Immunologic strategies for HIV-1 remission and eradication. Science 2014, 345,
169–174. [CrossRef]

18. Van Lint, C.; Bouchat, S.; Marcello, A. HIV-1 transcription and latency: An update. Retrovirology 2013, 10, 67.
[CrossRef]

19. Cohen, J. Tests identify HIV’s final redoubt. Science 2019, 363, 1260–1261. [CrossRef]
20. Kuang, X.T.; Brockman, M.A. Implications of HIV-1 Nef for “Shock and Kill” Strategies to Eliminate Latent

Viral Reservoirs. Viruses 2018, 10, 677. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

83





vaccines

Review

Plasmid DNA-Based Alphavirus Vaccines

Kenneth Lundstrom

PanTherapeutics, 1095 Lutry, Switzerland; lundstromkenneth@gmail.com; Tel.: +41-79-776-6351

Received: 14 February 2019; Accepted: 4 March 2019; Published: 8 March 2019

Abstract: Alphaviruses have been engineered as vectors for high-level transgene expression.
Originally, alphavirus-based vectors were applied as recombinant replication-deficient particles,
subjected to expression studies in mammalian and non-mammalian cell lines, primary cell cultures,
and in vivo. However, vector engineering has expanded the application range to plasmid
DNA-based delivery and expression. Immunization studies with DNA-based alphavirus vectors have
demonstrated tumor regression and protection against challenges with infectious agents and tumor
cells in animal tumor models. The presence of the RNA replicon genes responsible for extensive RNA
replication in the RNA/DNA layered alphavirus vectors provides superior transgene expression in
comparison to conventional plasmid DNA-based expression. Immunization with alphavirus DNA
vectors revealed that 1000-fold less DNA was required to elicit similar immune responses compared
to conventional plasmid DNA. In addition to DNA-based delivery, immunization with recombinant
alphavirus particles and RNA replicons has demonstrated efficacy in providing protection against
lethal challenges by infectious agents and tumor cells.

Keywords: alphaviruses; layered RNA/DNA vectors; DNA vaccines; RNA replicons; recombinant
particles; tumor regression; protection against tumor challenges and infectious agents

1. Introduction

The classic approach for the development of vaccines for infectious diseases has comprised of
immunization with live attenuated or inactivated agents [1]. The introduction of genetic engineering
expanded the approaches of vaccine development to the application of recombinantly expressed
antigens and immunogens as immunization agents [2]. Both viral and non-viral vectors expressing
surface proteins and antigens have been used for immunization, first in animal models followed
by human clinical trials [3]. Taking this approach has elicited strong humoral and cellular immune
responses and has provided protection against challenges with lethal doses of infectious agents [4].
Similarly, recombinantly expressed tumor antigens and tumor cell proteins have elicited immune
responses in vaccinated animals and provided protection against challenges with tumor cells [5].

The standard procedure for non-viral vector-based immunization involves the application of
conventional DNA plasmids for the expression of the antigen in question [6]. Various approaches to
improve the efficacy of delivery and the expression of antigens include polymer and liposome-based
coating of plasmid vectors [7,8]. DNA delivery based on both microparticles and nanoparticles
has provided promising strategies for vaccine development. Microparticle systems promote the
passive targeting of antigen presenting cells (APCs) through size exclusion and supports sustained
DNA presentation to cells through the degradation and release of encapsulated vaccines [7]. On the
other hand, nanoparticle encapsulation provides increased internalization, enhanced transfection
efficiency, and improved uptake across mucosal surfaces. Appropriate biomaterial selection can
enhance immune stimulation and activation through triggering innate immune response receptors [7].
Moreover, nanoparticle-based delivery can target DNA to professional APCs. Encapsulation also
adds flexibility to administration routes generating systemic and mucosal immunity resulting in more
effective humoral and cellular protective immune responses.

Vaccines 2019, 7, 29; doi:10.3390/vaccines7010029 www.mdpi.com/journal/vaccines85
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One alternative has been to apply alphavirus-based vectors, which due to the presence of the
alphavirus replicon provides a self-amplifying mechanism generating substantial gene amplification
and thereby enhanced expression of the gene of interest. The increased expression levels relate to
improved immune responses, but also allows the potential use of reduced quantities of plasmid DNA
for vaccinations. Although the focus in this review concerns DNA-based genetic antigen preparations,
a short presentation of application of alphavirus RNA replicons and alphavirus replicon particles is
included. The basics of the self-amplifying replicon function is briefly described below.

2. Alphavirus Vectors

Alphaviruses are single stranded RNA viruses possessing a positive strand polarity [9]. The genome
is encapsulated in a capsid protein structure covered by a membrane protein envelope structure. After the
release of the alphavirus RNA genome in infected cells, the non-structural alphavirus proteins (nsP1-4)
forms the RNA replicase complex responsible for extensive RNA replication. In expression vectors, which
were first engineered for RNA replicon and replicon particle delivery, the alphavirus structural genes
were replaced by the foreign gene of interest [10]. This approach required the in vitro transcription of
RNA from a plasmid DNA construct, which then was directly transfected into host cells for immediate
transgene expression. Alternatively, co-transfection of in vitro transcribed RNA from an alphavirus
vector carrying the alphavirus structural genes allowed packaging of replication-deficient recombinant
alphavirus particles. These so-called “suicide particles” are capable of one round of infection of a broad
range of host cells generating high levels of transgene expression.

To be able to use alphavirus-based plasmid DNA vectors for direct immunization, a mammalian host
cell compatible eukaryotic RNA polymerase II type promoter such as CMV was engineered upstream
of the replicon genes [11]. DNA-based alphavirus vectors provide high biosafety levels with no risk
of production of new viral progeny, but still generating high levels of transgene expression due to the
presence of the alphavirus replicon. However, the host cell range is dependent on the efficacy of available
transfection methods. Another issue related to plasmid DNA delivery concerns the improvement of
transfer to the nucleus by the introduction of nuclear localization signals (NLS) in the vector [12].

3. Immunization with Alphavirus Vectors

As described above, alphavirus vectors have been utilized for vaccine development as
recombinant viral particles, RNA replicons and plasmid DNA [10,11]. As the main focus here is on
DNA-based vaccines, immunization studies based of recombinant alphavirus particles and alphavirus
RNA replicons are only described briefly.

3.1. DNA-Based Immunization

Alphavirus-based DNA plasmids have been frequently used for immunization studies in animal
models targeting infectious agents and different types of cancers (Table 1). For instance, a Sindbis virus (SIN)
DNA vector expressing the herpes simplex virus type 1 glycoprotein B (HSV-1-gB) elicited a broad spectrum
of immune responses including virus-specific antibodies and cytotoxic T cells in mice [13]. Furthermore,
a single intramuscular immunization with SIN-HSV-1-gB protected mice from lethal challenges with HSV-1.
In another study, a Semliki Forest virus (SFV) DNA vector expressing the bovine viral diarrhea virus
(BVDV) p80 (NS3) was evaluated in BALB/c mice [14]. The administration of SFV-BVDV p80 DNA into the
quadricep muscles of mice generated statistically significant cytotoxic T-lymphocyte (CTL) activity and cell
mediated immune (CMI) responses against cytopathic and noncytopathic BVDV. Related to measles virus
(MV), SIN DNA vectors expressing the MV hemagglutinin (pMSIN-H) and fusion protein (pMSINH-FdU)
were administered either alone or boosted with a live measles virus vaccine in cotton rats [15]. The study
demonstrated that neutralizing antibodies, mucosal and systemic antibody-secreting cells, memory B cells,
and interferon-γ (IFN-γ)-secreting T cells were obtained after priming, further enhanced after boosting.
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Protection against pulmonary measles was achieved after immunization with pMSIN-H,
whereas pMSINH-FdU provided protection only after boosting with a live measles virus vaccine.
In another approach, an SFV DNA vector was compared to a recombinant adenovirus expressing
the classical swine fever virus (CSFV) E2 glycoprotein in pigs [16]. Significantly higher titers of
CSFV-specific neutralizing antibodies were obtained after a pSFV1CS-E2/rAdV-E2 heterologous
prime-boost immunization strategy compared to double immunizations with rAdV-E2 alone. Moreover,
the heterologous prime-boost immunization regimen prevented viremia and clinical symptoms in pigs.
In contrast, these symptoms were seen in one of five pigs vaccinated with rAdV-E2 alone. Related to
HIV vaccines, an SFV DNA plasmid and a poxvirus Ankara (MVA) vector expressing an HIV Env
and a Gag-Pol-Nef fusion protein were subjected to a prime-boost study [17]. It was revealed that
efficient priming of HIV-specific T cell and IgG responses was achieved with a low dose of 0.2 μg SFV
DNA and the priming effect seemed to relate to the number of prime administrations rather than dose.
In another prime-boost study, four novel alphavirus DNA replicon vectors were engineered to express
structural Core-E1-E2 or nonstructural p7-NS2-NS3 hepatitis C virus (HCV) [18]. Prime immunization
with alphavirus DNA-HCV vectors followed by a heterologous boost with a vaccinia virus expressing
the nearly full-length HCV genome (MVA-HCV) elicited long-lasting HCV-specific CD4+ and CD8+

T cell responses in mice presenting a promising approach for prophylactic and therapeutic HCV
vaccine development. Moreover, alphavirus DNA vectors were subjected to the expression of the
Ebola virus (EBOV) glycoprotein (GP) gene alone or together with the EBOV VP40 gene of Sudan or
Zaire EBOV strains [19]. Both binding and neutralizing antibodies were detected in immunized mice.
The alphavirus-based DNA vaccine showed superior immunogenicity in comparison to recombinant
MVA vaccines. In another study, the co-expression of EBOV GP and VP40 elicited significantly higher
antibody levels than for immunization with GP or VP40 alone [20]. SFV-DNA EBOV GP and VP40
co-vaccination induced EBOV-specific humoral and cellular immune responses in mice [20].

In the context of Mycobacterium tuberculosis, a SIN DNA vector expressing the p85 antigen (Ag85)
was highly immunogenic in mice and provided enhanced long-term protection against challenges with
M. tuberculosis [21]. In another study, the alphavirus-based Venezuelan equine encephalitis virus (VEE)
DNA vector expressing a fusion of the M. tuberculosis antigens α-crystallin (Acr) and Ag85B named
Vrep-Acr/Ag85B was evaluated in a mouse model of pulmonary tuberculosis [22]. Immunization
studies elicited antigen-specific CD4+ and CD8+ T cell responses, which persisted for at least ten weeks
and also induced T cell responses in lung tissues. Moreover, bacterial growth was inhibited in lungs
and spleen after aerosol challenges with M. tuberculosis. Related to toxoplasmosis, the Toxoplasma gondii
nucleoside triphosphate hydrolase-II (TgNTPase-II) gene expressed from an SFV DNA vector was
intramuscularly delivered to mice [23]. Specific humoral responses were obtained as well as cellular
immune responses associated with high levels of IFN-γ, IL-2, and IL-10 cytokines and low levels of
IL-4. Partial protection against acute infection with the virulent RH strain and chronic infection with
the PRU cyst strain of T. gondii was obtained in immunized mice.

Related to toxins, alphavirus DNA vectors expressing the Hc gene of botulinum neurotoxin
serotype A (BoNT/A) demonstrated specific antibody and lymphoproliferative responses in
immunized BALB/c mice [24]. Co-delivery or co-expression of granulocyte-macrophage
colony-stimulating factor (GM-CSF) enhanced the immunogenicity and survival rates in immunized
mice were significantly prolonged after challenges with BoNT/A. Furthermore, co-immunization with
aluminum phosphate adjuvant improved the survival.

In the context of cancer, an SFV DNA vector expressing the human papilloma virus type 16
(HPV-16) E7 protein as a fusion protein with the M. tuberculosis heat shock protein 70 (Hsp70) elicited
significantly higher E7-specific T cell-mediated immune responses in comparison to E7 expressed alone
in mice [25]. Moreover, the E7/Hsp70 fusion construct showed superior potency against established
E7-expressing metastatic tumors. In another study on HPV, the SFV based DNA encoding the HPV
E6 and E7 antigens was subjected to intradermal administration followed by electroporation, which
provided effective and therapeutic anti-tumor activity resulting in approximately 85% tumor-free
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mice [26]. Related to breast cancer, the HER2/neu gene was targeted due to its role in increased
metastasis and poor prognosis [27]. Intramuscular administration of SIN-neu DNA elicited strong
antibody responses against the A2L2 mouse breast cancer cell line expressing neu. Moreover, challenges
with A2L2 cells reduced tumor incidence and tumor mass in immunized mice. Intradermal vaccination
required 80% less SIN-neu DNA to reach the same efficacy compared to intramuscular administration.
Furthermore, the vaccination protected against development of spontaneous breast tumors and
reduction in metastasis from HER2/neu expressing tumors. In another study, mice injected in the
mammary fat pad with A2L2 tumor cells were evaluated for the combination treatment of SIN-neu
DNA and chemotherapy [28]. Neither immunization with SIN-neu DNA nor chemotherapy with
doxorubicin or paclitaxel alone reduced tumor growth. In contrast, chemotherapy followed by
vaccination with SIN-neu DNA reduced tumor growth significantly. In another study, the effect of
SIN-DNA immunizations was evaluated in a solid mammary tumor model and a lung metastasis
model [29]. When mice were immunized with SIN-neu DNA or an Adenovirus (Ad-neu) vector prior
to challenges with A2L2 tumor cells, tumor growth was significantly inhibited. In contrast, vaccination
two days after tumor cell challenges was ineffective. However, in a regimen with SIN-neu DNA
priming and Ad-neu boosting, significantly prolonged survival of mice was observed.

In an immunotherapy approach SIN-DNA expressing the self/tumor antigen tyrosine-related
protein-1 (TRP1) was demonstrated to activate innate immune pathways providing improved
immunization efficacy of naked DNA [30]. Related to melanoma, the melanoma cell adhesion molecule
/MCAM/MUC18) was expressed from a SIN DNA plasmid (SIN-MUC18) and mice were vaccinated
against B16F10 mouse melanoma cells [31]. The immunization provided protection of mice from
lethal challenges with melanoma expressing mouse MUC18 in both primary and metastatic tumor
models. In the context of brain tumors, immunization with SIN DNA expressing human gp100 and
interleukin-18 (IL-18) enhanced both protective and therapeutic effects on malignant brain tumors [33].
The anti-tumor and protective effects were mediated by both CD4+/CD8+ T cells and IFN-γ and the
survival rate was significantly improved in mice with implanted B16 tumors. The synergistic approach
of targeting tumor cells and angiogenesis was simultaneously executed by co-immunization studies
with an SFV DNA replicon vector carrying 1-4 domains of murine vascular epidermal growth factor
receptor-2 (VEGFR2) and IL-12 and another SFV DNA replicon expressing the survivin and β-hCG
antigens [32]. The combined vaccines elicited strong humoral and cellular immune responses against
survivin, β-hCG and VEGFR2, inhibited tumor growth and prolonged survival in a B16 melanoma
mouse model.

3.2. Recombinant Viral Particles

Numerous immunization studies conducted with recombinant alphavirus replicon particles have
been described previously [34] and as the focus on this review is on DNA-based alphavirus vectors,
only two examples of comparative studies on replicon particles and DNA vectors are presented
here. In this context, a study on the immunogenicity and protective efficacy of DNA-based SIN and
recombinant SIN particles expressing the medium (M) or small (S) gene segments of the Seoul virus
(SEOV) was conducted in Syrian hamsters [35]. Both DNA-SIN and recombinant SIN particles elicited
anti-SEOV immune responses and protection against SEOV challenges was observed for all animals
vaccinated with SEOV-M, but only for a small number immunized with SEOV-S. Furthermore, the
study revealed that hamsters immunized with SIN-DNA developed neutralizing antibodies faster and
at higher titers compared to SIN replicon particle-based delivery.

In another study, recombinant SFV particles and RNA replicons were applied for expression of
the HIV-1C gag, env, and polRT genes [36]. Immunization of mice elicited significant antigen-specific
IFN-γ T cell responses. Moreover, SFV-based Gag and Env expression generated TNF-α secreting
CD4+ and CD8+ T-cells and IL-2 secreting T cells, respectively. In this study, superior immunogenicity
was obtained for SFV particle administration in comparison to RNA replicon delivery.
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3.3. RNA-Based Delivery

Similar to recombinant alphavirus particle delivery, RNA replicon administration has proven
efficient in vaccine development [34]. For example, a single intramuscular injection of 0.1 μg SFV-LacZ
replicon RNA generated antigen-specific antibody and CD8+ T cell responses in immunized mice [37].
Immunization with SFV-LacZ RNA prior to challenges by colon tumors provided protection in mice.
Moreover, the therapeutic vaccination of animals with pre-existing tumors resulted in prolonged
survival. Interestingly, the levels of antigen production for RNA replicons in vitro were not significantly
higher than those observed for conventional DNA vaccines, but in vivo the enhanced efficacy correlated
with a caspase-dependent apoptotic cell death. In another approach, a SIN RNA replicon expressing
the rabies virus glycoprotein gene was applied for immunization studies with 10 μg of SIN-Rab-G
RNA in comparison to a conventional rabies DNA vaccine and the commercial cell culture vaccine
Rabipur [38]. The SIN-Rab-G RNA immunization elicited similar cellular and humoral IgG responses
in comparison to the rabies DNA vaccine. Moreover, the alphavirus RNA vaccine provided similar
protection to the rabies DNA vaccine against challenges with the lethal rabies virus CVS strain.

In addition to naked RNA delivery, alphavirus vectors have also been subjected to nanoparticle
encapsulation procedures [39]. An in vivo expression comparison of 1 × 106 IU recombinant VEE
particles, 1 μg of naked replicon RNA, 1 μg of replicon RNA encapsulated in lipid nanoparticles
(RNA/LNPs), 10 μg of conventional plasmid DNA, and 10 μg of replicon DNA expressing firefly
luciferase was carried out in mice 7 days after bilateral intramuscular administration. The luciferase
levels were similar for RNA/LNPs and VEE particles, but significantly higher than for naked replicon
RNA, replicon DNA, and plasmid DNA. The immunogenicity of delivery modes was evaluated by
heterologous expression of the respiratory syncytial virus fusion protein (RSV-F) after intramuscular
administration. The F-specific IgG response to 1 μg RNA/LNPs was equivalent to that of 1 × 106 IU
of VEE particles. In contrast, plasmid DNA/LNPs at a dose of 0.1 μg and 20 μg of electroporated
plasmid DNA elicited much lower IgG titers. RNA/LNPs, replicon RNA, VEE particles and an RSV-F
subunit vaccine were evaluated for protection against viral challenges after intranasal RSV challenges
in cotton rats. All replicon RNA vaccines protected animals for RSV challenges reducing the viral
load more than 1000-fold in the lungs. The RNA/LNPs (1 μg) elicited similar responses as VEE
particles. However, the recombinant F subunit vaccine formulated with alum showed the highest
potency. In another study, naked RNA from SFV replicon (rSFV-NP) and poliovirus (rDELTA1-E-NP)
vectors expressing the influenza type A virus nucleoprotein (NP) were intramuscularly administered
in C57BL/6 mice [40]. Both rSFV-NP and rDELTA1-E-NP elicited antibodies against the influenza
virus NP, but CTL responses against the immunodominant H-2D(b) epitope NP366 was only obtained
with the SFV replicon RNA. Furthermore, reduced virus load was demonstrated for rSFV-NP after
challenges with a mouse-adapted influenza A/PR/8/34 virus in immunized mice. The protective
potential for RNA replicon immunization was similar to what has previously been achieved for
plasmid DNA immunizations.

4. Comparison to Conventional DNA Immunization

In attempts to evaluate the feasibility of alphavirus DNA replicons as vaccine vectors, a direct
comparison to conventional DNA vaccines has been an essential component. In this context, both the
conventional DNA plasmid pWRG7077 and the SIN DNA replicon expressing SEOV M and S gene
segments showed potential as vaccine vectors as described above [35]. However, there were substantial
and to some extent surprising differences. In vitro expression levels were consistently higher from the
conventional DNA vector than from the SIN DNA replicon. However, higher titers were obtained
in vivo for vaccinations with SIN DNA replicons than for the conventional DNA plasmid. It has been
suggested that the enhanced immune response relates to certain alphavirus vector genes promoting
cell death and inducing interferon responses [41]. Moreover, as described above, immunization with
SIN-TRP1 DNA broke tolerance and provided immunity to melanoma, which was not the case for
conventional DNA vaccines [30]. Similarly, the long-term protection against M. tuberculosis obtained
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by immunization with SIN-Ag85 DNA was not achieved by vaccination with a conventional DNA
plasmid in mice [21].

Several studies have demonstrated that in general, significantly lower doses of alphavirus
DNA replicon are required to achieve the same level of response as seen for conventional DNA
vaccines [14,17]. For instance, 100-fold to 1000-fold lower doses of SIN-HSV-1-gB were needed to
elicit antibody responses and protection against lethal virus challenges. Moreover, a single dose of
10 ng elicited strong immune responses in mice. In the context of cervical cancer vaccines, while a
conventional DNA-based vaccine failed to prevent tumor growth, immunization with a 200-fold lower
equimolar dose of 0.05 μg of the SFV DNA replicon resulted in complete tumor regression in 85% of
immunized mice [26]. In attempts to enhance the immune responses, the alphavirus DNA replicon
vector expressing the multiclade HIV-1 T cell immunogen HIVconsv (DREP.HIVconsv) was subjected
to intradermal delivery followed by in vivo electroporation and compared to the conventional DNA
plasmid pTH.HIVconsv [42]. HIV-1-specific CD8+ T cell responses were obtained in mice with
1 μg of pTH.HIVconsv compared to only 3.2 ng of DREP.HIVconsv, which represents a 625-fold
molar dose reduction. These responses could be further enhanced for both the conventional DNA
plasmid and the alphavirus DNA replicon by heterologous vaccine boosts with MVA-HIVconsv
and attenuated chimpanzee adenovirus ChAdV63.HIVconsv. Additionally, immunization of rhesus
macaques demonstrated that application of alphavirus DNA replicon vectors allowed to reduce
the dose by at least 20-fold compared to conventional plasmid DNA vectors. For this reason,
the manufacturing of large batches of GMP grade material for clinical trials and marketed products is
easier and more feasible. Another feature of importance related to DNA replicon vaccines is that the
expression is transient and lytic, eliminating such biosafety risks as chromosomal integration and the
induction of immunological tolerance [43].

5. Conclusions

Several studies have confirmed that alphavirus DNA replicon vectors elicit strong immune
responses in vaccinated animal models targeting both infectious agents and tumor antigens. Moreover,
protection against lethal challenges by viruses, bacteria, and tumor cells have also been established.
In many cases, DNA replicon vaccines have proven superior to conventional DNA plasmid vaccines
or at least as efficient. However, it has been confirmed that significantly lower doses of DNA replicon
vaccines are needed to achieve the same immune responses and protection as for conventional DNA
vaccines. In the context of alphaviruses, in addition to DNA replicon vectors, RNA replicons and
recombinant alphavirus particles have also been subjected to vaccine studies. So far, there is no clear
indication of which delivery format is the best and it seems more like the ranking order varies from
one target to another.

Related to the biosafety of DNA vaccines, the probability of stable chromosomal integration of
transfected DNA presents some concern. In this context, it was confirmed that an intramuscularly
administered DNA vector expressing a luciferase reporter gene could be detected in the skeletal muscle
for more than 19 months [44]. However, the DNA was only present as an extrachromosomal plasmid.
When intramuscular immunization was followed by electroporation, low-level random chromosomal
integration occurred, although the frequency was significantly lower than observed for spontaneous
gene mutations [45]. Another study demonstrated that DNA administration into the skeletal muscles
resulted in the presence of a majority of the DNA at the injection site with only minor amounts detected
in other organs [46]. Moreover, no genomic plasmid DNA integration was discovered. Related to
immune responses, no anti-DNA antibodies were observed after repeated intramuscular injections in
primates [47]. Another issue relates to the presence of prokaryotic elements such as antibiotic resistance
genes in DNA vaccines [48]. However, no transfer of such elements has been documented so far.

Another concern of alphavirus DNA replicon vaccines relates to the difficulties in transferring
the strong immune responses detected in rodents to larger animals and most importantly to humans.
Disappointingly, this has also been verified in clinical trials which have supported the need of
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dose optimization [49–51]. Recent studies have indicated that prime-boost strategies combining
alphavirus-based vaccines with other viral-based vaccines have enhanced the immunogenicity, which
is important, especially in clinical settings. Another approach briefly mentioned in this review relates to
the improved delivery and stability of DNA-based vaccines through polymer and lipid encapsulation
procedures. Moreover, efforts are being made to target dendritic cells in order to generate better
immune responses for future vaccines. Overall, alphavirus-based DNA vaccines have the potential to
provide a flexible and inexpensive alternative to current existing approaches.
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Abstract: Despite the availability of anti-retroviral therapy, HIV-1 infection remains a massive
burden on healthcare systems. Bacillus Calmette-Guérin (BCG), the only licensed vaccine against
tuberculosis, confers protection against meningitis and miliary tuberculosis in infants. Recombinant
BCG has been used as a vaccine vehicle to express both HIV-1 and Simian Immunodeficiemcy
Virus (SIV) immunogens. In this study, we constructed an integrative E. coli-mycobacterial shuttle
plasmid, p2auxo.HTI.int, expressing the HIVACAT T-cell immunogen (HTI). The plasmid was
transformed into a lysine auxotrophic Mycobacterium bovis BCG strain (BCGΔLys) to generate the
vaccine BCG.HTI2auxo.int. The DNA sequence coding for the HTI immunogen and HTI protein
expression were confirmed, and working vaccine stocks were genetically and phenotypically
characterized. We demonstrated that the vaccine was stable in vitro for 35 bacterial generations, and
that when delivered in combination with chimpanzee adenovirus (ChAd)Ox1.HTI in adult BALB/c
mice, it was well tolerated and induced HIV-1-specific T-cell responses. Specifically, priming with
BCG.HTI2auxo.int doubled the magnitude of the T-cell response in comparison with ChAdOx1.HTI
alone while maintaining its breadth. The use of integrative expression vectors and novel HIV-1
immunogens can aid in improving mycobacterial vaccine stability as well as specific immunogenicity.
This vaccine candidate may be a useful tool in the development of an effective vaccine platform for
priming protective responses against HIV-1/TB and other prevalent pediatric pathogens.

Keywords: BCG; HIV; vaccine; rBCG; HTI; T-cell

1. Introduction

According to the latest reports, there are currently 37 million people infected with HIV, the majority
of whom live in sub-Saharan Africa [1]. Despite the existence of anti-retroviral therapy, 1.8 million
people were newly infected in 2017, and almost one million people died due to HIV-related disease [1].
Developing a safe, efficacious, and accessible HIV vaccine would be the optimal solution for the
prevention of HIV-1 infection as well as reduction of HIV-related diseases. Evidence demonstrating
the role of T-cell responses directed against HIV-1 in the control of viral replication is growing [2,3].
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HIV-1-specific CD8+ T-cells have been detected in exposed seronegative individuals, and CD8+

cytotoxic T-lymphocytes (CTL) responses targeting HIV-1 Gag have been associated with reduced viral
loads in infected individuals [4–6].

The “HIVACAT T-cell immunogen” (HTI) was designed to cover T-cell targets, against which
T-cell responses are predominantly observed in HIV-1-infected individuals with low HIV-1 viral
loads [7]. This immunogen has been manufactured as naked DNA, as well as introduced into viral
vaccine vectors and an immunization regimen consisting of three injections of DNA encoding HTI
followed by a boost with modified vaccinia Ankara (MVA)-vectored HTI has been shown in C57BL/6
mice to result in the induction of HIV-1 specific T-cell responses to most antigen regions included
in its design. High magnitudes of HIV-1 specific T-cells were also induced in macaques following
three injections of DNA.HTI and two injections of MVA.HTI [7]. It is well known that delivering a
boosting injection of an immunogen using a viral vector such as MVA can boost the response of DNA
immunization and increase the magnitude of responses. Such heterologous prime-boost regimens
have been used for a number of immunogens in the context of HIV [8].

Upon intramuscular delivery, DNA vaccines are thought to induce cellular immunity through
antigen synthesis and presentation to T-cells. The immunity is induced by the direct transfection
of antigen-presenting cells (APCs) or through cross-presentation by APCs [9,10]. Similar to DNA,
the Mycobacterium bovis strain, Bacillus Calmette-Guérin (BCG), when used as a vaccine vector also
induces immunity by targeting APCs, although this occurs not through transfection, but rather through
infection. Recombinant BCG is a promising live attenuated bacterial vaccine vector for inducing T-cell
immunity, as it is a slow-growing organism that provides a persistent low-level antigenic exposure upon
the infection of macrophages and APCs, and could drive effector and memory T-cell responses [11].
In the context of anti-tuberculosis (anti-TB) immunity, the pathogen for which BCG currently is licensed
as a vaccine, immune responses in humans are predominantly T helper 1 (Th1)-cell mediated. Infected
dendritic cells migrate to lymph nodes and activate antigen-specific CD4+ T-cells in the presence of
cytokines such as interleukin (IL)-18 and IL-12 [12]. The T-cell repertoire induced by vaccination is
broad, targeting multiple mycobacterial antigens [13]. BCG is safe and is currently administered to
80% of infants in countries where it is part of the national childhood immunization program [14].
Aside from the induction of anti-TB immune responses, vaccination has been linked to decreased
mortality due to other infections in infants [15,16]. This phenomenon has been related to the enhanced
monocyte function observed in humans following vaccination, which is characterized by CD11b, TLR-4
expression, and increased cytokine production [17].

Recombinant BCG (rBCG) has been utilized as a vector to express HIV-1/Simian Immunodeficiency
Virus (SIV) antigens and assessed regarding the induction of specific T-cell responses in several animal
models [18]. The need for adjuvants is overcome as its cell-wall peptidoglycans and lipoproteins
act as an adjuvant on their own [19–22]. BCG also has several advantages as a live vaccine vehicle,
it is easy to mass-produce with low cost, and is heat stable [23]. It is also suitable for neonates,
as vaccination is not affected by maternal antibodies [24,25]. Finally, it has a proven safety record
after having been delivered as a TB vaccine to over three billion individuals [26]. As with DNA
vaccination, rBCG-based HIV vaccines on their own may induce low-level specific immune responses,
and thus they are often combined with virally vectored immunogens in heterologous prime-boost
vaccination regimens where they have been shown to increase HIV-1 specific immune responses [27–30].
However, a rBCG expressing HIV-1 group M consensus Env vaccine on its own was shown to induce
comparable immune responses both in the female reproductive tract and lungs when compared
with adenovirus prime/recombinant vaccinia virus boost immunization [31]. The applicability of
rBCG as a priming agent was demonstrated by Ami et al., where priming with rBCG and boosting
with a replication-deficient vaccinia virus strain expressing SIVgag was able to confer protection
in Cynomolgus macaques against mucosal challenge with pathogenic SHIV. Interestingly, effective
protection was not achieved in animals receiving the opposite combination or the vaccine modalities
delivered on their own [32]. These data support the use of rBCG as a priming vector for an HIV-1
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vaccine, whereby the use of rBCG could potentially strengthen or qualitatively modify the immune
response when combined with DNA and/or a viral vector expressing an HIV-1 immunogen.

Here, we present the construction and characterization of recombinant BCG expressing the
HTI immunogen, the BCG.HTI2auxo.int vaccine, harboring the integrated 2auxo expression cassette
in their chromosome. The HTI immunogen has previously been assessed in mice and macaques
when delivered as a prime-boost regimen vectored by DNA and MVA [7]. We demonstrate that
BCG.HTI2auxo.int delivered in combination with ChAdOx1.HTI increases the HIV-1 specific T-cell
responses in adult BALB/c mice. Priming with wild type BCG (BCGwt) was also shown to similarly
increase the magnitude of the response, but significantly decreased the breadth of the T-cell responses.
Furthermore, we demonstrate that priming with rBCG, in some mice, can alter the immunodominance
profile of the vaccine-induced T-cell response.

2. Materials and Methods

2.1. Construction of the BCG.HTI2auxo.int Strain Using an Antibiotic-Free Plasmid Selection System

The double auxotrophic E. coli–mycobacterial shuttle integrative vector, the p2auxo.int plasmid,
was previously constructed in our laboratory [33]. This vector contains the glyA and LysA genes,
which function as an antibiotic-free selection and maintenance system in the auxotrophic strains of
E. coli M15ΔglyA and BCGΔLys, respectively. It also contains sites (attP) for integration into the BCG
genome at the attB site. The synthetic sequence of HTI [7] was codon-optimized for BCG expression to
match the G+C rich mycobacterial codon usage for enhanced expression [34]. The HTI G+C rich DNA
sequence was synthesized by Geneart (USA) and ligated to the integrative p2auxo.int plasmid fused to
the 19-kDa lipoprotein secretion signal sequence generating p2auxo.HTIint. The ligation products were
subsequently transformed into the E. coli M15ΔglyA strain for growth and selection.

2.2. Bacterial Cultures and Transformation

Cells of the glycine auxotrophic strain of E. coli, M15ΔGly, provided by Dr. Pau Ferrer (Universitat
Autònoma de Barcelona, Spain), were cultured in LB supplemented with glycine (70 μg/mL). The E. coli
M15ΔGly cells were transformed with the p2auxo.HTIint plasmid by electroporation. For this, the E. coli
cultures were grown to an optical density of 0.125 at 600 nm, as well as concentrated and transformed
using a Bio-Rad gene pulser electroporator at 2.5 kV, 25 μF, and 200 Ω. The transformed cells were
subsequently cultured on M9-D agar plates (minimal M9-derivative medium: Na2HPO4, 6.78 g/L;
KH2PO4, 3 g/L; NaCl, 0.5 g/L; NH4Cl, 1 g/L, glucose, 10 g/L; MgSO4, 2 mmol/L; CaCl2, 0.1 mmol/L;
thiamine, 0.1 g/L; FeCl3, 0.025 g/L; AlCl3·6H2O, 0.13 mg/L; ZnSO4·7H2O, 2.6 mg/L; CoCl2·6H2O, 0.47
mg/L; CuSO4·H2O, 4.6 mg/L; H3BO3, 0.03 mg/L; MnCl2·4H2O, 4.2 mg/L; NiCl2·6H2O, 0.02 mg/L;
Na2MoO4·2H2O, 0.06 mg/L, with 1.5% bactoagar added) without glycine supplementation for selection
or with glycine supplementation as a control. The QIAprep Spin Miniprep Kit was used according
to the manufacturer’s instructions (Qiagen, Hilden, Germany) to extract plasmid DNA from E. coli.
The resulting plasmids were tested for identity and correct insertion by PCR and restriction enzyme
profiling. The selected plasmid was transformed into BCGΔlys.

The lysine auxotrophic BCG strain, BCGΔlys, kindly provided by W.R. Jacobs Jr., B.R. Bloom, and
T. Hsu (Albert Einstein College of Medicine, New York, NY, USA), was transformed with p2auxo.HTIint

plasmid by electroporation. The mycobacteria were cultured in Middlebrook 7H9 broth medium
or on Middlebrook agar 7H10 medium supplemented with albumin–dextrose–catalase (ADC; Difco
Laboratories, Franklin Lakes, NJ, USA) containing 0.05% Tween 80. L-lysine monohydrochloride
(Sigma) was dissolved in distilled water and used as a supplement at a final concentration of 40
μg/mL. For transformation, BCG was cultured to an optical density of 1.5 at 600 nm, washed with
10% glycerol, concentrated, and transformed using a Bio-Rad gene pulser electroporator at 2.5 kV, 25
μF, and 1000 Ω. Then, the transformants were cultured on ADC-supplemented Middlebrook agar
7H10 medium containing 0.05% Tween 80 without lysine supplementation. The resulting colonies
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were assessed for plasmid insertion, integrity, and HTI expression. From a selected colony, a Master
Seed (MS) and a Working Vaccine Stock (WVS) were produced according to the seed lot system. For
the BCG substrain identification assay, the commercial BCG Danish 1331 strain (Pfizer, New York,
NY, USA) kindly provided by Dr. Neus Altet (Urology Department at Hospital Clínic de Barcelona,
Barcelona, Spain), and the commercial BCG Connaught strain (ImmuCyst, Aventis, Paris, France) were
used as standards.

2.3. Sodium Dodecyl Sulfate–Polyacrylamide Gel Electrophoresis and Western Blot Analysis

Cell lysates of mid-logarithmic phase BCG transformants were prepared by sonication in a protein
extraction buffer (50 mmol/L Tris–HCl pH 7.5, 5 mmol/L Ethylenediaminetetraacetic acid (EDTA),
0.6% sodium dodecyl sulfate) containing protease inhibitor cocktail (Sigma-Aldrich, St Louis, MO,
USA). Cell lysates supernatants were subsequently separated by a Novex 4–12% Bis-Tris SDS-PAGE
gel (Thermo Fisher Scientific, Waltham, MA, USA), and electroblotted onto a pretreated polyvinylidene
difluoride membrane using an iBlot kit (Thermo Fisher Scientific, Waltham, MA, USA). The HTI protein
was stained using the primary anti-HTI monoclonal antibodies n63 and n69 at 5 μg/mL overnight kindly
provided by Aelix Therapeutics (Barcelona) followed by secondary goat anti-mouse Immunoglobulin
G-Horse Radish Peroxidase(IgG–HRP) antibody (Jackson ImmunoResearch, Cambridgeshire, UK) for
1 h diluted at 1:10,000. The membrane was developed using the SuperSignal™West Femto Maximum
Sensitivity Substrate kit (Thermo Fisher Scientific, Waltham, MA, USA).

2.4. In Vitro Stability of the BCG.HTIint Strain

Five subcultures (∼35 bacterial generations) from the MS of BCG.HTI2auxo.int harboring the
p2auxo.HTIint plasmid DNA (two selected clones) containing the lysine complementing gene were
cultured in 7H9 Middlebrook broth with and without L-lysine selection. Subcultures were performed
every 7 days by transferring 100μL of the stationary phase culture to 5 mL of fresh medium. PCR analysis
of the HTI DNA coding sequence were performed using insert specific primers designed at both HTI 3’
and 5’ sequences. PCR product size from the p2auxo.HTI.int plasmid and subcultures were compared.

2.5. Mycobacterial Genomic DNA Preparation for the Multiplex PCR Assay and for attR and attL DNA
Regions PCR

For isolation of DNA from BCGwt, BCG.HTI2auxo.int; 2 mL of mycobacterial culture was centrifuged
at 5000 rpm for 10 min at room temperature. The pellet was resuspended in 200 μL of distilled water
and heated at 95 ◦C for 20 min to inactivate and lyse bacterial cells. The sample was next centrifuged
at a speed of 13,000× g. A total of 5 μL of supernatant was used for the amplification reaction.
The commercial BCG strains were treated similarly, except in this case, 400 μL of the reconstituted
freeze-dried flasks were used.

2.6. Multiplex PCR Assay for M. bovis BCG Substrain Pasteur Identification

The multiplex PCR assay was performed as described previously by Bedwell et al. [35], using 5 μL
of mycobacterial DNA isolated from BCG.HTI2auxo.int, BCG wt (Pasteur strain, kindly provided by
W.R. Jacobs Jr., B.R. Bloom, and T. Hsu (Albert Einstein College of Medicine, New York, NY, USA)),
and commercial BCG strains as template in a final reaction volume of 50 μL.

2.7. Immunization of Mice and Isolation of Splenocytes

Groups of eight adult (seven-week-old) female BALB/c mice were immunized intradermally in
one footpad, and two groups were left unimmunized. The first group received 105 colony-forming
units (CFU) of BCG.HTI2auxo.int (Group A), the second group received 106 CFU of BCG wt (Group B),
both groups in one footpad. Two groups were left unimmunized (Groups C and D). ChAdOx1.HTI
was constructed as previously described [36], and groups A–C were boosted intramuscularly with
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109 viral particles (vp) after five weeks, while group D was left unimmunized. All the mice were
sacrificed two weeks after the boost for immunogenicity analyses. Immediately following sacrifice of
the animals, splenocytes were harvested and homogenized using 70 μm cell strainers (Falcon; Becton
Dickinson, Franklin Lakes, NJ, United States) and 5-ml syringe rubber plungers. Red blood cells were
removed with ACK lysing buffer (Lonza, Barcelona, Spain), and the splenocytes were washed and
resuspended in complete medium (R10 (RPMI 1640 supplemented with 10% fetal calf serum and
penicillin–streptomycin), 20 mmol/L of HEPES, and 15 mmol/L of 2-mercaptoethanol).

2.8. IFN-γ ELISpot Analysis

The Enzyme-linked immune absorbent spot (ELISpot) assay was performed using the commercial
murine IFN-γ ELISpot kit (Mabtech, Nacka Strand, Sweden) according to the manufacturer’s
instructions. The ELISpot plates (MSISP4510, 96-well plates with polyvinylidene difluoride membranes,
Millipore, USA) were 70% EtOH treated and coated with purified anti-mouse interferon-γ (IFN-γ)
capture monoclonal antibody diluted in phosphate-buffered saline (PBS) to a final concentration of
5 μg/mL at 4 ◦C overnight. Then, 250,000 fresh splenocytes were added to each well and stimulated
with 17 peptide pools containing a total of 147 15 mer overlapping peptides (OLP) spanning the HTI
sequence, at a concentration of 10 μg/mL per peptide. Tuberculin purified protein derivative (PPD,
AJ vaccines, Copenhagen, Denmark,) at a concentration of 5 μg/mL was used to assess TB-specific
responses. All the samples and controls were plated in duplicate wells. ELISpot assays were incubated
for 16 h at 37 ◦C, 5% CO2. The plates were subsequently washed 5×with PBS, incubated for 2 h with
a biotinylated anti-IFN-γ monoclonal antibody (mAb) diluted in PBS 2% Fetal Calf Serum (FCS) to
a final concentration of 2 μg/mL, washed 5× in PBS, and incubated with the streptavidin–alkaline
phosphatase conjugate in PBS 2% FCS. Then, plates were washed 5× with PBS before incubating with
100 μL of 5-bromo-4-chloro-3-indolyl phosphate (BCIP)/nitro blue tetrazolium (NBT) substrate solution
(Sigma-Aldrich, St Louis, MO, USA). After 5–10 min, the plates were washed with tap water, dried, and
the resulting spots counted using an ELISPOT reader (Autoimmune Diagnostika GmbH, Strassberg,
Germany). For each animal, the mean of background responses was subtracted individually from all
the wells to enable a comparison of the IFN-γ spot forming cells (SFC)/106 between groups. To define
positive responses, a threshold was defined as at least five spots per well, and responses exceeding
the mean number of spots in negative control wells plus three standard deviations of the negative
control wells.

2.9. Statistical Analysis

Immunogenicity data is represented as group means of the total IFN-γ SFC/106 response or as
medians for individual antigens/pools. Statistical differences were assessed by ordinary one-way
analysis of variance when comparing total ELISpot responses or the Kruskal–Wallis test when
comparing responses to individual pools. (* p < 0.05; ** p < 0.01; *** p < 0.001). GraphPad Prism 6.0
(Graphpad, San Diego, CA, USA) software was used. Body mass data are shown as group means with
error bars indicating standard deviation as well as means ± 2 standard deviation (SD) from naïve mice.
Statistical analyses were performed using the Kruskal–Wallis test.

2.10. Ethics Statement

The animal experiments strictly conformed to the animal welfare legislation of the Generalitat de
Catalunya. All the experiments were approved by the local Research Ethics Committee (Procedure
Med 365/16, Clinical Medicine, School of Medicine, University of Barcelona).
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3. Results

3.1. Construction of the BCG.HTI2auxo.int Vaccine Strain

In the p2auxo.HTIint E. coli-mycobacterial shuttle vector, the heterologous open reading protein
expression cassette is under the control of the Mtb α-antigen promoter, which is a weak promoter
that has been shown to enhance protein stability [37]. The open reading frame of the heterologous
protein is initiated by the mycobacterial 19-kDa protein signal sequence, which at its 5’ end was fused
to the HTI coding sequence. This enables the localization of the newly synthesized HTI polyprotein to
the mycobacterial membrane, and subsequently its secretion, to prevent the internal accumulation
of the heterologous protein and enhance protein immunogenicity (Figure 1A). The plasmid contains
the E. coli origin of replication (oriE), attachment sites (attP), and the integrase (int) genes from
the mycobacteriophage L5 [38], and integrates as a single copy into the attB region on the BCG
chromosome. The plasmid also contains the wild-type glycine A-complementing gene (glyA) and
lysine A-complementing gene (lysA5) for vector selection and maintenance in the auxotrophic E. coli
and BCG strain, respectively [39,40]. The p2auxo.HTIint was obtained following the methodology
previously described [33] and transformed into the glycine auxotrophic E. coli M15ΔglyA strain and
the lysine auxotrophic BCG Pasteur strain (ΔlysA5) [41,42]. The positive recombinant E. coli colonies
were selected through culture on Minimal M9-D agar plates and the BCG.HTI2auxo.int colonies on
Middlebrook agar 7H10 medium without lysine supplementation. Integration of the p2auxo.HTIint

plasmid DNA into the mycobacterial genome was assessed by PCR analysis of the attR and attL
DNA insertion regions. The BCG.HTI2auxo.int was used as a template, and bands of 766 bp and
874 bp corresponding to the attR and attL DNA regions were detected (Figure 1B), demonstrating that
p2auxo.HTIint had integrated at the attB genomic BCG DNA region. Expression of the full-size chimeric
19-kDa signal sequence-HTI protein was confirmed by Western blot analysis of BCG.HTI2auxo.int lysates
(Figure 1C). The selected clones were preserved using the seed-lot system. Clone #3 was selected as the
candidate, and Master Seed stocks and Working Vaccine Stocks were prepared for further molecular
characterization, immunogenicity, and safety testing in mice.

Figure 1. Cont.
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Figure 1. Construction of the recombinant Bacillus Calmette-Guérin HIVACAT T-cell immunogen
(BCG.HTI2auxo.int) strain. (A) The HTI synthetic sequence was BCG codon-optimized and fused to the
19-kDa lipoprotein signal sequence and inserted into the integrative p2auxo.HTIint E. coli-mycobacterial
shuttle plasmid. This vector contains P α-Ag, which is a Mycobacterium tuberculosis α-antigen promoter,
PHSP60, which is a heat shock protein 60 gene promoter. The glyA and LysA complementing genes
function as an antibiotic-free selection and maintenance system in the auxotrophic strains of E. coli
M15ΔglyA and BCGΔLys, respectively; (B) PCR analysis of recombinant BCG clones transformed with
p2auxo.HTIint for integration sites: “attR” (left panel; lanes 1–5; clones 1–5; lane 6: BCG.empty2auxo.int;
lane 7: molecular weight marker; lane 8: p2auxo.HTIint) and “attL” (right panel; lanes 1–5; clones 1–5;
lane 6: molecular weight marker; lane 7: p2auxo.HTIint; lane 8: BCG.empty2auxo.int), (C) PCR analysis
using primers specific for glyA (left) and HTI (right) on BCG transformed with p2auxo.HTIint lanes
1–5; clones 1–5; lane 6: BCG.empty2auxo.int; lane 7: molecular weight marker; lane 8: p2auxo.HTIint.
(D) Western blot of BCG.HTI2auxo.int lysates; lanes 1 and 7: Molecular weight marker; lanes 2 and 8:
Master Seed of BCG.HTI2auxo.int clone 1; lanes 3 and 9: Master seed of BCG.HTI2auxoint clone 3; lanes 4
and 10: Working Vaccine Stock of BCG.HTI2auxo.int clone 3; lanes 5 and 11: BCGwt (negative control);
lanes 6 and 12: purified recombinant HTI protein. The HTI proteins were detected using the n63 (left)
and n69 (right) mAbs directed against the HTI protein (AELIX Therapeutics, Barcelona, Spain) followed
by horseradish peroxidase-goat-anti-mouse and enhanced chemiluminescence (ECL) detection.

3.2. Genetic Identification and Characterization of BCG.HTI2auxo.int

To confirm that the identity of the BCG.HTI2auxo.int vaccine strains corresponded to the BCG
Pasteur substrain, a multiplex PCR-based method was performed to analyze the BCG regions of
difference such as RD1, 2, 8, 14, and 16 and the SenX3-RegX3 regions [35]. Different multiplex profiles
obtained by this method allow the differentiation of BCG substrains. A PCR product of 196-bp length
was generated using the primers ET1-3, indicating deletions of the RD1 region that were only found
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in BCG strains, not in the Mycobacterium bovis or Mycobacterium tuberculosis strains. The presence of
the RD8 and RD16 regions was confirmed in the BCG.HTI2auxo.int and the BCG Pasteur substrain,
which generated products of 472 bp and 401 bp, respectively. Products of 276 bp representing the
SenX3-RegX3 region were also found. The molecular patterns of the BCG Danish, BCG Connaught,
and BCG Pasteur substrains (Figure 2A) were consistent with previously published patterns [35].

Figure 2. Genetic characterization of the BCG.HTI2auxo.int strain. (A) Pasteur substrain identification of
BCG.HTI2auxo.int strains by multiplex PCR assay. Lane 1: BCG.HTI2auxoint Working Vaccine Stock giving
the bands of 472 bp, 401 bp, 276 bp, and 196 bp; lane 2: BCG Connaught giving the bands of 401 bp,
252 bp, and 196/199 bp; lane 3 BCG Danish with bands of 472 bp, 401 bp, 276 bp, 252 bp, and 196 bp,
lane 4: BCG Pasteur with bands of 472 bp, 401 bp, 276 bp, and 196 bp; lane 5: negative control, distilled
water; and lane 6: Molecular weight marker. (B) Enzymatic restriction analysis of p2auxo.HTIint

plasmid DNA purified from transformed E. coli M15ΔglyA cultures (pre-BCG transformation). Lane
1: molecular weight marker; Lane 2: Apa1 digestion of p2auxo.HTI.int; Lane 3: BamHI digestion of
p2auxo.HTIint; Lane 4: Bsal digestion of p2auxo.HTIint; Lane 5: StuI digestion of p2auxo.HTI.int; Lane
6: BamHI digestion of p2auxo.emptyint; Lane 7: NotI digestion of p2auxo.emptyint. (C) PCR detection of
the HTI gene in the BCG.HTI2auxo.int WVS; lane 1: H2O; lane 2: p2auxo.HTIint plasmid; lane 3: working
vaccine stock of BCG.HTI2auxo.int; lane 4: BCG wt; lane 5: BCG transformed with empty 2auxo.int
plasmid; lane 6: molecular weight marker. (D) PCR detection of the GlyA gene in the BCG.HTI2auxo.int

working vaccine stock; lane 1: p2auxo.HTIint plasmid; lane 2: WVS of BCG.HTI2auxo.int; lane 3: BCGwt;
lane 4: BCG transformed with empty 2auxo.int plasmid; lane 5: water; lane 6: molecular weight marker.
PCR for right integration site, attR (E,F) left integration site, attL in the BCG.HTI2auxo.int WVS; lane 1
WVS of BCG.HTI2auxo.int; lane 2: BCGwt; lane 3: distilled water; lane 4: molecular weight marker; lane
5: positive control, BCG.HIVconsv12auxo.int Working Vaccine Stock (recombinant BCG expressing the
HIVconsv1 immunogen [36,43]).
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PCR and enzymatic restriction analysis were performed to characterize the p2auxo.HTIint plasmid
DNA. Following transformation of the E. coli M15 ΔglyA strain, plasmid DNA was purified, and
the enzymatic restriction analysis revealed results that were consistent with the predicted enzymatic
pattern (Figure 2B): ApaI digestion (Lane 2; bands of 4005 bp, 1907 bp, 974 bp, 787 bp, and 498 bp),
BamHI digestion (Lane 3; bands of 6280 bp and 2195 bp), Bsal digestion (lane 4; bands of 4648 bp,
1563 bp, and 686 bp), Stul digestion (Lane 5; bands of 4672 bp and 1931 bp). The empty plasmid
p2auxo.∅INT restriction enzyme pattern was also consistent with the expected band pattern: BamHI
(lane 6; 4672 bp and 2195 bp) and Notl (lane 7; bands of 3904 bp and 2963 bp). Next, we performed
PCR analysis using specific primers for the HTI and E. coli glyA DNA coding sequences using the
BCG.HTI2auxo.int Working Vaccine Stock as template. Bands of 1581 bp and 1760 bp corresponding to
the expected size of HTI (Figure 2C) and the E. coli glyA DNA sequence (Figure 2D) were detected.
Furthermore, PCR analysis using specific primers designed for 3’ and 5’ HTI ends was employed to
confirm integration of the p2auxo.HTIint plasmid DNA into the parental BCGΔlysA strain genome.
The BCG.HTI2auxo.int Working Vaccine Stock was used as a template. Bands of 766 bp and 874 bp
corresponding to the respective attR (Figure 2E) and attL (Figure 2F) attachment sites were detected in
Working Vaccine Stocks, but not in BCG wt. The HTI DNA coding sequence was detected by PCR in
the BCG.HTI2auxo.int after 35 bacterial generations (Appendix A Figure A1).

3.3. Phenotypic Characterization of BCG.HTI2auxo.int

To preserve plasmid stability, both in vivo and in vitro, as well as to prevent potential genetic
rearrangements, several factors should be considered when constructing mycobacterium-based vaccine
candidates. We previously demonstrated that the use of weak promoters (Mycobacteria spp. α-antigen
promoter) and use of the BCG lysine auxotrophy-complementation system prevent the disruption
of gene expression due to genetic rearrangements [33,37]. The lysine auxotrophic BCG strain was
used in combination with lysine gene complementation as an antibiotic-free plasmid selection and
maintenance system. To phenotypically assess the stability and demonstrate the lack of antibiotic
resistance of this system, the BCG.HTI2auxo.int strain was cultured on non-lysine-supplemented agar
with and without kanamycin. In line with previous findings, the untransformed lysine auxotrophic
BCG strain failed to grow without the presence of lysine and grew upon supplementation with lysine
(Figure 3A,B). The BCG.HTI2auxo.int strain, on the other hand, grew on non-lysine supplementation
(Figure 3C), and did not grow on agar plates containing kanamycin (Figure 3D).

Figure 3. Cont.
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Figure 3. Phenotypic characterization of the BCG.HTI2auxo.int vaccine strain. Phenotype of lysine
auxotrophy, lysine complementation, and kanamycin resistance. The BCG lysine auxotroph prior to
transformation with p2auxo.HTIint was cultured on non-lysine supplemented 7H10 (A) or on lysine
supplemented 7H10 (B). The BCG.HTI2auxo.int WVS was cultured on 7H10 without lysine or kanamycin
supplementation or without lysine but with kanamycin supplementation (C,D, respectively).

3.4. The BCG.HTI2auxo.int prime-ChAdOx1.HTI Boost Regimen Elicits HIV-1-Specific T-cell Responses

In order to assess the enhancement of cellular immune responses provided by a prime vaccination
with BCG.HTI2auxo.int, adult mice (seven-week-old, n = 8/group) were immunized with either 105 cfu of
BCG.HTI2auxo.int (id) and boosted with ChAdOx1.HTI 109 viral particles (vp) delivered intramuscularly
(im) after five weeks (group A), or with 106 BCGwt (id) and boosted with ChAdOx1.HTI (109 vp,
im) after five weeks (group B), or only immunized with ChAdOx1.HTI (109 vp, im) at week five
(group C), or left unimmunized (group D). The groups and immunization regimens are illustrated
in Figure 4A. A group primed with BCGwt was included to allow comparison of the unspecific
adjuvanticity of BCG and the specific priming of BCG expressing HTI. Two weeks post-boost, mice
were sacrificed and splenocytes were isolated for an ELISpot analysis of IFN-γ secretion in response to
17 peptide pools spanning the HTI proteome. The total magnitude of IFN-γ secreting cells in response
to HTI peptide pools was approximately doubled when priming with BCG.HTI2auxo.int as compared to
ChAdOx1.HTI alone; however, the same was observed in BCGwt primed mice (Figure 4B). Overall,
priming with BCG.HTI2auxo.int or BCGwt increased responses to peptide pools in the responding
mice (Figure 4C–E), although these differences only reached trends when compared with animals
only receiving ChAdOx1.HTI. In mice immunized with ChAdOx1.HTI alone, statistically significant
differences as compared to naïve mice were only observed in response to one pool representing integrase
(int) (pool 2C, Figure 4D). Priming with BCG.HTI2auxo.int induced significantly higher responses as
compared to naïve mice in response to five HTI-derived pools (Figure 4: 1E p24; p = 0.0469, 1H p24;
p = 0.048, 1K prot; p = 0.0004, 2B RT; p = 0.0011, and 2C int; p = 0.0038). A similar number was observed
for mice primed with BCGwt (Figure 4: 1G p24; p = 0.0016, 1K prot; p = 0.0002, 2B RT; p = 0.0004,
and 2C int; p = 0.0360). However, the IFN-γ response to pool 1E representing p24 was significantly
higher in mice receiving BCG.HTI2auxo.int as compared to those receiving BCGwt (Figure 4C). Both the
recombinant and wild-type BCG induced Mtb-specific responses (PPD, Figure 4E).
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Figure 4. Induction of HIV-1 specific T-cell responses by the BCG.HTI2auxo.int + chimpanzee adenovirus
HIVACAT T-cell immunogen (ChAdOx1.HTI) prime-boost regimen in BALB/c mice. Adult mice (seven
weeks old, n = 8/group) were immunized with either 105 cfu of BCG.HTI2auxo.int (id) and boosted
with ChAdOx1.HTI (109 vp, im) after five weeks (group A), or with 106 BCG.wt (id) and boosted
with ChAdOx1.HTI (109 vp, im) after five weeks (group B), or only immunized with ChAdOx1.HTI
(109 vp, im) at week five (group C), or left unimmunized (group D). Groups and the immunization
schedule are shown in (A). Two weeks post-boost, mice were sacrificed, and splenocytes were isolated
for enzyme-linked immune absorbent spot (ELISpot) analysis. (B) The total magnitude of HIV-1 specific
SFCs/106 splenocytes was calculated as sums of the SFCs elicited by the 17 HTI peptide pools, the
color-coding represents the HIV-1 gene location of the pools. Data are presented as group means
and error bars represent the standard deviation of the total sum of SFC/106 splenocytes. Statistics
were performed using parametric one-way ANOVA. (C-E) HIV-1 and tuberculosis (TB)-specific T-cell
responses interferon-γ (IFN-γ spot-forming cells SFC/106 in response to HTI-derived peptide pools
representing HIV-1 Gag (C), HIV-1 Pol (D), and Nef, Vif, and tuberculin purified protein derivative
(PPD) (E). The data are presented as medians of group responses above the threshold. Statistics were
performed using the non-parametric Kruskal–Wallis test adjusted for multiple comparisons, *p < 0.05,
**p < 0.01, ***p <0.001 and ****p < 0.0001.

Interestingly, a comparison of the average number of reactive HTI peptide pools in vaccinated
mice revealed that the number of reactive pools in BCGwt primed mice was significantly lower than
in those primed with BCG.HTI2auxo.int (Figure 5A, p = 0.0262). This indicates a loss of breadth when
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priming with BCGwt, even though IFN-γ secreting cells in response to HTI peptide pools were similar
when compared with BCG.HTI2auxo.int primed mice. No differences between BCG.HTI2auxo.int primed
mice as compared to mice only receiving ChAdOx1.HTI (Figure 5A) were observed regarding the
number of pools recognized per mouse, although the mean was slightly increased from 7.3 to 7.8 when
priming with BCG.HTI2auxo.int. The highest number of recognized peptide pools was 13 in both groups.
Interestingly, certain mice of the BCG.HTI2auxo.int + ChAdOx1.HTI immunized group reacted to pools
less frequently recognized by other groups (Figure 5B: 1E p24, 1F p24, 1J prot, 2D int). On the other
hand, lower numbers of mice recognized certain peptide pools (Figure 5B: 1G p24, 1H p24, 2E Vif)
when compared to mice only immunized with ChAdOx1.HTI.

Figure 5. Differential recognition of peptide pools in BCG.HTI2auxo.int + ChAdOx1.HTI immunized
BALB/c mice. Adult mice (seven weeks old, n = 8/group) were immunized with either 105 cfu of
BCG.HTI2auxo.int (id) and boosted with ChAdOx1.HTI (109 vp, im) after five weeks (group A), or with
106 BCG.wt (id) and boosted with ChAdOx1.HTI (109 vp, im) after five weeks (group B), or only
immunized with ChAdOx1.HTI (109 vp, im) at week five (group C), or left unimmunized (group D).
Two weeks post-boost, mice were sacrificed, splenocytes were isolated for ELISPOT analysis, and the
numbers of reactive peptide pools (total n peptide pools =17) were compared for each mouse. (A) The
number of reactive pools per mouse. (B) The number of reactive mice (eight mice per group) in each
group according to peptide pool and HIV-1 gene location. Statistics were performed using parametric
one-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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3.5. The BCG.HTI2auxo.int + ChAdOx1.HTI Prime-Boost Regimen Is Well Tolerated

Five adult mice per group were either left unimmunized or received 106 colony-forming units (cfu)
of BCG wt or a total of 105 cfu of BCG.HTI2auxo.int intradermally, and five weeks later were boosted
with 109 vp of ChAdOx1.HTI and their body mass was monitored regularly over time (Figure 6).
The body mass curve corresponded to those of the provider (Envigo, Huntington, UK), and there were
no statistically significant differences observed between the vaccine recipients and controls at any time
point tested (Figure 6). Mice were monitored weekly for signs of malaise. No vaccine-related deaths,
no local adverse events, and no associated systemic reactions were observed.

Figure 6. Safety of the BCG.HTI2auxo.int and ChAdOx1.HTI prime-boost regimen in BALB/c mice. Mice
in groups of five (female, seven weeks old) were immunized i.d. with 105 colony-forming units (CFU)
of BCG.HTI2auxo.int or 106 CFU BCGwt and boosted with 109 VP of ChAdOx1.HTI. Body weights were
recorded regularly, and the mean for each group of mice is shown as mean ± SD (n = 5). Data from
naive mice are presented as mean ± 2 SD (n = 5) (dashed grey lines).

4. Discussion

Despite the exploration and implementation of numerous HIV-1 prevention strategies, 1.8 million
new HIV infections occurred in 2017 [44]. There is an urgent need for the development of an effective,
safe, and affordable HIV-1 vaccine. We have constructed an rBCG vaccine candidate expressing the
HIVACAT T-cell immunogen, HTI, using the integrative antibiotic-resistance free E. coli-mycobacterial
shuttle vector, p2auxo.int. The HTI immunogen was designed to target T-cell responses to the most
beneficial T-cell targets and the most vulnerable sites of HIV-1. When delivered using DNA and MVA
vectors, it has been shown to be capable of inducing broadly and evenly distributed immune responses
of high magnitude in mice and monkeys [7]. We have previously demonstrated the in vitro and in vivo
stability of the integrative plasmid p2auxo.int for expressing HIV-1 immunogens in BCG [33,43]. Here,
we produced the BCG.HTI2auxo.int vaccine candidates under Good Laboratory Practice compatible
conditions, and characterized them genotypically and phenotypically, confirming the presence of
the HTI gene and protein in the lysates of working vaccine stocks. Furthermore, we demonstrate
that the BCG.HTI2auxo.int vaccine in combination with ChAdOx1.HTI induced TB and HIV-1-specific
IFN-γ-producing T-cell responses in adult BALB/c mice. The vaccination regimen was well tolerated
during the follow-up period, although a longer safety assessment will be necessary, as symptoms
related to a lack of attenuation of mycobacteria could take at least 50 days to emerge and impact body
mass in the mouse model [45].

BCG is a remarkable live vaccine vehicle due to its capability of delivering antigens to APCs
enabling the development of antigen-specific cell-mediated immune responses [24]. Mycobacterial
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antigens have been shown to be presented to T-cells by non-classical antigen presentation molecules
such as CD1a/b/c, Major histocompatibility complex class I-related gene protein (MR1), and Human
leukocyte antigen-E (HLA-E). The latter is of specific interest in the context of HIV-1 vaccine development
due to the resistance of HLA-E to downregulation by the HIV-1 Nef during infection [46], as well
as displaying a low level of allelic variation, with only forty three existing variants as opposed
to the thousands of classical HLA class I molecules [47]. Furthermore, BCG-immunized humans
elicited HLA-E restricted CD8+ T-cell responses to Mtb peptides, which display cytotoxic as well as
immunoregulatory activities [48]. One of the most successful HIV-related vaccine trials in animal
models has been a Cytomegalovirus (CMV) vectored vaccine against SIV. This vaccine was able to
establish persistent, SIV-specific effector memory T-cell responses in rhesus macaques and control
pathogenic SIV infection following mucosal challenge [49]. CMV infection is known to upregulate
HLA-E expression in humans, and the vaccine regimen in the monkeys induced strong Mamu-E
restricted T-cell responses [50]. It is still unknown if BCG can elicit a similar immune response to a
heterologous antigen when used as a vaccine vector in humans. However, BCG administered as an
oral adjuvant along with inactivated simian immunodeficiency virus (SIV)mac239 particles in Chinese
macaques was shown to confer protection to a high-dose SIVmac239 challenge [51]. The protection was
attributed to non-cytolytic Major histocompatibility complex (MHC) Ib/E-restricted CD8+ T-regulatory
cells that suppressed the activation of SIV-positive CD4+ T-lymphocytes.

As a vector, rBCG shares several traits with plasmid DNA. Both are often used as priming agents
in combination with a virally vectored boost [8,24]. A rBCG–DNA prime-boost regimen showed less
immunogenicity when explored using the HIVA immunogen, as compared to boosting with viral
vectors [28]. On the other hand, a combination regimen of rBCG and DNA expressing HIVA was shown
to confer protection in a pathogenic vaccinia–HIVA surrogate challenge model [39]. However, little is
known about the advantages for specific immunity to heterologous immunogens upon combining
rBCG, DNA, and viral vectors.

Recombinant BCG delivered on its own induces weak transgene-specific immune responses that
are difficult to measure. Thus, we have assessed the enhancement of HIV-1 specific cellular immune
responses by a prime vaccination with BCG.HTI2auxo.int when delivered with ChAdOx1.HTI in BALB/c
mice. The magnitude of the total T-cell response was significantly higher in BCG.HTI2auxo.int primed
mice as compared to mice receiving ChAdOx1.HTI alone. A similar magnitude was observed in BCGwt
primed mice (Figure 4). The IFN-γ secretion in response to the individual HTI peptide pools was
higher in all the assessed pools, although the differences did not reach statistical significance between
mice receiving BCG prime and those not. The evident priming effect, even by BCGwt, is in line with
the ability of BCG derivatives to act as potent adjuvants for subsequent boosting vaccines. It is known
that immunization with BCG not expressing any transgene often can lead to higher vaccine-specific
responses when delivered as a prime/adjuvant in combination with a virally vectored vaccine [39,52].
Components of BCG have also been used as an adjuvant for an HIV-1 DNA vaccine [53].

Interestingly, both BCG.HTI2auxo.int primed mice and mice receiving ChAdOx1.HTI alone
responded to an average of seven to eight peptide pools, whereas mice primed with BCGwt alone only
responded to an average of 4.5 peptide pools. This together suggests that priming with BCG.HTI2auxo.int

enhances the HTI-specific immune response when delivered with ChAdOx1.HTI, while maintaining
the breadth of the response. Priming with BCGwt appeared to boost the overall magnitude of the
response, but ultimately directing responses to fewer peptide pools. The differences in the breadth of
immune responses between the BCG.HTI2auxo.int and BCGwt could possibly be related to the strong
adjuvant properties of BCG. A possible explanation is its capability of inducing trained immunity.
This involves enhanced monocyte function and Natural killer (NK) cell function as reviewed by van
der Meer et al. [54]. Macrophages, monocytes, and natural killer cells display enhanced responsiveness
following a second encounter with a pathogen. Enhanced monocyte function has been demonstrated
in humans three months after BCG vaccination along with increased cytokine production, as well
as CD11b and toll-like receptor 4 (TLR-4) expression [17]. This effect could be observed up to one
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year following immunization [55]. The unspecific immune activation could perhaps be involved in
mechanisms enhancing the production of cytokines such as IFN-γ in T-cells, which leads to higher
responses in the epitopes, which are more dominant. It is notable that the HTI was designed to avoid
useless immunodominant epitopes in humans, but nevertheless, it is inevitable that there will be a
hierarchy of epitopes in mice in which cellular immune responses are elicited against. Thus, the higher
breadth observed following priming with the BCG.HTI2auxo.int could be related to the priming of
responses that are specifically related to the transgene expressed (HTI), whereas the general increase
in IFN-γ induced by BCGwt could be related to unspecific or adjuvanticity-related effects on the
immune system rather than the specific priming of immune responses directed toward HTI. Previously,
C57BL/6 mice immunized with DNA.HTI alone were shown to respond to two to six HTI peptide
pools, and following an immunization schedule consisting of three DNA.HTI prime immunizations
and one MVA.HTI immunization delivered at three-week intervals, this number was increased to six to
11 peptide pools [7]. Delivering a combination of BCG.HTI2auxo.int, DNA, and a viral vector expressing
HTI could present a strategy for increasing the number of recognized pools further.

Correlates of protection for HIV-1 vaccines have been discussed following the RV144 trial, such as
the IgG Ab response to the variable regions 1 and 2 (V1V2) loops being associated with a reduction
in HIV-1 acquisition [56]. However, the translatability of data obtained in small animal models is
limited, and pre-clinical design and the evaluation of HIV-1 vaccines remains a challenge. In humans,
T-cell responses have also been associated with protection or decreased viral loads following infection.
For instance, in the RV144 trial, CD4+ T-cells secreting IL-2, TNF-α, IFN-γ, IL-4, and CD154 in response
to HIV-1 envelope peptides were associated with lower infection rates in vaccine recipients [57].

5. Conclusions

We here demonstrate that priming with BCG.HTI2auxo.int significantly increased HTI-specific
T-cell responses. Although priming with BCGwt led to a similar enhancement of the magnitude of
the response, fewer peptide pools were recognized in BCGwt primed animals. The ability of the
BCG.HTI2auxo.int priming immunization to increase T-cell immune responses when combined with
ChAdOx1.HTI, while maintaining the breadth of the response, strengthens its applicability as a priming
vaccine for the development of an efficacious HIV-1 vaccine. Finally, we demonstrate that in some mice,
priming with BCG.HTI2auxo.int can alter the immunodominance profile of the vaccine-induced T-cell
response. Further assessments and characterization of the T-cell response by intracellular cytokine
staining would provide a more thorough overview of the vaccine-induced immune response and of
potential functional differences, depending on the different vaccination regimen.
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Appendix A

Figure A1. In vitro stability of BCG.HTI2auxoint. In vitro stability was assessed by PCR detection of
the HTI gene in the BCG.HTI2auxo.int master seeds after five weekly subcultures with and without
added lysine; lane 1; BCG.HTI2auxo.int clone 1; lane 2: BCG.HTI2auxo.int clone 3; lane 3: BCG.HTI2auxo.int

clone 1 cultured in lysine supplemented medium; lane 4: BCG.HTI2auxo.int clone 3 cultured in lysine
supplemented medium; lane 5: BCG.Ø2auxo.int; lane 6: distilled water; lane 7: p2auxo.HTI.int plasmid;
lane 8: molecular weight marker.
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Abstract: DNA vaccines present one of the most cost-effective platforms to develop global vaccines,
which have been tested for nearly three decades in preclinical and clinical settings with some success
in the clinic. However, one of the major challenges for the development of DNA vaccines is their poor
immunogenicity in humans, which has led to refinements in DNA delivery, dosage in prime/boost
regimens and the inclusion of adjuvants to enhance their immunogenicity. In this review, we focus
on adjuvants that can enhance the immunogenicity of DNA encoded antigens and highlight the
development of a novel cytolytic DNA platform encoding a truncated mouse perforin. The application
of this innovative DNA technology has considerable potential in the development of effective vaccines.

Keywords: DNA vaccine; adjuvants; vaccine delivery; plasmid; cytolytic; perforin; bicistronic;
HCV; HIV

1. Introduction

Vaccines represent an effective strategy in the fight against infectious diseases and recent estimates
suggest that vaccination prevents 2–3 million deaths every year [1]. The need for rapid and large
scale vaccine production during epidemics against emerging pathogens is a major challenge in vaccine
development [2], including effective vaccines for antigenically diverse and versatile pathogens that
successfully subvert host immunity such as human immunodeficiency virus (HIV), hepatitis C virus
(HCV), and malaria [3–5].

DNA vaccines can overcome some of these challenges, as it is relatively easy to produce large
number of doses within a short period of time, and they are stable at ambient temperature and do
not require cold chain transportation. They are also consistent between lots and have an excellent
safety profile allowing for safety evaluations by regulatory authorities and distribution in a large
scale [6,7]. Importantly, DNA vaccines can induce both humoral and cell-mediated responses in the
vaccinated host [8–10]. Although they are safe and well tolerated, they are often poorly immunogenic
and inefficacious in humans [11]. Therefore, recent studies on the advancements of DNA vaccines
are focused on effective delivery and increasing the immunogenicity of the encoded antigen/s of
interest [12,13].

Effective immunization with DNA vaccines requires efficient transfection of host cells which is
highly dependent on the delivery route and use of devices. Conventional delivery routes to introduce
the DNA vaccine include intramuscular, intradermal, subcutaneous and oral routes [12]. The preferred
delivery route depends on the requirement to activate specific immune cells. The skin is rich in
immune cells including local dendritic cells (DCs) and natural killer (NK) cells, and is therefore likely
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to be a more favorable site for vaccine delivery [14,15]. Attempts to improve DNA delivery have
been made through other physical methods with the use of ‘gene guns’ or electroporation, which
transiently permeabilizes the cell membrane to efficiently transfer the DNA resulting in increased
vaccine uptake by skin and muscle cells [16]. Although these methods have shown to increase DNA
uptake [17,18], they require optimization to achieve increased efficiency and acceptance for clinical
use. An alternative approach to improve transfection efficiency includes formulation of DNA with
liposomes or nanoparticles [19]. Liposomal delivery can be affected by pre-systemic (epithelial) and
systemic barriers (enzymatic degradation, binding, and opsonization) [20]. Encapsulation of DNA
with nanoparticles has been reported to increase DNA uptake or transfection efficiency [21,22]. Some of
the challenges in the use of nanoparticles with DNA include encapsulation inefficiency, endocytosis by
target cells and toxicity [23].

The use of genetic adjuvants is one approach to enhance the immunogenicity of the antigen
and can be used to complement other strategies (e.g., DNA delivery) also designed to improve the
immunogenicity of DNA vaccines. Upon immunization with a DNA vaccine, the target cells uptake
DNA by endocytosis [24] and the transfected cells express the DNA-encoded protein antigen(s). When
antigen-presenting cells (APCs) are directly transfected, the intracellular proteins are processed and
immunogenic epitopes are then presented by MHC Class I molecules, which can directly stimulate
naïve CD8+ T cells [12,25]. The protein immunogen released from transfected cells can be endocytosed
and/or phagocytosed by other APCs and are presented by MHC class II molecules to activate naive
CD4+ T cells [25,26]. If the proteins are expressed by stromal cells like keratinocytes, APCs can also
indirectly capture secreted antigens and cross-present by MHC Class I molecules to further stimulate
CD8+ T cells [27]. After DNA vaccination, CD8+ T cells specific to the vaccine antigen undergo
expansion, acquire effector functions and differentiates into memory CD8+ T cells [28,29]. The memory
cells differentiate into effector memory T cells upon re-exposure to the antigen [29,30]. The ability of a
DNA vaccine to elicit T cell immunity is thus dependent on activating APCs to present antigen: MHC
complexes to T cells [31] and adjuvants can serve as an important costimulatory factor to enhance
this process.

In this brief review, based on our experience, we discuss the progress in the development of DNA
vaccines, approaches to improve delivery and genetic adjuvants used to enhance immunogenicity. We
focus on an innovative cytolytic DNA technology developed and patented in our laboratory.

2. DNA Vaccine Adjuvants

The immunogenicity of DNA vaccines is enhanced by CpG motifs present in the plasmid backbone,
which can activate APC via toll like receptors (TLR9) [32–34]. Unmethylated CpG motifs have been
reported to induce B cell proliferation and secretion of immunoglobulin in vitro and in vivo [33].
Activation of macrophages and DCs results in upregulation of antigen presentation and costimulatory
molecules, and secretion of cytokines (IL-12 and IL-18) involved in helper T cells (Th1) response [34].
Thus, CpG motifs in DNA plasmids serve as a ‘natural adjuvant’ for DNA vaccines. Plasmid DNA
can be designed to encode additional adjuvants with the antigen(s) of interest. Molecular adjuvants
such as fusion proteins including heat shock protein 70 (HSP70), and vesicular stomatitis virus (VSVG)
have been developed and used to enhance vaccine immunogenicity [35–37]. The gene encoding such
proteins as adjuvants is either fused with the gene encoding the vaccine antigen to produce a fusion
protein driven by a same promoter or as separate proteins driven by different promoters in the same
or different plasmid. Co-encoding of genes creates a suitable cellular micro environment such as
sustained antigen release and/or upregulation of cytokines, enhancing the immunogenicity of DNA
vaccines [38].

A majority of the studies on experimental DNA vaccines with genetic adjuvants have been studied
in animal models such as mice (Table 1), and very few of these have been clinically tested (Table 2).
Limited published data on clinical trials pose difficulty to compare efficacy between adjuvants in
animals and humans.
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Table 1. Molecular adjuvants and immunogenicity of DNA vaccines in animals.

Adjuvants Antigens Delivery Host Responses Ref.

Costimulatory molecules

CD80, CD86 HIV-1 (Env, Gag, Pol) DC, IM Mouse Chimpanzee +CMI [39]
CD40 LT beta-gal DC, SC Mouse +Ab, +CMI [40]
ICAM-1 HIV-1 (Env) DC, IM Mouse +CMI [41]

Cytokines

IL-2, IFN-γ HIV-1 (Env, Gag, Pol) DC, IM Mouse +Ab, +CMI [42]
IL-6 Influenza (HA) DC, GG Mouse +Ab [43]
IL-2,12, IFN-γ HBV DC, IM Mouse +CMI [44]
TNF-α, IL-15 HIV (Env, Gag, Pol) DC, IM Mouse +CMI [45]

Toll like receptor adaptor/signaling molecules

TRIF Influenza (HA), tumor E7 BC, IM/EP Mouse +CMI [46]
MyD88 Influenza (HA), tumor E7 BC, IM/EP Mouse +Ab [46]
FliC Influenza A (Np) DC, ID Mouse +Ab, +CMI [47]
IRF 1,3, 7 Influenza virus (HA, Np) DC/BC, IM Mouse +Ab, +CMI [48]
TBK-1 P. f (SE36) DC, IM Mouse +Ab, +CMI [49]
HMGB1 HIV-1 (Gag, Env) DC, IM/EP Mouse +Ab, +CMI [50]
DAI Survivin DC, ID Mouse +CMI [51]
chMDA5 Influenza (HA) DC, IM Chicken +Ab [52]
Ii P. f (ME) FC, IM Mouse +CMI [53]

Toxins/Viral proteins

FrC Sc-fv FC, IM Mouse +Ab [54]
DTa HIV (Gag) BC, ID Mouse −CMI [55]
NSP4 HCV NS3 BC, ID Mouse +/−CMI [56]

VSVG HIV (Gag)
NS3

DC, ID
BC, ID

Mouse
Mouse

+CMI
+/−CMI

[37]
[57]

Heat shock proteins

Calreticulin mucin 1
HPV-16 E7

DC
FC, GG

Mouse
Mouse

+CMI
+CMI

[58]
[59]

HSP70 HIV (Gag) BC, ID Mouse +CMI [60]

Complement inhibitor

IMX313 HIV (Tat) FC, ID Mouse +Ab, +CMI [36]

Cytolytic protein

PRF
HIV (Gag)
HCV (NS3)
HCV (NS345B)

BC, ID
BC, ID
BC, ID

Mouse
Mouse, Pig
Mouse

+CMI
+CMI
+CMI

[55]
[26]
[57]

Adjuvants: LT: ligand/trimer, IL: Interleukin, TNF: Tumor necrosis factor, TRIF: Toll-interleukin-1 receptor
domain-containing adaptor-inducing beta interferon, MyD88: myeloid differentiation primary response, FliC:
phase-1 flagellin, IRF: Interferon regulatory factor, TBK-1: TANK-binding kinase 1, HMGB1: High-mobility
group box 1 protein, DAI: DNA-dependent activator of interferon (IFN) regulatory factors, chMDA5: melanoma
differentiation-associated gene 5 product, FrC: Fragment C of tetanus toxin, DTa: Diphtheria toxin subunit A, NSP4:
Nonstructural protein 4, li: MHC class II invariant chain, HSP: Heat shock protein, VSVG: Vesicular stomatitis virus,
PRF: Perforin; Antigens: HIV: Human immunodeficiency virus, Env: Envelope, GAG: Group antigens, Pol: Reverse
transcriptase, beta-gal: beta galactosidase, FMDV: Foot and Mouth Disease Virus, VP1: Virus protein 1, HBV:
Hepatitis B virus, HA: Haemagglutinin, Sc-fv: Single chain fragment variable, Np: Nucleoprotein, P.f: Plasmodium
falciparum, SE36: serine repeat antigen 36, HCV: Hepatitis C virus, NS3: Nonstructural protein 3, ME: Multiepitope
string fused to the native P. falciparum T9/96 strain,NS345B: Nonstructural proteins 3, 4, 5B; Delivery: DC: Different
constructs, BC: Bicistronic construct, FC: Fusion protein/single construct, IM: Intra muscular, SC: Subcutaneous, GG:
Gene gun, EP: Electroporation, ID: Intradermal; Responses: +: Increase, −: Decrease, +/−: No significant change,
CMI: T cell responses, Ab: Humoral responses; Ref.: References.
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Table 2. Molecular adjuvants tested with DNA vaccines in humans.

Adjuvants Antigens Delivery Responses Trial Phase Ref.

IL-12, IL-15 HIV-1 (Gag) DC, IM +/−Ab, +/−CMI I [61]
GM-CSF, IL-2 Her2 RP, IM +Ab, +CMI I [62]
GM-CSF CEA RP, ID +Ab, +CMI I [63]
IL-2/Ig HIV-1 Gag/Pol/Nef/Env BC, IM +Ab, +CMI I [64]
IL-12 HIV (MAG-Gag, Pol, Env, Nef, Tat, Vif) DC, IM/EP −Ab, +CMI I [65,66]
IL-12 HIV-1 (Env, Gag, Pol) DC, IM/EP +CMI I [67]
GM-CSF PAP RPID −Ab, +CMI I/IIa [68]
HSP70 HPV16 (E7) FC, IM −Ab, +/−CMI I [69]

Adjuvants: IL: Interleukin, GM-CSF: Granulocyte/macrophage colony-stimulating factor; Antigens: HIV: Human
immunodeficiency virus, Gag: Group antigens, Her2: Human epidermal growth factor receptor 2, CEA: Human
carcinoembryonic antigen, MAG: Multi antigen, Env: Envelope, Pol: Reverse transcriptase, Nef: N-terminally
myristoylated protein, Tat: Transactivator of transcription, Vif: viral infectivity factor, PAP: Prostatic Acid
Phosphatase, HSP: Heat shock protein, HPV: Human Papilloma Virus; Delivery: DC: Different constructs, BC:
Bicistronic construct, FC: Fusion protein/single construct, RP: Adjuvant as recombinant protein, IM: Intramuscular,
ID: Intradermal; Responses: +: Increase, −: Decrease, +/−: No significant change, Ab: Humoral responses, CMI: T
cell responses; Ref.: References.

2.1. Cytokines

Different cytokines, such as interleukins (IL-2, IL-6, IL-12), chemokines, granulocyte/macrophage
colony-stimulating factor (GM-CSF), costimulatory molecules (CD40, CD80, and CD86), and
signaling molecules (Interferon regulatory factor -3) have been used as genetic adjuvants with
DNA vaccines [39,40,42–44,48,68]. Genes expressing IFN-γ IL-2, IL-12, IL-15, and IL-18 have been used
to stimulate Th1 responses [44,45,70], and IL-4, IL-6, IL-10, IL-13, for Th2 stimulation [42,43,71–73].
The inclusion of genes encoding cytokines, like IL-2 or IL-12, as adjuvants for HIV-1 DNA vaccines is
known to increase cell mediated immunity (CMI) [74,75]. However, a bicistronic HIV DNA encoding
gp120 and IL-2 elicited weaker specific immune response than monocistronic HIV-1 gp120 DNA [76].
Combinations of genetic adjuvants like IL-2 and IL-15 with HIV-1 DNA vaccine have also been used
but no synergistic effect on the level of total antibody to HIV-1 antigen was reported [77]. A phase
I/IIa trial showed that coadministration of DNA vaccine encoding prostatic acid phosphatase (PAP)
with GM-CSF elicited PAP-specific CD4+ and/or CD8+ T cell responses [68]. However, GM-CSF was
administered as a recombinant protein.

2.2. Heat Shock Proteins

HSP70, a class of molecular chaperone, is known to induce maturation of DCs and activation of
the Th1 pathway [78–80]. A fusion vaccine for multiple myeloma termed hDKK1-hHSP70 was shown
to be effective in inhibiting the targeted tumor and increased survival of vaccinated mice by eliciting
tumor-specific humoral and cellular immune responses [80]. However, a DNA vaccine encoding
HPV16E7 fused with HSP70, targeting HPV16 and cervical intraepithelial neoplasia 2/3 failed to
enhance significant T cell responses in a Phase I clinical trial [69]. A bicistronic DNA encoding HSP70 as
a membrane bound or secreted protein has been used to improve the immunogenicity of a HIV Gag [60].
In this case, HSP70 expression was driven by a weaker SV40 promoter and HIV Gag by a stronger
CMV promoter. Such a vaccine design enhanced Gag-specific T cell responses, providing greater
protection in mice challenged with EcoHIV [60]. EcoHIV is a chimeric virus containing the envelope
protein gp 80 of mouse leukemia virus rather than HIV gp 120 that can replicate in mouse leukocytes
in vivo, thus representing a viable mouse challenge model for early assessment of HIV vaccines [81].
The proposed mechanism of HSP70 as an adjuvant is that TLR 2/4 on DCs interacts with secreted
or bound HSP70, further attracting DCs to the site of antigen expression. This is followed by DC
maturation, presentation of antigens by MHC molecules and secretion of cytokines and costimulatory
molecules [82], thus enhancing T cell immune responses against the vaccine antigen.
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2.3. Chicken Complement Inhibitor

A chimeric version of the oligomerization domain from the chicken complement inhibitor (C4bp)
was used to produce an oligomeric form of vaccine antigens [35,83]. This protein, termed IMX313,
forms a heptameric structure of the vaccine protein. This has been used to develop DNA vaccines for
tuberculosis, malaria and HIV to enhance humoral and/or cellular responses [35,36,84]. Vaccination
with a DNA vaccine encoding secreted HIV Tat (TPA-Tat IMX313) induced higher humoral and cellular
responses and improved protection against EcoHIV challenge in mice [36]. A phase I clinical trial of
tuberculosis vaccine MVA85A-IMX313 evaluated the vaccine to be safe and immunogenic, but cellular
(Ag85A-specific IFN- ) and humoral (MVA-specific IgG) responses were not significant [85]. Thus,
the ability of such an adjuvant to enhance immunogenicity of DNA vaccines in humans is still debated.

2.4. Viral Fusion Protein

VSV G is a type III viral fusion envelope protein, which mediates fusion of the virus envelope
and the host cell membrane [86]. The use of fusogenic membrane glycoprotein (FMG) gene from VSV
in a DNA vaccine encoding the H7 protein of human papillomavirus type 16 was shown to enhance
CD8+ T cell responses and effectively control growth of tumors [87]. The VSV G protein was also
shown to induce a T-response at low doses or a T-independent response at higher doses [88]. FMG
fuses cells into large multinucleated syncytia, which are then killed by a nonapoptotic mechanism [89].
Syncytiosomes are released from the membrane and present antigens efficiently to DCs [90]. FMGs
can thus act as an adjuvant for any antigen expressed by a DNA vaccine. Vaccination of mice with
the hepatitis C virus (HCV) nonstructural protein 3 (NS3) together with VSVG resulted in increased
frequency of IFN- γ, but not TNF-α- or IL-2-producing CD3+ CD44+ CD8+ effector memory T (TEM)
cells [57]. This DNA vaccine was constructed in a bicistronic vector with VSVG co-encoded in the
same plasmid with HCV NS3. VSVG expression was driven by a weaker SV40 promoter and NS3 by a
stronger CMV promoter [57]. However, others have also reported an increase in the specific CMI when
the immunogen and VSVG were expressed from different plasmids [37,87].

2.5. Cytolytic Protein

Perforin (PRF) is a pore forming protein released by immune cells including NK cells and
cytotoxic T lymphocytes (CTL) [91]. The 67-kilodalton PRF protein oligomerizes to form pores that
serve as a channel to release granzyme into the cytosol of target cells [92]. Suicide genes inducing
apoptosis of target cells have been used for cancer therapies, and the role of apoptotic cell death in
vaccination, whether immune-stimulatory or immune-suppressive, is debated [93]. Recently, a novel
DNA technology has been developed—-termed cytolytic DNA technology—in which a truncated
mouse PRF is incorporated in a bicistronic DNA vector to act as a vaccine adjuvant [55–57,94].

3. Cytolytic DNA Vaccines

Cytolytic DNA vaccines are based on a bicistronic DNA plasmid constructed on a pVax backbone
(Invitrogen) with a Cytomegalovirus (CMV) promoter and a Simian Virus (SV40) promoter [55].
The gene encoding the protein of interest as an immunogen is inserted downstream of the CMV
promoter and the gene encoding a truncated version of mouse PRF downstream of the SV40 promoter
(Figure 1). The SV40 is a weaker promoter compared to CMV and has been shown to result in 10-fold
lower protein expression in transfected HEK293T cells in vitro [55,95].

Figure 1. Schematic diagram of cytolytic bicistronic DNA plasmid (rDNA-PRF) with two different
promoters and encoding protein of interest (immunogen) and truncated perforin.
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The PRF gene was modified to express a truncated version of PRF (~60KDa) lacking the final
12 amino acid residues of the C terminus (unstructured region of PRF) [56,57,94] in order for PRF to
become cytolytic [96]. The final 12 C-terminal amino acids are required to export PRF protein from the
endoplasmic reticulum (ER) to the Golgi, from where glycosylated PRF is then transported to secretory
granules [96]. Removal of the C-terminal abrogates the export of PRF from the ER and its subsequent
accumulation in the ER is cytotoxic to the host cell [96,97].

3.1. Mechanism

Different recombinant cytolytic DNA-PRF vaccines (rDNA-PRF) have been shown to elicit immune
responses higher than those elicited by canonical DNA vaccines (without PRF) and the mechanism
underlying this has been established [94]. A previous study showed that coexpression of HCV NS3
and PRF elicited nonapoptotic cell death in transfected cells, whilst immunization with NS3-PRF
DNA vaccine increased NS3-specific T cell mediated responses as evidenced by increased NS3-specific
IFN-γ responses in an ELISpot assay and increased numbers of polyfunctional CD8+ TEM cells that
simultaneously secreted IFN-γ, IL-2, and TNF-α [56]. Cytolytic DNA platform where the expression of
immunogen is driven by a stronger promoter allows for sufficient antigen expression and accumulation
within the target cells followed by nonapoptotic cell death due to lesser expression of PRF driven
by a weaker SV40 promoter; thus, balancing the level of antigen expression with the timing of cell
death [94].

Necrosis is considered as the mechanism of cell death by PRF as evidenced by release of lactate
dehydrogenase (LDH) and low caspase activity [55,56,94]. LDH release occurs after the rupture of cell
membrane during secondary necrosis [98,99]. In contrast, LDH was not released by cells treated with
doxorubicin (a proapoptotic drug) or cells transfected with NS3 wild type PRF or NS3 12del483A PRF
(mutant and nontoxic PRF) [94]. Expression of PRF from a cytolytic DNA, e.g., NS3 PRF vaccine, thus
results in necrotic cell death mediated by receptor-interacting protein-1 kinase activity, as evidenced
by detection of uncleaved cytokeratin 18 in Huh-7 cells [56]. Necrosis releases damage associated
molecular patterns (DAMPs) which in turn activate DCs to migrate to the site of vaccination [100,101].

When purified DCs including the CD8α+ subset from naïve C57BL/6 mice were exposed to
HEK293T cells (transfected with Ovalbumin-PRF), it resulted in upregulation of costimulatory molecules
(CD80/CD86), indicating maturation of the immune cells with the cytolytic DNA [94]. A significant
increase in CD11c+ DCs and cross-presenting CD8a+ DCs, and upregulation of CD80 has been reported
in mice vaccinated with a cytolytic DNA HIV 1 Gag PRF compared to a canonical DNA vaccine [55].
Local and migrated DCs at the site of inflammation can take up antigens by endocytosis and are also
exposed to DAMPs. Activated and matured DCs can then prime naïve CD8+ T cells (Figure 2). Antigen
cross-presentation by DCs to CD8+ T cells has been shown to increase the number of proliferating CD8+

T cells by ~2-fold with cytolytic DNA compared to the noncytolytic PRF DNA [94]. Thus, a cytolytic
DNA vaccine has an inbuilt adjuvant to enhance the immunogenicity of the vaccine immunogen.
Whereas, the immunogenicity of canonical DNA vaccines mostly depends on direct transfection of
DCs and to a lesser extent cross-presentation of antigens shed from transfected cells and/or derived
from transfected cells that have undergone spontaneous cell death [94].

Several studies have established that DCs exposed to necrotic or lytic cells expressing antigens
mature and cross-present more efficiently than DCs exposed to antigens derived from a cellular milieu
that comprise of apoptotic cells [102–106]. Comparative studies evaluating the ability of proapoptotic
(e.g., rotavirus nonstructural protein 4 (NSP4) and diphtheria toxin subunit A (DTa)) and necrotic
proteins (e.g., truncated PRF) to enhance the immunogenicity of DNA when encoded in plasmid
DNA vaccines showed that truncated PRF is the most effective for this purpose [55–57]. However, a
caveat is that vaccine-encoded antigens need to accumulate significantly inside the cell before necrosis
occurs following expression of truncated PRF in order to activate DCs to cross-present vaccine-encoded
antigens [55,94].
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Figure 2. Mechanism of rDNA-PRF immunogenicity.

3.2. Cytolytic HIV and HCV DNA Vaccines

rDNA-PRF technology has been used in the development of HIV and HCV DNA
vaccines [55,57,107]. Direct comparison of the effects of the cytolytic PRF and the apoptotic protein DTa
on the immunogenicity of the HIV-1 Gag protein showed that PRF activated DCs more efficiently, as
evidenced by the increase in frequency of cross-presenting DCs and upregulation of activation marker
(CD80) [55]. In both DNA vaccines, PRF and DTa were driven by SV40 promoter. Immunization of
mice with a DNA vaccine encoding proapoptotic DTa as an adjuvant in a HIV Gag DTa vaccine resulted
in decreased DC activation, suggesting that DTa-induced apoptosis attenuated immune response [55].
Furthermore, improved protection in the mouse EcoHIV challenge model was achieved with rDNA-PRF
encoding HIV Gag compared to protection levels in mice vaccinated with a canonical Gag DNA
vaccine [57]. A rDNA-PRF vaccine encoding the HCV NS3 protein coexpressed with PRF was shown to
increase NS3-specific CMI in mice and pigs, compared to NS3 coexpression with a proapoptotic protein,
the rotavirus NSP4 protein [56]. NSP4 is an enterotoxin that elicits a proapoptotic effect by disrupting
the mitochondrial membrane and activating caspase-3, -8, and -9 [108,109]. This study showed that
PRF coexpression induced cell death by necrosis, and thus enhanced NS3-specific immune responses,
whereas, proapoptotic NSP4 reduced NS3-specific response [56]. Importantly, HCV NS3 PRF was more
immunogenic than the canonical NS3 vaccine in pigs, demonstrating the translational potential of the
cytolytic DNA vaccines in human clinical trials [56]. Likewise, we have shown that a multi-antigenic
HCV DNA vaccine encoding genotype 3a proteins NS3, NS4A, NS4B, and NS5B coexpressed with PRF
induced robust CMI against the range of HCV NS proteins, compared to coexpression with VSVG [57].
We also showed that multi-antigenic and multigenotypic (HCV genotype 1 and 3a) DNA cocktail
vaccines encoding PRF can significantly increase the magnitude and breadth of CMI responses to NS3
and NS5B against both genotypes compared to those elicited by a single-genotype vaccine [107].

4. Conclusions

DNA vaccines are still a promising option in the development of novel vaccination strategies.
Although they have many advantages, the ability to induce effective immune responses in humans
required for protection has been challenging. These challenges include ineffective delivery and poor
uptake of DNA. Consequently, a recent focus has been in the development of delivery methods and/or
inclusion of genetic adjuvants. Such genetic adjuvants are generally coexpressed with the antigen of
interest or delivered through different plasmids. In the quest to develop and identify effective genetic
adjuvants, a range of adjuvants was tested (HSP70, VSVG, IMX313, DTa, and PRF) and a novel and
promising cytolytic DNA vaccine strategy has been developed. This cytolytic DNA vaccine is unique
as it is based on a bicistronic plasmid with the ability to coexpress antigen and PRF in a balanced
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mechanism causing necrosis of vaccine-transduced cells, followed by increased activation of immune
cells and cross presentation of vaccine immunogen. Cytolytic DNA vaccines encoding nonstructural
proteins of HCV have been tested to enhance immunogenicity of vaccine antigen in mice [57,107] and
in a large preclinical animal model, the pig [56]. Likewise, increased immunogenicity and improved
protection against EcoHIV challenge in mice with HIV Gag PRF [60] demonstrate the effectiveness of
cytolytic DNA vaccines.

Adjuvants that provide effective costimulation for immune responses with specific immunogens
may not have a similar effect with other immunogens, and therefore these need to be tested for
their efficacy. Use of a genetic adjuvant such as PRF produces a suitable microenvironment for
multiple/different immunogens and thus improves the delivery, immunogenicity and effectiveness of
DNA vaccines. This strategy has considerable potential in the development of DNA-based vaccines
against a range of infectious agents.
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Abstract: Background: Vaccination is commonly used to prevent and control influenza infection
in humans. However, improvements in the ease of delivery and strength of immunogenicity
could markedly improve herd immunity. The aim of this pre-clinical study is to test the potential
improvements to existing intranasal delivery of formalin-inactivated whole Influenza A vaccines
(WIV) by formulation with a cationic lipid-based adjuvant (N3). Additionally, we combined WIV
and N3 with a DNA-encoded TLR5 agonist secreted flagellin (pFliC(-gly)) as an adjuvant, as this
adjuvant has previously been shown to improve the effectiveness of plasmid-encoded DNA antigens.
Methods: Outbred and inbred mouse strains were intranasally immunized with unadjuvanted WIV
A/H1N1/SI 2006 or WIV that was formulated with N3 alone. Additional groups were immunized
with WIV and N3 adjuvant combined with pFliC(-gly). Homo and heterotypic humoral anti-WIV
immune responses were assayed from serum and lung by ELISA and hemagglutination inhibition
assay. Homo and heterotypic cellular immune responses to WIV and Influenza A NP were also
determined. Results: WIV combined with N3 lipid adjuvant the pFliC(-gly) significantly increased
homotypic influenza specific serum antibody responses (>200-fold), increased the IgG2 responses,
indicating a mixed Th1/Th2-type immunity, and increased the HAI-titer (>100-fold). Enhanced
cell-mediated IFNγ secreting influenza directed CD4+ and CD8+ T cell responses (>40-fold) to
homotypic and heterosubtypic influenza A virus and peptides. Long-term and protective immunity
was obtained. Conclusions: These results indicate that inactivated influenza virus that was formulated
with N3 cationic adjuvant significantly enhanced broad systemic and mucosal influenza specific
immune responses. These responses were broadened and further increased by incorporating DNA
plasmids encoding FliC from S. typhimurum as an adjuvant providing long lasting protection against
heterologous Influenza A/H1N1/CA09pdm virus challenge.

Keywords: influenza; immunization; intranasal; adjuvant; lipid; flagellin
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1. Introduction

250,000–500,000 people die from influenza or bacterial infections every year following influenza
infection (www.who.int/influenza/en/). Viral spread also results in considerable days of illness and the
loss of millions of work days annually. Influenza A virus is an RNA virus with a segmented genome
of eight genes. The two surface proteins hemagglutinin (HA) and neuraminidase (NA) are the main
targets for the neutralizing antibodies. The combination of these two antigens (20 different serotypes of
HA [HA1 to HA20] and eleven NA in [NA1 to NA11]) with the two most recent bat influenzas identified,
greatly determines the variability between the influenza virus strains [1]. Human vaccination using
these immunodominant antigens is a primary method of influenza prevention that is used to control
both seasonal and pandemic influenza strains [2]. When unchecked, seasonal and pandemic influenza
both strongly affect the elderly who are especially sensitive to complications following influenza
infection. Furthermore, existing influenza vaccines are less effective in the elderly when compared to
younger people. The development of mucosally administered live or killed inactivated adjuvanted
vaccines would be one way to create vaccines that are more conveniently delivered efficiently to the
elderly [3].

It would be highly desirable to develop influenza vaccines that provide broader influenza-specific
immune responses than what can be obtained with the currently available commercial inactivated
flu-vaccines. If stronger and more long-lasting, cell-mediated and humoral flu-specific immunity could
be obtained, it would be more likely that the obtained immunity could better protect against disease
in future epidemics. In preclinical models, it has been reported that the killed formalin-inactivated
influenza vaccines nasally given induce immunity almost equally with or without adjuvants [4–6].
Nevertheless, it would be advantageous to broaden the often elicited homosubtypic immunity into a
heterosubtypic immune response recognizing more divergent influenza virus strains. Several recent
preclinical studies in mice suggest that this is possible [7–10] by using virus-like particle vaccines [11].
It seems clear that both arms of the humoral adaptive immune system will need to be employed
to broaden vaccine immunity, with influenza A neutralizing serum IgG, and also preferably with
mucosal immunity consisting of secretory IgA towards the outer envelope proteins HA and NA [12].
This should then be combined with a systemic cell-mediated immunity as the second line of defense,
which consists of CD8+ T cells recognizing conserved internal influenza virus epitopes [13], as well
as a broad repertoire of memory CD4+ Th cells, which are critical to the maintenance of long-lasting
humoral and CD8+ T cell immunity [14–16].

A new pandemic would probably be more rapidly spread and extensive than the Spanish flu of
1918–1919 when considering growing human populations and ease of international travel [17]. Indeed,
these factors appear to have facilitated the emergence of the recent A/H1N1/“Swine” influenza, which
appears to be a mixture of influenza viruses previously not seen in man, such as three triple reassorted
genes from north American swine and human, three genes from classical swine influenza, and two
genes from Eurasian swine [18]. When another pandemic appears, there will be many challenges to
overcome in order to rapidly develop an effective vaccine against influenza, especially if they evolve
from complex reassorted gene mixtures, as seen with the 2009 Swine-origin 2009 A (H1N1) influenza
viruses. The time it takes to produce influenza vaccines needs to be decreased as well as issues of
immunogenicity, quality control, and safety. Development and testing of vaccines while using new
technologies are to be lauded. However, they can introduce unquantified risk in the development chain
slowing vaccine development. Finding ways to improve upon existing technologies may be a way of
mitigating development risk, while at the same time improving immunogenicity, safety, and production
speed. The aim of this study was to use a licensed, existing whole formalin-inactivated influenza A
virus (WIV) as a source of antigen and improve upon its ability to elicit immune responses by the
addition of adjuvants. WIV vaccines are well known to induce poor cellular immune responses, unless
combined with adjuvants [19]. This study investigated how additon lipid and genetic adjuvant(s) could
be formulated to contain several critical components that cooperate to provide both a strong humoral,
systemic and mucosal, as well as systemic cell-mediated heterosubtypic immune response, in both
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inbred mice (C57BL/6) and the outbred NMRI mice. Flagellin is an agonist of TLR5, but it is also directly
recognized by the cytosolic Nod-like receptor family member Naip5, which signals through NLRC4 to
form an inflammasome. Soluble flagellin has been shown to be a potent adjuvant in numerous studies
and triggers numerous immune responses [20]. In previous studies, the presence and uptake of the
bacterial flagellin proteins by CD103+ dendritic cells (DC) have resulted in their increased presence
in mesenteric lymphnodes. Further, the flagellin-proteins have been shown to increase B-cells to
switsch into IgA secreting cells, thereby enhancing the mucosal B and T cell responses against antigenic
proteins [21]. However, there are few studies on the adjuvant effects of DNA-encoded flagellin [19].
The novelty of the present vaccination design of inactivated influenza A virus is the combination of
previously never studied combined adjuvants. Thus, the adjuvants, the cationic lipid N3 alone, or N3
lipid mixed with DNA-plasmid expressing the TLR5-agonistic, de-glycosylated flagellin C-protein
mixed with the WIV/Salomon Island/2006 A/H1N1-antigen prepared as an emulsion for nasal mucosal
administration in two strains of aging mice.

The reasons for proposing mucosal administration would be to obtain mucosal immunity in the
nasal and respiratory organs, where respiratory viral infections enter the body, to provide mucosal
first-line barrier immunity. Furthermore, the immunization protocol aimed to study the long-term
protective effect in an aging target-group of elderly individuals of mice reaching 22–23 months of age
(representing human ages 60–70 yrs), where the influenza specific systemic and mucosal Th1/Th2-type
immune pattern responses were followed and they could be correlated with different vaccination
designs and levels of heterologous influenza A virus protection.

Here, we evaluated the potential benefits of combining the WIV vaccine with an experimental
mucosal cationic oleic oil-based adjuvant alone and with a DNA-plasmid expressing a secreted form of
flagellin from Salmonella typhimurium.

2. Materials and Methods

2.1. Inactivated Viral Vaccine, Lipid Adjuvants, and Formulations

Whole inactivated viral (WIV) vaccines are whole viral particles that are inactivated with
formalin [22]. The influenza strain A/H1N1/Salomon Island/2006 (A/H1N1/SI) was used as a model
vaccine candidate. The adjuvant N3 is based on a natural human fatty acid (L3) that is composed
of: oleic acid 92%, linoleic acid 6%, and saturated monoolein 2% [23], and modified by coupling an
amine-group to obtain a charged cationic molecule, N3 [24].

2.2. DNA Expression Adjuvant Constructs and Immunizations

pFliC-Tm(-gly) S. typhimurium has been described previously [25]. pFliC-Tm(-gly) was subjected
to site-directed mutagenesis to insert two in-frame translational stop-codons after AA 459 of FliC(-gly)
to generate a secreted version of FliC(-gly) (AA numbering is based on GenBank Accession #D13689).
Changes were confirmed by DNA sequencing. The immunizations were intranasaly performed (i.n.) as
previously described (Table 1) with five groups of outbred female NMRI mice and five groups of inbred
female C57BL/6J mice. Briefly, mice were sedated with isoflurane (4% in air) and given WIV vaccine
5 μL/nostril (total volume 10 μL/mouse, 1.5 μg HA antigen/mouse or a total of 25 μg protein/mouse).
In groups where the N3 adjuvant was used, a 1% concentration was intranasally given, 6 uL/nostril.
Female mice of the NMRI strain were purchased from ScanBur, Sollentuna, Sweden, and C57BL/6
mice were purchased from Charles River, Dortmund, Germany. The animals were kept until 13 (±1)
months before immunizations were initiated in accordance with ethical guidelines and permissions at
the AF animal facility at the Karolinska Institutet, Stockholm, Sweden under specific pathogen free
conditions [26].
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Table 1. Study design and nasal immunization of NMRI and C57BL/6 mice against formalin-inactivated
Influenza A/H1N1/Salomon Island/2006.

Immunization Schedule

Group n Immunization Days Dose and Immunogen Adjuvant Mouse Strain

1 32 0, 60 1.5 μg HA in whole intact
inactivated H1N1 None NMRI

2 32 0, 60 1.5 μg HA in whole intact
inactivated H1N1 N3 NMRI

3 16 0, 60 1.5 μg HA in whole intact
inactivated H1N1 pFliC(-gly) NMRI

4 32 0, 60 1.5 μg HA in whole intact
inactivated H1N1 N3 + pFliC(-gly) NMRI

5 30 0, 60 Saline N3 + pFliC(-gly) NMRI

6 32 0, 56 1.5 μg HA in whole intact
inactivated H1N1 None C57BL/6

7 32 0, 56 1.5 μg HA in whole intact
inactivated H1N1 N3 C57BL/6

8 12 0, 56 1.5 μg HA in whole intact
inactivated H1N1 pFliC(-gly) C57BL/6

9 32 0, 56 1.5 μg HA in whole intact
inactivated H1N1 N3 + pFliC(-gly) C57BL/6

10 24 0, 56 Saline N3 + pFliC(-gly) C57BL/6

Abbreviations: HA = Hemagglutinine protein from influenza A, pFliC(-gly) = Plasmid encoding secreted Flagellin
type C of Salmonella typhimurium with mammalian glycosylation signal sequences removed.

2.3. ELISA Detection of Anti-Influenza A IgG, IgG isotypes, and IgA

IgG and ELISA measured IgA responses to influenza A in samples, as described [26]. The plates
were coated with inactivated influenza A antigen (Swedish Institute for Communicable Disease Control,
Solna, Sweden and Solvay Pharmaceuticals, BV, Weesp, Holland and recombinant HA/influenza
A/H1N1/CA09pdm or NP Protein BioSciences, CT, USA) that was diluted to 2 μg/mL in sodium
carbonate buffer pH 9.5–9.7 before 100 μL was added to each well. Influenza A positive mouse serum
and naïve mouse serum were used as the controls for mouse anti-influenza A reactivity. The coated
plates were washed with phosphate buffer saline (PBS)/0.05% Tween 20 (Sigma-Aldrich, S:t Louis,
MO, USA) and then blocked with PBS/5% dry milk at 37 ◦C for 1 h followed by one wash. Mouse
sera was diluted in PBS (pH 7.4)/0.5% bovine serum albumine (BSA, Boehring Mannheim, Mannheim,
Germany)/0.05% Tween 20, and 100 μL of serial dilutions (1/50–1/5,000,000) were added to each well
and then incubated at 37 ◦C for 90 min. After incubation, the plates were washed and 100 μL of
HRP-conjugated goat-anti mouse IgG (BioRad, Richmond, VA, USA) or HRP-conjugated anti-mouse
IgA (Southern Biotechnologies, Birmingham, AL, USA) (1:1000) diluted in 2.5% dry milk/0.05% Tween
20 (1:2000) was added to each well. The plate was incubated for 1 h at 37 ◦C and then washed.
Ortho-phenylene diamine (OPD, Sigma) substrate was prepared by solving OPD-tablets 2 mg/mL
in 0.1 M citrate buffer/0.003% H2O2. 100 μL was added to each well and the plate was then covered
and incubated at room temperature for 30 min. The reaction was stopped by adding 100 μL 2.5M
H2SO4 to each well and the absorbance was measured at OD 490 nm (24). The avidity index (AI)
was determined by using the 8M urea wash procedure against the influenza antigens. IgG isotype
reactivity to WIV was tested while using the ISO-2 ELISA reagent kit (Sigma), as recommended by
the manufacturer. Isotype calculations of IgG1/IgG2a or 2c-ratios were calculated by dividing the OD
490 nm values for each subclass at dilution 1/100 or 1/1000. Inter-group ratio comparisons were made
while using unpaired two-tailed, student t test. The ratio comparisons within each group were made
using Pearsons correlation coefficient r.

2.4. Total IgA Quantification and Detection of Lung Anti-Influenza A IgA Responses

Lung-washes were harvested by flushing the lungs with PBS that was supplemented with protease
inhibitors (Complete Mini, Roche, Mannheim, Germany) and then subjected to total IgA isolation
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while using the Kaptive IgA/IgE reagents (Biotech IgG, Copenhagen, Denmark) as recommended
by the manufacturer. Total isolated IgA quantities were determined using an in-house murine IgA
capture ELISA. Briefly, purified lung-wash IgA and standard mouse IgA (1 mg/mL, Sigma) was diluted
ten-fold (PBS/5% dry-milk/0.05% Tween 20). 100 μL/per dilution was added to a 96-microwell plate
that was precoated with rabbit anti-murine IgA (Dakopatts AB, Copenhagen, Denmark) and then
incubated at 37 ◦C for 1 h. The plates were washed four times with PBS/0.05% Tween 20 before 100 μL
HRP-conjugated goat anti-murine IgA was added to each well (Southern Biotechnologies) (1:1000).
After 1 h incubation at 37 ◦C plates were washed and bound conjugate was detected by using OPD,
as described above. The reactions were terminated using 100 μL/well 2.5M H2SO4 and the absorbance
was measured at OD 490 nm. Total IgA was determined by comparing the OD-values of the test
samples with the IgA standard. Detection of anti-influenza A IgA in total lung-wash IgA was done as
with IgA from serum (above).

2.5. Hemagglutination Inhibition Assay

The hemagglutination inhibition assay (HAI) was used to quantify the antibodies against viral
influenza A particles in serum from individual mice, as described previously [27]. An HI titre ≥ 40 was
defined as a protective amount of serum antibodies [28]. Briefly, serum from individual mice were
treated with receptor-destroying enzyme (RDE) overnight at 37 ◦C to remove the non-specific serum
HAI inhibitors [29]. RDE was inactivated by incubation at 56 ◦C for 30 min., followed by the addition
of 350 μL NaCl 0.9%. The HAI assay was initiated by adding 25 μL PBS to each well of a microtitre
plate, followed by the addition of 50 μL of RDE treated serum. Serum was diluted in two-fold serial
dilutions. 25 μL of influenza A/H1N1/SI or A/H1N1/CA09pdm containing four haemagglutinating
units (HU) was added to each well. The plate was shaken, covered, and incubated at 20–25 ◦C for
15 min. Subsequently, 50 μL guinea pig erythrocytes were added, mixed, and followed by incubation
for one hour at 4 ◦C. Thereafter, the plate was evaluated for hemagglutination and the degree of
hemagglutination inhibition (HAI).

2.6. T-Cell Responses to Influenza A Antigens

T cell analysis was performed, as described here. Briefly, the splenocytes were isolated by physical
disruption of the spleens, followed by Ficoll purification and washed twice with PBS. The depletion
of CD8+ T cells was performed while using Dynabeads (Dynal Biotech, Oslo, Norway), according
to the manufacturer’s instructions. The efficiency of CD8+ cell depletion was confirmed by flow
cytometry. On average, 98% ± 2.4% of the CD8+ cells were removed. Total and CD8+ T cell depleted
splenocytes from individual animals were suspended in RPMI 1640 (Sigma) supplemented with
penicillin/streptomycin (Invitrogen) and 10% fetal calf serum (FCS, Sigma) and then subjected to
anti-Interferon-γ (IFNγ) (Mabtech, Nacka, Sweden) antibody coated 96-well polyvinylidene fluoride
(PVDF) bottomed plates (MAIPN 4510, Millipore Corporation, Bedford, MA, USA). WIV antigen
restimulation was performed while using influenza A/H1N1/2006/SI or A/H3N2/1995/Wuhan at
100 TCID50. Peptide restimulations were performed using the H-2Kd binding NP peptides TYQRTRALV
(147-156/aa), RLIQNSLTIERMVLS (55-69/aa) and the H-1Kb binding NP peptide ASNENMDAM
(366-374/aa) at 1 μM final concentration (GenScript, Piscataway, NJ, USA). Concanavalin A (1 μg/well,
Sigma) was used as a positive control to test cell activation and medium alone was used as the negative
control. Spot-forming cells were quantified after 24 h incubation and then counted by an AID ELISPOT
reader (AutoImmun Diagnostika, Strassberg, Germany). The results are given as cytokine-producing
spot-forming cells (SFC) per million plated cells. The total and CD8+ depleted splenocytes (106) were
stained for 30 min. at 4 ◦C with FITC conjugated anti CD4 antibodies and with PerCP conjugated
anti-CD8α antibodies (BD Pharmingen, Stockholm, Sweden). IL-5 production was determined by
ELISA after restimulation of total splenocytes from individual mice with WIV A/H1N1/SI (1 μg total),
as determined by the manufacturer (Omninvest, Budapest, Hungary) after 48 h from C57BL/6 samples
and 72 h from the NMRI samples. The different time points chosen for the two mouse strains were

133



Vaccines 2019, 7, 64

determined in an in vitro pre-study influenza/ConA stimulation of spleen cells, and the optimal time
point for highest levels of IL-5 secretion in elderly animals was chosen. Furthermore, IL-5 secretion was
shown to be secreted at higher amounts for a longer period than IL-4 in vitro (or possibly consumed
less rapidly) in aged mice, thus making IL-5 easier to use as a Th2-biomarker than IL-4, as shown by
McDonald et al. 2017.

2.7. Influenza Challenge

To obtain information regarding tge longevity of heterologous influenza A-directed protective
immunity mice were kept for up to 270 days after final booster immunization. Thereafter, at day 180
and at day 270, the influenza vaccinated and unvaccinated mice were intranasally challenged with
influenza A/H1N1/2009pdm virus (10× LD50/mouse). Mice were monitored daily for four weeks
post challenge, and when body weight loss was 20% or more the mice were sacrificed according with
animal guidelines. Mice reaching this time point of sacrifice were sedated with isoflurane and blood
and spleens were collected for the final immune analysis post-challenge.

2.8. Data Analysis and Statistics

Data was analyzed while using Prism v5.0d (GraphPad Inc.La Jolla, CA, USA). Confidence levels
(95.0%) and the differences between the groups and doses of vaccines (nonparametric Mann–Whitney
U test) (Table 2) were calculated using Prism. A significant difference was considered when a p-value
of <0.05 was obtained. Inter-vaccination group ratio comparisons of IgG isotypes were made using
unpaired two-tailed, student t test. IgG isotype ratio comparisons within each vaccination group were
made while using Pearsons correlation coefficient r.
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3. Results

3.1. Serum IgG and IgA Antibody Responses

The anti-influenza serum IgG and IgA titers in NMRI mice were significantly higher than baseline
in animals receiving WIV combined with N3 adjuvant or N3 combined with FliC-DNA adjuvant
already at day 21 after a single immunization (Figure 1A,C).

Figure 1. Influenza A H1N1/WIV/SI specific serum IgG and IgA titers. NMRI mice (A) and C57BL/6
mice (B) IgG titers 3 weeks (day 21) after one immunization and 4 weeks (day 90) after the booster
immunization shown for each group. Each bar shows geometric mean (GMT) serum titer, and error-bars
show 95% confidence interval values for each study group. Influenza A H1N1 specific serum IgA titers
in NMRI mice (C) and C57BL/6 mice (D) three weeks (day 21) after one immunization and four weeks
(day 90) after the booster immunization shown for each group. Bars show geometric mean (GMT)
serum titer, and error-bars show 95% confidence interval values for each study group. Significant
differences are indicated by nonparametric Mann–Whitney U analysis p-values. n.s. = not significant.

WIV given with pFliC(-gly) DNA did not result in significantly higher serum IgG titers then seen
in mice that were immunized with only WIV demonstrating the important contribution of N3 to the
effect of pFliC(-gly). The highest serum IgG titers were seen when both N3 and pFliC-DNA were
combined with WIV with 100–140-fold increased titers. Booster immunizations at day 60 resulted in
further elevation of the IgG and IgA titers (Figure 1A,C). Three weeks after booster immunization,
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the serum IgG in non-adjuvanted WIV immunized animals increased two-fold and IgA-titers increased
five-fold. However, with WIV immunizations containing N3, a 100-fold serum IgG and 50-fold IgA
increase was seen over WIV alone. Similar increases were also observed in mice receiving WIV with
N3 and pFliC(-gly). Thus, the humoral influenza-specific immune responses between mice receiving
WIV with N3 or N3 and FliC-DNA were not significantly different when analyzed by ELISA. Thus,
binding antibodies alone may provide a misleading immune pattern from a functional point of view,
as can be seen in the more detailed assays, such as subclass IgG ELISA (Figures 2–4) or functional
antiviral assays, such as in virus-inhibition assays (Figure 5). IgG isotype comparisons revealed a
correlation with the use of pFliC-DNA and the appearance of stronger IgG2a responses (Table 2).

Figure 2. The anti-influenza A/H1N1/SI whole inactivated viral (WIV) specific serum IgG1 and IgG2a/2c
subclass reactivity OD490 reactivity in serum collected at 21 days post primary immunization and
30 days post booster immunization (day 90). The median and range OD490 reactivity is shown for each
study group (n = 6–8 animals/group), illustrating the results that are shown in Table 2. Significance.
* = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001.
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Figure 3. Influenza A H1N1 specific lung wash IgA and IgG. IgA anti-WIV titer in NMRI and C57BL/6
mice four weeks after booster immunization (day 90) (A). IgG anti-WIV titer in NMRI and C57BL/6
mice four weeks after booster immunization (day 90) (B). Titers presented are as anti-WIV titer/mg
total IgA or IgG. Bars show GMT, and error-bars show 95% confidence intervals for each study group.
Significant differences are indicated by Mann–Whitney U analysis p-values.

Figure 4. Anti-influenza A/H1N1/2009pdm rHA in lung-wash subclass IgG1 and IgG2a/IgG2c ELISA
reactivity seen in three study groups at day 90 post primary immunization. (A) show IgG1 and
IgG2a median subclass ELISA reactivity (and range) in lungs wash samples collected from outbread
NMRI mice. The value given on top of each pair of bars indicates the median IgG1/IgG2a ratio in the
group. (B) show IgG1 and IgG2c median subclass ELISA reactivity (and range) in lungs wash samples
collected from inbread C57BL/6 mice. The value given on top of each pair of bars indicates the median
IgG1/IgG2c ratio in the group. * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001.

138



Vaccines 2019, 7, 64

Figure 5. Influenza A H1N1/SI specific serum HAI titers. Titers in NMRI mice (A) three weeks after
one immunization (day 21) and 4 weeks after the booster immunization (day 90) for each group of
mice. Titers in C57BL/6 mice (B) three weeks after one immunization and four weeks after the booster
immunization for each group of mice. Bars show GMT serum titer, and error-bars show 95% confidence
intervals for each study group. Significant differences are indicated by nonparametric Mann–Whitney
U analysis p-values.

The most pronounced effect on the IgG1/IgG2a ratio was seen after the primary immunization with
WIV in animals receiving N3 with pFliC-DNA (p < 0.01) in contrast to WIV alone or WIV with only N3
or pFliC-DNA alone. Both the IgG1 and IgG2a serum titers increased after the booster immunization,
but the IgG1 titers increased more than IgG2a titers. In all groups of influenza vaccine immunized
mice receiving WIV with all adjuvants both subclasses IgG1 and IgG2a responses were seen, which
indicated a mixed Th1/Th2 immune response. Nevertheless, the inclusion of pFliC(-gly) skewed the
response away from Th2.

In C57BL/6 mice, significant serum IgG and IgA titer increase over baseline was only seen when
the influenza vaccine and N3 adjuvant was used alone or when N3 was combined with pFliC(-gly)
(Figure 1B,D). Similar to NMRI mice, when WIV was given with N3 or N3 and pFliC(-gly), a 10-fold
and 20-40-fold increased serum IgG was observed, respectively. As observed in the NMRI mice, WIV
given with pFliC(-gly) DNA did not result in significantly higher serum IgG titers than that seen in
mice that were only immunized with WIV. After a booster-immunization serum, the IgG titers were
doubled and IgA titers increased four-fold in vaccinated non-adjuvanted C57BL/6 mice. However, mice
receiving booster WIV immunization with N3 increased the serum IgG titers 100-fold and 1000-fold
when N3 was combined with pFliC(-gly) as compared to WIV alone. When compared to mice receiving
WIV alone, serum IgA titers increased 20 to 100-fold with the use of N3 or N3 with pFliC(-gly). Similar
to NMRI mice, C57BL/6 mice receiving WIV and pFliC(-gly) immunizations did not have significant
increases in antigen-specific IgG or IgA responses at either day 21 or 90. IgG isotype comparisons
revealed a higher Th1-like response in mice that were given WIV with N3 and pFliC-DNA (Table 2).
Booster immunization induced a mixed Th1/Th2-type immune response with increases in the titer
of both IgG subclasses. As with the NMRI mice, after the booster immunization both the IgG1 and
IgG2c serum titers increased, but the IgG1 titers increased more than the IgG2c titers. The inclusion of
pFliC(-gly) also skewed responses to a Th1-like IgG isotype.
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3.2. Mucosal IgA and IgG Responses

Lung washes were collected after booster immunization to study the presence of influenza A
specific immunoglobulins in the airways. Lung IgA and low levels of IgG specific for Influenza A were
seen in all groups of immunized mice (Figure 3). The highest IgA titers were obtained in both mouse
strains, where WIV was given together with N3 or N3 and pFliC(-gly) (Figure 3A).

No significant differences were seen between WIV immunized non-adjuvanted mice and mice
receiving WIV with pFliC(-gly) alone. Similar trends were observed in the lung IgG titers (Figure 3B),
and both subclasses IgG1 and IgG2a were detected. The highest lung IgA and IgG titers were seen in
the groups where WIV was given with N3 and pFliC(-gly).

The subclass IgG pattern seen in lung washes that were collected after the booster immunization
(Figure 4) show a significantly different pattern in the animals nasally immunized with WIV
with N3 and FliC (-gly) DNA that was seen in animals receiving WIV or WIV/N3 adjuvant.
In the N3/FliC-DNA groups of both outbred NMRI and inbred C57BL/6 a significantly stronger
influenza-specific IgG2-response was detectable in lung washes, which suggested a more balanced
Th2/Th1 immunresponse against the H1 hemagglutinine antigen.

3.3. Hemagglutination Inhibition

Although increases in serum HAI titers were observed at day 21 when comparing WIV to WIV and
adjuvant groups, significantly increased HAI titers were only detectable after booster immunizations
(Figure 5).

Booster immunization of both mouse strains with WIV with N3 or N3 and pFliC(-gly) significantly
raised their HAI titer against A/H1N1/SI virus between four- and 32-fold. In mice receiving WIV
immunization alone or WIV with pFliC(-gly), at best a non-significant doubling of HAI titer was
seen. However, when combined with N3, pFliC(-gly) was able to promote a significant increase in
HAI over WIV with N3 alone. None of the tested mice from any of the groups showed HAI titers
against the A/H3N2/Wuhan strain. In general, the C57BL/6 mice developed lower serum HAI titers.
These results indicate that the immune responses that were elicited by WIV together combined with
N3 and N3 with pFliC(-gly) adjuvants were able to elicit clear increases in HAI titer that were well
above the benchmark level of ≥40. Among the NMRI mice, all of the influenza immunized groups had
animals that developed HAI-serum titer of 40 or more. The most significant responses were seen in
groups where N3 and N3 combined with FliC-DNA was used as adjuvants, where all animals/group
developed HAI antibody titers and the highest serum titers reached 65,000 at day 90. Among C57BL/6
mice, only animals in the two groups where N3 adjuvant was used with influenza antigen responded
with HAI titers over 40. The highest HAI titers were seen in the group receiving N3 and FliC-DNA as
adjuvant, with the highest HAI titers of 2560 being obtained at day 90 post-immunization.

3.4. Interleukin-5 Release Responses

A significantly higher amount of Interleukin-5 (IL-5) secretion was produced from animals
immunized with WIV combined with adjuvants when the spleen cells at day 90 were stimulated
in vitro with WIV Influenza A virus (A/H1N1/SI) (Figure 6).

The highest average amounts were observed in NMRI mice (Figure 6A) in WIV with N3 adjuvant
as compared to WIV alone. The addition of pFliC(-gly) to WIV led to lower IL-5 production, however
this difference was not significant. However, NMRI mice receiving WIV and N3 with pFliC(-gly) had a
significantly lower secretion of IL-5 production after influenza antigen restimulation. In naïve mice
only given adjuvant, no IL-5 secretion was seen when stimulated with WIV. Restimulated spleen cells
from C57BL/6 mice produced, on average, one-third of the IL-5 amounts that were observed in NMRI
mice (Figure 6B). Cells from all mice immunized with WIV and adjuvant produced significantly higher
IL-5 amounts than WIV alone immunized mice. However, no significant difference in IL-5 production
was observed between the WIV and N3 vaccinated mice and those that were given WIV and pFliC(-gly)
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or WIV with N3 and pFliC(-gly). Together, these results demonstrate that WIV immunization with N3
leads to cellular immune responses that were capable of IL-5 production, which can be attenuated by
the addition of pFliC(-gly).

Figure 6. Splenocyte IL-5 release in response to Influenza A recall. (A) Influenza A specific IL-5 secretion
(median pg/mL) million spleen cells at 48 h in NMRI mice, four weeks after booster immunization.
(B) Influenza A specific IL-5 secretion (median pg/mL) million spleen cells at 72 h in C57BL/6 mice,
four weeks after booster immunization. Block figures show median culture medium IL-5 concentrations
after in vitro stimulation with WIV A/H1N1/SI, and error-bars show maximum and minimum values
for each study group. The different time points chosen for the two mouse strains were determined in
an in vitro pre-study influenza/ConA stimulation of spleen cells, and the optimal time point for highest
levels of IL-5 secretion in spleen cells of adjuvant-vaccinated aged animals was chosen. Significant
differences are indicated by nonparametric Mann–Whitney U test p-values.

3.5. Systemic Cell-Mediated Immunity

T cell-mediated immune responses to influenza A/H1N1/SI, NP-peptides, and A/H3N2/Wuhan
virus showed significantly higher IFNγ spot reactivity in animals that were immunized with WIV with
N3 and pFliC(-gly) adjuvant. Already, after one immunization (Figure 7A, day 21) IFNγ secreting
spleen cells responding to A/H1N1/SI were significantly increased in NMRI and C57BL/6 mice that
were immunized with WIV and N3 or WIV with N3 and pFliC(-gly) adjuvants.

After one booster immunization, IFNγ responses to A/H1N1/SI in both strains of mice were
significantly increased in the WIV immunized groups if adjuvant was used (Figure 7B, day 90) as
compared to non-adjuvanted immunizations.

Peptides from the conserved nucleoprotein (NP) from influenza A were selected to characterize
the responses to a defined CTL-epitope. A H2d NP (aa 147-156) binding peptide was chosen to
restimulate NMRI mice, and NP (aa 55-64) was chosen to restimulate H2b C57BL/6 mice. Mice in the
groups given WIV with N3 responded by developing significantly higher numbers of IFNγ secreting
cells than animals receiving WIV alone (Figure 7C). Adjuvant effects were further enhanced in WIV
with N3 groups by the addition of pFliC(-gly).

A significant reduction in IFNγ ELIspot reactivity was only observed animals in groups where
pFliC(-gly) was used as adjuvant when CD8+T cell depletions were performed (Figure 7D). These results
reveal the proportion of responses that are derived from CD8+ cells, but also indicate that all of the
influenza responding mice develop IFNγ secreting CD4+ T cells against influenza. In all experiments,
mice that were immunized with WIV alone developed no or very few IFNγ ELIspot secreting cells
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(7–55 spots/spleen million cells), which was not significantly higher than influenza naïve control mice
(Figure 7A–D).

Figure 7. Splenocyte anti-Interferon-γ (IFNγ) producing cell frequency (ELIspot) in response to
Influenza A antigen recall. (A) Influenza A/H1N1/SI specific IFNγ producing spleen cells in NMRI
mice (left side) and C57BL/6 mice (right side), three weeks after primary immunization. (B) Influenza
A/H1N1/SI specific IFNγ producing spleen cells in NMRI mice (left side) and C57BL/6 mice (right side),
four weeks after booster immunization. (C) Influenza A/NP-peptide specific IFNγproducing spleen cells
in NMRI mice (left side) (against peptide; NP147-156/aa TYQRTRALV) and C57BL/6 mice (right side)
(against peptide, NP 366-374 aa ASNENMDAM), four weeks after booster immunization. (D) Influenza
A/H1N1/SI specific IFNγ producing CD8-depleted spleen cells in C57BL/6 mice, four weeks after booster
immunization. Bar-height shows geometric mean (GMT) spots/million cells, and error-bars show 95%
confidence intervals for each study group. Significant differences are indicated by nonparametric
Mann-Whitney U analysis p-values.

Heterosubtypic cell-mediated IFN-γ secreting immunity was tested while using A/H3N2/Wuhan
influenza as a recall antigen (Figure 8).
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Figure 8. Splenocyte IFNγ producing cell frequency (ELIspot) in response to influenza A/H3N2/Wuhan
stimulation. Influenza A/H3N2/Wuhan specific IFNγ spleen cells in NMRI mice (left side) and C57BL/6
mice (right side), 4 weeks after booster immunization. Bar-height shows geometric mean (GMT)
spots/million cells, and error-bars show 95% confidence intervals for each study group. Significant
differences are indicated by nonparametric Mann–Whitney U analysis p-values.

In general, the total numbers of IFNγ secreting cells were two-fold lower than those that were
elicited by the homologous influenza strain (H1N1). Among the NMRI mice, all groups of immunized
with WIV and N3 adjuvant developed significantly higher numbers of IFNγ secreting cells than the
mice receiving WIV alone. A similar trend was observed among the C57BL/6 mice. The addition of the
pFliC(-gly) adjuvant lead to even greater numbers of IFNγ secreting cells responding to H3N2.

Together, these results demonstrate that the addition of N3 adjuvant significantly elicits splenic
T cell responses to homotypic whole influenza A after just one vaccination and after a single boost
enhances the responses even further. The addition of pFliC(-gly) to a WIV and N3 immunization was,
in nearly all cases, able to greatly enhance the immune responses when compared to WIV and N3
alone. Analysis of T cell responses after WIV and N3 boosting also revealed an ability to respond to
conserved Class I T cell epitopes, as well as heterotypic influenza A strains. The addition of pFliC(-gly)
to WIV and N3 immunizations were also able to greatly enhance these responses, but the analysis of
specific T cell populations additionally revealed that a significant portion of immune reactivity came
from both CD8 as well as CD4-expressing cells.

Summarizing the cell-mediated immune responses that were obtained at day 90, prior to influenza
virus challenge, suggest that the used adjuvants were all capable of supporting both influenza-antigen
stimulated IFN-γ secreting and IL-5 secreting immunity in vitro. The highest levels of IFN-γ secreting
responses were detectable in the animals (of both strains of mice) given WIV and FliC-DNA/N3
adjuvant, of which around 50% seem to be from CD8+ T cells against the tested NP-epitope in the
spleen of C57BL/6 animals (Figure 7D) and with cross-reactivity towards influenza A/H3N2 virus
antigen (Figure 8). Thus, the most pronounced and broad influenza-specific immune responses were
obtained through the combination of WIV A/H1N1/SI with FliC (-gly) and N3 adjuvant administered
twice nasally.

The potential correlates of protective immunity on long-term periods were tested after in vivo
challenge with a heterologous influenza A strain (California H1N1/2009pdm strain) and systemically
analyzed in spleen cells, and in mucosal samples from lung wash samples.

Nasal challenge with influenza A virus resulted in significantly better survival in mice immunized
with Influenza A vaccine and adjuvants N3 and N3 + FliC(-gly) DNA. This was seen in both strains of
mice (Figure 9A–D).
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Figure 9. Kaplan-Meier graphs from day 180 post challenge show significantly better survival (100% to
87.5%) in NMRI mice (A) and in C57Bl/6 mice (B) if the WIV influenza vaccine was combined with
N3 and FliC-DNA. as adjuvant and 80–75% survival when WIV with N3 adjuvant was used. (C,D).
Kaplan-Meier graphs from day 270 post-challenge show significantly better survival (100% to 50%)
in NMRI mice (C) and in C57Bl/6 mice (D) if the WIV influenza vaccine was combined with N3 and
FliC-DNA. as adjuvant and 20–37.5% survival when WIV with N3 adjuvant was used.

Interestingly, the group survival data in both in- and outbred animals fit well with the
pre-immunization immune responses that were measured, where especially elevated IFN-gamma levels
after influenza-peptide stimulation in vitro and subclass IgG pattern with higher influenza-antigen
ELISA binding IgG2 levels, seem to be associated with increased survival. In this study, the number
of survivors post challenge was prolonged with at least three months in comparison with the inbred
C57BL/6 mice. N3 with FliC-DNA plasmids provided the most elevated levels of both Th1 and Th2 type
immune signaling, since almost all the studied immune parameters in the study (humoral responses:
influenza virus specific HAI (Table 3). lung-IgG and IgA ELISA binding antibodies, subclass IgG
pattern in serum and lung wash and IFNgamma ELIspot and cytokine release pattern in vitro) show
that the adjuvant combination. The data may indicate that all of these immune parameters may need
to be activated in elderly animals, since, in groups immunized with single adjuvant, obtaining good
Th2-type humoral immune responses, at a higher age were not as efficiently protected when challenged
with pathogenic influenza virus nasally.
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Table 3. Serum antibody reactivity in blood samples collected at day of sacrifice in influenza
A/H1N1/California/2009 challenged mice. Serum was tested for their hemagglutination inhibition assay
(HAI) titer against the challenge influenza and by IgG ELISA titration against the challenge virus in
samples collected two weeks prior to challenge and in serum collected at day of sacrifice post-challenge.

Serum Reactivity Against Influenza A/H1N1/Ca09pdm GMT and (Range) Pre- and Post-Challenge

HAI ELISA Titers (rHA/H1N1/09pdm)

Group Antigen Adjuvant Titer Pre- Titer Post- Pre-Chall. IgG Titer Post-Chall. IgG Titer

Challenge Challenge

NMRI
1 1.5 μg HA No <10 <10 140 (<50–180) 200 (60–240)
2 1.5 μg HA N3 <10 10 (<10–30) 2220 5880

(1600–4850) (3800–11240)
4 1.5 μg HA N3 + FliC <10 30 (20–60) 26770 106800

(13,800–38,550) (46,560–224,450)
5 Saline No <10 <10 <100 <100

C57BL/6
6 1.5 μg HA No <10 <10 <50 (<50–80) 75 (50–90)
7 1.5 μg HA N3 <10 <10 1820 4240

(480–3130) (3330–1550)
9 1.5 μg HA N3 + FliC <10 20 (<10–20) 5980 38820

(5000–8690) (24,450–88,580)
10 Saline No <10 <10 <100 <100

There is a variable test sample timepoint difference between the animals that are presented in
Figures 9–11. Animals from groups that more rapidly became ill after nasal influenza challenge where
spleen cells were collected at day 9 to 15, at the day when they had to be sacrificed due to pathogenicity.
From the groups where animals better resisted the influenza virus challenge (among NMRI mice
groups 2 and 4 and C57BL/6 mice groups 7 and 9), the spleens were collected at day 29–30.

The IFN-gamma ELIspot analyses in splenocytes that were collected from mice challenged with
heterologous A/H1N1/pdm09 virus without a FluA vaccination with potent Th1-type enhancing
adjuvant illustrate that, if mice are allowed to reach old age, their cell-mediated immunity responds
to slowly to protect from disease. Even though they have previously responded with a substantial
influenza A neutralizing (HAI) response and at least a detectable influenza-antigen binding serum and
mucosal IgG and IgA ELISA response, with time due, to aging on poor stimulation the levels may
drop to low levels. This seems to be the case both for in- and outbred mouse strains.

Avidity Index (AI) against the recombinant HA of A/H1N1/Ca09pdm was significantly higher in
the serum samples that were collected from mice immunized with N3 + FliC-DNA adjuvant (Groups 4
and 9, p < 0.01). Prior to challenge, the median AI in group 4 was 0.97 (0.86–1.11) and in group 9
median AI 0.86 (0.78–0.91) in comparison with the other influenza vaccinated groups with median AI
0.34 (0.09–0.46).

An attempt to perform mucosal influenza A/H1N1neutralization assays was performed against
the challenge virus. However, the amount of IgA was quite low in each individual washing solution,
so to perform the assay pooling and the concentration of samples was needed. Thus, we obtained one
single pool from each study group for a single assay effort. The obtained results showed a HAI titer of
40, and only in the lung wash pool from the group of NMRI mice that were immunized with the N3
and FliC-DNA adjuvant.

It seems clear that the analyzed influenza-antigen stimulated cell-mediated immunity, both before
challenge (Figures 7 and 8) and after influenza challenge (Figures 10–12), the later in old animals,
the vaccine regimen containing adjuvants that enhance both humoral, virus-neutralizing, and binding
antibodies in serum and respiratory mucosa, together with interferon-gamma secreted cell-mediated
immunity seem to result in long-lasting protective immunity in both strains of mice, but perhaps more
in out-bred than in inbred animals.
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Figure 10. Cell-mediated immunity against influenza antigens after A/H1N1/California.pdm09
challenge was shown as IFN-gamma responses in stimulated spleen cells in vitro in three study groups
of vaccinated NMRI mice (Figure 10A–C). (A) illustrates the GMT (95% C.I) IFN-gamma ELIspot
responses in WIV vaccinated mice (no adjuvant) at day the day of sacrifice day 9–18, (B) the WIV
with N3 as adjuvant, at the day of sacrifice, at days 12–30, and (C) the WIV with N3 and FliC-DNA as
adjuvant, at day of sacrifice, at day 29–30. The frequencies of spots/million were evaluated against
WIV/Influenza A/H1 and A/H3, as well as against two CTL-peptides from the NP-protein. Significant
differences are indicated by nonparametric Mann–Whitney U analysis p-values.
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Figure 11. Cell-mediated immunity against influenza antigens after challenge was shown as IFN-gamma
responses in stimulated spleen cells in vitro in three study groups of vaccinated C57BL6 mice (A–C).
(A) illustrates the GMT (95% C.I) IFN-gamma ELIspot responses in WIV vaccinated mice (no adjuvant)
at day of sacrifice at days 6, 9, and 12, (B) the WIV with N3 as adjuvant, at day of sacrifice at days
9, 18, and 30 and (C) the WIV with N3 and FliC-DNA as adjuvant, at day of sacrifice at days 12, 21,
and 30. Frequencies of spots/million were evaluated against WIV/Influenza A/H1 and A/H3, as well as
against one CTL-peptide from the NP-protein. Significant differences are indicated by nonparametric
Mann–Whitney U analysis p-values.
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Figure 12. Mucosal lung IgA in lung wash fluids from NMRI and C57BL6 mice, post challenge. IgA
anti-recombinant HA/H1/CA09 antigen (A,B) and anti-recombinant HA/H3/CA (C,D) ELISA titer
analysis. Significant differences are indicated by nonparametric Mann–Whitney U analysis p-values.
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4. Discussion

A single-dose vaccination would be highly useful, especially in emergency situations with rapid
spread of influenza, as most inactivated influenza vaccines require two immunizations to provide full
and protective immunity [30,31]. Previous mouse studies with formalin-inactivated WIV have shown
that the rapid development of B cell responses in serum and upper airway mucosa is sufficient to
protect from mortality. We assessed the use of two potential mucosal adjuvants in combination with
WIV intranasal vaccination to improve upon these results and observed the induction of mucosal B cell
responses as well as heterosubtypic systemic cellular responses that were detectable after only one dose.
Immune reactivity is further enhanced after a nasal booster immunization. Thus, to investigate the
development of long-term immunity, vaccinated animals were studied over nine months post-booster
immunization before a heterologous influenza A/H1N1 challenge experiment was performed, in mice
reaching 21–23 months of age.

Nasal administration of inactivated influenza A antigen with N3 and DNA-encoded flagellin
from Salmonella typhimurium or from flagellin isolated from human flora Escherichia coli significantly
increased the influenza A specific immune responses. The observed immunogenicity of this low HA
dose, influenza vaccine (25 μg total protein/mouse containing 1.5 μg HA) in each mouse strain induced
similar levels of serum antibody, which suggested that the basic antibody responses were comparable.
With addition of either N3 or N3 and pFliC(-gly) adjuvants responses were significantly enhanced in
both NMRI and C57BL/6 mice after a single immunization. However, the ability of N3 and pFliC(-gly)
to promote enhanced serum responses over that of N3 alone was not observed.

After the booster immunization, significantly higher serum IgG or IgA titer toward influenza
antigens was only seen in the mice receiving N3 adjuvant alone or N3 and pFliC(-gly). An analysis of
serum IgG isotypes revealed that the inclusion of pFliC(-gly) in the adjuvant composition enhanced
IgG2a responses when compared to the use of N3 alone, demonstrating its ability to promote a
Th1-type or a mixed Th1/Th2-type immune response. Apart from being an indicator of the degree of
cell-mediated cytotoxic immune responses, the IgG2 antibodies have also been described to be more
beneficial antiviral isotype antibodies. They may enhance antigen uptake and cross-presentation due
to their higher capacity to bind to Fc-receptors on antigen-presenting cells, as well as demonstrating
better C’-activating properties via the C1q-pathway [32]. The capacity of non-coding plasmid DNA
formulated with vaccine antigens to improve or strengthen Th1- or mixed Th1/Th2-type antibody
and cell mediated immune responses has been documented [33,34]. However, when compared to
our previous study that demonstrated a specific adjuvant effect by the FliC open-reading frame [25],
our results suggest that FliC is exerting similar immune enhancing responses observed here.

It is not a straightforward task to understand how such a vaccine formulation functions due to
the complex nature of our antigen adjuvant formulation(s). However, we favor a model where the
nasal delivery of a cationic adjuvant N3 affects the mucus at mucosal surface layers to better penetrate
and deliver the influenza vaccine, together with pFliC(-gly). This would allow for larger amounts of
WIV antigen to be taken up by antigen-presenting cells, leading to antigen processing as well as the
potential for viral ssRNA to stimulate TLR7 [35]. This enhancement may account for the adjuvant
effect of N3 alone. When combined with pFliC(-gly), the N3 may allow for pFliC(-gly) “transfection” of
cells in the mucosa triggering multiple innate immune receptors by way of activating dsDNA sensors,
as well as sequence-specific CpG DNA sensors [35]. Additionally, as a consequence of FliC polypeptide
production, NLRC4-triggered inflammasome activation and inflammatory cell death could occur in
the permissive cells [36]. The secretion of flagellin from living or release from dying cells may also
activate TLR5 [36,37]. Irregardless of the mechanism, we clearly observe that adjuvant the inclusion of
pFliC(-gly) stimulates a mixed Th1/Th2-immune response pattern in both inbred and outbred mice,
indicating its benefit in broadening immune responses to WIV.

The use of adjuvants in influenza vaccinations may be especially valuable in elderly individuals
that otherwise fail to respond or lack strong influenza virus-specific cell-mediated immunity after
traditional adjuvant free vaccination. However, one need to bear in mind is that influenza vaccines
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with adjuvants have also previously resulted in significant side effects, such as the Berna vaccine
incidents where bacterial toxoid subunits, with the ganglioside GM1-binding properties were used
as adjuvants for nasal immunization with the risk of resulting in Bells palsy [38,39]. The most recent
serious side-effects with the intramuscularly administered influenza A/H1N1/pdm09 vaccine being
given with the ASO3-adjuvant, resulting in hundreds of children responding with narcolepsy as a
side-effect [40]. Obviously, every new adjuvant combined with influenza-vaccine will need to be
analyzed for these undesirable side effects. One should bear in mind that this study has the main
goal of providing long-lasting immunity that persists in protective immune responses at higher ages,
instead of in children. The influenza strain that was used in the primary immunization belongs to
the seasonal influenza strains, but the data obtained show that these influenza strains can provide
protection against pandemic influenza A strains, such as A/H1N1/pdm09. Thus, the suggestion in
this work is to immunize adults, to develop a robust enough immunity with the capacity to remain
protective at higher ages, as exemplified in this report.

The humoral mucosal immunity that was observed in the respiratory tract of immunized mice
was clearly enhanced by the presence of cationic N3 adjuvant in the inactivated influenza vaccine
mixture. However, the highest lung wash IgA and IgG titers against influenza was seen in the mice of
both mouse strains after immunization with N3 and pFliC(-gly). This combination of adjuvant N3 with
pFliC(-gly) significantly enhanced the systemic and the mucosal immune responses (41). However,
slightly different immune reaction patterns were observed between the two strains of mice when the
samples were analyzed by HAI. The putatively protective and neutralizing serum HAI titer among
the outbred NMRI mice initially (Day 21) shows equivalent titers for the group vaccinated with WIV
alone and groups vaccinated with WIV and adjuvant (Figure 4A). After the booster immunization,
the HAI-titers increased to significantly higher titers in N3, and N3 and pFliC(-gly) combination
immunized groups (day 90). C57BL/6 mice more robustly responded to WIV with adjuvant after one
immunization, which was likely because of strain-specific differences. Although these results indicate
that immunization in outbred populations may require two doses, importantly they indicate that
these adjuvants have the potential to function effectively in outbred veterinary animal populations
as well as humans to promote WIV mucosal immune responses. The inclusion of these adjuvants in
an intra-nasal non-living vaccine could provide enhanced protection of the upper mucosa. The most
common route of influenza A transmission [41].

In vitro analysis of IL-5 secretion by splenocytes that were stimulated with WIV H1N1 from WIV
and N3 immunized mice showed that cells from NMRI mice secreted significantly higher amounts of
IL-5 than C57BL/6 mice. This interleukin is normally considered to be a Th2-type, which suggests that
the NMRI mouse strain may be more Th2-skewed than C57BL/6. Direct comparison of our trends of
IL-5 secretion to the serum IgG and IgA titers and IgG isotypes also established that higher IL-5 levels
correlate with Th2-type immunity. Importantly, our observed IL-5 levels peaked at different time points
in the two mouse strains. The NMRI spleen cell secretion of IL-5 peaked at 44–48 h while cells from
C57BL/6 mice peaked at 70–72 h after stimulation. These differences could be due to natural differences
in the immune kinetics in each strain, differences in the total responding cell populations, or fewer
spleen cells being capable of IL-5 secretion in the C57BL/6 mice. The IL-5 response following mucosal
vaccination illustrates its correlation to immunological aging that could not be seen in younger mice in
previous reports looking at the effects of aging and cytokine responses [42] (McDonald JU et al. 2017).
Despite these strain-specific differences in their ability to produce IL-5 in response to immunization
with WIV and N3, this trend could be altered by the addition of pFliC(-gly) adjuvant, demonstrating
its ability to skew the immune responses towards a broader and possibly more robust anti-influenza
A immunity.

Preclinical influenza vaccine studies use the influenza virus HAI as a gold standard test to identify
the immunization regimes that reveal most favourable vaccine candidates. Although this is not a
true influenza A neutralization assay, it correlates well with clinical antibody mediated protection
from infection and mortality in man and animals. Ideally, the best measure would be to perform a
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challenge study with the live influenza virus on influenza vaccinated ferret or man to investigate if
protection can be obtained. In our study, we did not have access to a mouse-attenuated pathogenic
influenza A/H1N1/SI strain, which is why homologous challenge studies were not performed. Instead,
a mouse pathogenic heterologous influenza A/H1N1/pdm09 was performed at days 180 and 270 post
final immunization. In lieu of this, HAI analyses with the Salomon Island strain was performed with
serum from the various influenza vaccinated groups of mice. Sera with the highest HAI titers against
the homologous H1N1 influenza strain were also subjected to an HAI assay against A/H3N2/Wuhan,
but they were negative. Putatively protective (≥40) average serum HAI titers to the influenza vaccine
strain was already seen after one immunization in the groups that received WIV with N3 or N3 and
pFliC(-gly), suggesting a more rapid B cell response toward the HA antigen. These HAI titers were
further elevated after the booster immunization and after boost also present in the WIV vaccinated mice
given N3 together with pFliC(-gly). Interestingly, the serum and lung wash antibody ELISA titers are
shown to increase, even when the HAI titers do not change or increase in a similar manner. Thus, it is
important to remember that the binding antibody titers, as measured with ELISA, do not provide any
information regarding how their functional activities against influenza A virus or influenza-infected
cells. Instead, they may function as surrogate biomarkers of immunogenicity or (at least in mice)
suggest Th1/Th2-type immune patterns against the studied antigens.

The choice of vaccination route is important to induce an effective immune response at a specific
site. The inactivated vaccines that are currently used are usually intramuscularly injected, but it
would be beneficial to administer the vaccines without needles. It would entail easier and faster
administration, less expense, and discomfort with needles would be avoided. However, the alternative
administration methods have limitations and they do not always lead to an adequate antibody
response [31]. The injectable influenza vaccines are protective, because of their ability to induce
influenza neutralizing serum antibodies as well as ADCC active antibodies, mainly IgG [33]. They can
prevent the pathogen from spreading and be protective at the mucosal surfaces of the lower respiratory
airways. However, resistance to influenza infection is connected to systemic and mucosal immunity.
Serum IgA antibodies are produced to HA and NA in the upper respiratory tract, and IgG antibodies
are also protective in the lower respiratory tract. In comparison to an injectable vaccine, the amount
of local IgA antibodies in nasal washings is higher after nasal vaccination, but the amount of serum
antibody titers is lower [36,37,41].

Our observations indicate that intra-nasal immunization with a formulation of WIV and N3 lipid
alone is able to greatly enhance HAI-specific IgG and IgA in the upper respiratory tract, demonstrating
that this approach can elicit effective antibodies at the location where influenza A infects. This effect
can be enhanced with the addition of pFliC(-gly). Importantly, pFliC(-gly) strongly promotes a skewing
of IgG isotypes towards IgG2a/c, as well as an enhancement in homotypic and heterotypic cellular
immune responses. A subclass IgG1/IgG2 pattern mirroring what was seen in serum was seen also
in the lung wash IgG content. However, it is unclear how well this indicates the local cell-mediated
immunity in the lung tissues. Cellular immunity to influenza A has been long speculated to provide a
role in limiting the pathology of influenza A infection, and recent evidence indicates that this is indeed
the case [16]. Although it remains to be seen whether the promising anti-viral immune responses that
we observe in mice can also be induced in humans, the approach that is delineated here indicates that
it is possible to develop a non-living influenza A intranasal vaccine that is capable of eliciting both
mucosal humoral antibody, as well as strong systemic cellular responses.

We kept groups of mice during a six and nine months follow up time to address the issue of
long-term immunity as well as the protective capacity from disease and illness, and then nasally
challenged them with a heterologous influenza A/H1N1 virus. At nine months, especially among
the out bred NMRI mice, a complete protection (100%) was obtained, while the inbred C57Bl6 mice
obtained 75% protective immunity, long-term, if both cationic N3 and FliC-DNA was used as adjuvant.
The immune parameters that were seen in the best protected animals were cell-mediated IFN-gamma
responses against a broader repertoire of influenza antigens, than in the other groups. Furthermore,
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mucosal IgA and serum IgG with a broad influenza A hemagglutinin antigen binding capacity was only
seen in these groups and significantly more among the NMRI mice than in C57Bl6 mice, post-challenge.
The fact that we used inactivated full virion antigen may explain this phenomena, as, in other studies
where the FluMist vaccine was tested together with ritatolimoid (a TLR3-agonist), a broadened secretory
IgA response was obtained [43]. Otherwise, no inactivated whole virion influenza vaccines are available
on the vaccine markets. Thus, it is possible that the combined Th2/Th1 balanced immunity that was
developed in the WIV N3+FliC groups provided a lasting protective immune mixture containing
not only a cell-mediated IFN-gamma immunity against conserved NP-epitopes and mucosal broadly
HA-binding IgA, but also serum IgG with influenza-specific ADCC-activity, often requiring antibodies
with high binding affinity. ADCC have been described as an important immune parameter in protecting
mice from severe influenza infection under experimental conditions [44]. In conclusion, the results
suggest that a seasonal influenza A/H1N1/Salomon Island/2006, whole inactivated virion combined
with cationic oil-in-water adjuvant with DNA-expressed Flagellin C S. Typhimurium given twice nasally
provide protective immunity in 22 months old in- and out-bred mice against heterologous influenza
A/H1N1/California/2009 challenge over nine months. However, with the recent experiences with
side-effects when new adjuvants were combined with parenteral influenza vaccination, a thorough
safety monitoring will be essential before aiming towards large-scale vaccination campaigns.
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Abstract: Identification of novel molecular adjuvants which can boost and enhance vaccine-mediated
immunity and provide dose-sparing potential against complex infectious diseases and for
immunotherapy in cancer is likely to play a critical role in the next generation of vaccines. Given
the number of challenging targets for which no or only partial vaccine options exist, adjuvants that
can address some of these concerns are in high demand. Here, we report that a designed truncated
Interleukin-36 gamma (IL-36 gamma) encoded plasmid can act as a potent adjuvant for several
DNA-encoded vaccine targets including human immunodeficiency virus (HIV), influenza, and Zika
in immunization models. We further show that the truncated IL-36 gamma (opt-36γt) plasmid
provides improved dose sparing as it boosts immunity to a suboptimal dose of a Zika DNA vaccine,
resulting in potent protection against a lethal Zika challenge.

Keywords: IL-36; adjuvant; DNA; Zika

1. Introduction

The most successful approach to controlling infectious diseases on a global scale has been through
vaccination. Vaccines have led to control, eradication, or near eradication of several infectious diseases,
positively impacting both human longevity and the quality of life. However, much work remains in
this area. For many targets, current studies have suggested the need for adjuvants which can provide
a number of benefits, including improved vaccine effectiveness, as discussed in several papers and
reviews [1–9]. Adjuvants can boost overall immune responses to a specific vaccine, thereby requiring
either a lower dose or fewer immunizations, improving protection and compliance as well as increasing
the global vaccine supply for a particular product [3]. Adjuvants can also help skew and tailor the immune
response, which may be useful in scenarios where specific correlates of protection are understood [10–12].
Furthermore, adjuvants can boost immunity and shorten the time to induce a protective vaccine response
in populations that traditionally have a difficult time mounting protective responses, including the
elderly and immunocompromised patients [3]. Alum, the most widely used adjuvant among current
licensed vaccines, is well documented to enhance humoral immunity [9,13]. Newer vaccine adjuvants
including MF59 and the Adjuvant Systems group 03 and 04 (AS03, AS04, respectively) have also been
licensed and shown to improve antibody responses to antigens as well as provide dose-sparing effects
(among other benefits) for humoral responses [14–18]. Shingrix, the latest vaccine approved to protect
against reactivation of herpes zoster and postherpetic neuralgia (shingles), is a recombinant vaccine
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made of glycoprotein E and AS01B adjuvant [5,19,20]. This vaccine demonstrated an efficacy of over 95%
against herpes zoster, with greater efficacy compared to a live attenuated vaccine, ZostaVax, highlighting
the impact that adjuvants can have on vaccine outcomes. However, in spite of this success, there is still
a major need in the clinic for adjuvants that can improve cytotoxic T lymphocyte (CTL) responses [7],
and there is a lot of exciting work being done in this field. Some of this work includes nontraditional
adjuvants such as pathogen-recognition receptor agonists, liposomes, nanoparticles, and gene-encoded
adjuvants that can potentially jumpstart the innate immune system and work in concert with the adaptive
immune arm to drive lasting memory against antigen [6]. One cytokine, Interleukin-12 (IL-12), has
garnered much attention in the field for its adjuvant properties in a number of preclinical models [21–27].
In addition, data from a clinical study showed that inclusion of plasmid IL-12 as part of a human
immunodeficiency virus (HIV) synthetic DNA vaccine increased T cell magnitude and response rates
in people [28]. These data encourage further investigation of additional less well-studied cytokines as
DNA or other potential adjuvants to further broaden immunity and improve cellular as well as humoral
immunity for DNA-encoded antigens.

The IL-36 family is made up of the pro-inflammatory mediators alpha, beta, and gamma, as
well as antagonist IL-36Ra [29,30]. This relatively novel cytokine family remains poorly understood,
although recent important studies have begun to shed light on their mechanism of action. The IL-36
family is a part of the IL-1 superfamily, of which alpha, beta, and gamma are agonists. Upon binding to
the IL-36 receptor (IL-36R) and recruitment of the interleukin-1 receptor accessory protein (IL-1RAcP),
these cytokines activate the nuclear factor-kappa-light-chain-enhancer of activated B cells (NF-κB) and
mitogen-activated protein kinases (MAPK) pathway, resulting in the stimulation of pro-inflammatory
intracellular responses, whereas binding of the antagonist, IL-36Ra, prevents recruitment of IL-1RAcP
and does not lead to intracellular response [31–33]. IL-36R is primarily expressed on naïve CD4+ T cells,
but is also found on dendritic cells, while the cytokines are expressed mainly in skin keratinocytes and
epithelium, although they are also expressed at low levels in the lung, kidneys, and intestine [29,34–36].
Given reports of IL-36 beta’s ability to amplify Th1 responses [37,38], we sought to understand whether
these cytokines could act as adjuvants for DNA vaccination models. Here, we describe that a novel
designed truncated IL-36 gamma (opt-36γt), as a co-formulated adjuvant plasmid, boosts humoral
as well as CD4+ and CD8+ T cell immunity against three model synthetic DNA antigens including
HIV envelope (Env), Influenza hemagglutinin 1 (HA1), and Zika premembrane and envelope (prME).
Furthermore, opt-36γt enhanced protection by improving both clinical symptoms and mortality against
a Zika virus (ZIKV) challenge and provided significant dose sparing for the Zika vaccine as studied
using a suboptimal vaccine dose model. This not only supports the potential of opt-36γt as a gene
adjuvant, but also highlights an underappreciated area of importance for protective cellular immune
responses in Zika virus pathogenesis. Further investigation into opt-36γt as a potential new adjuvant
for enhancing immunity against vaccine antigens is warranted.

2. Materials and Methods

2.1. DNA Constructs

The HIV consensus clade C envelope, Influenza HA1, and Zika prME DNA vaccines used in these
studies are as previously described [39–41]. Figures 1A, 4A, and 5A have been adapted from figures
from these studies.

The sequences for murine IL-36 alpha, beta, and gamma were obtained from Uniprot (Q9JLA2-1,
Q9D6Z6-1, Q8R460-1). These sequences have been modified to be RNA and codon-optimized in order
to exploit the host’s natural codon preference and enhance protein expression. Furthermore, a highly
efficient IgE leader sequence was inserted at the 5’ end of the IL-36 gene to promote efficient secretion
of the protein. These full-length optimized IL-36 cytokine plasmids are known henceforth as opt-36α,
opt-36β, and opt-36γ.

158



Vaccines 2019, 7, 42

Recent work by Towne et al. has demonstrated the need for truncation of IL-36 cytokines nine
amino acids N-terminal to a conserved A-X-Asp motif, for full activity [42]. The second set of IL-36
plasmids have been truncated according to the data presented in the paper and are henceforth known
as opt-36αt, opt-36βt, and opt-36γt. All inserts were modified as previously explained above for
enhanced expression and cloned into the pGX0001 backbone (Genscript, Piscataway, NJ, USA) [43].

2.2. Western Blot

Transfections were performed using the TurboFectin 8.0 reagent, following the manufacturer’s
protocols (OriGene, Rockville, MD, USA). Briefly, U2OS cells were grown to 80% confluence in 6-well
tissue culture plates and transfected with 2 μg of opt-36αt, opt-36βt, or opt-36γt. The cells were
collected 2 days after transfection, washed twice with PBS and lysed with cell lysis buffer (Cell Signaling
Technology, Danvers, MA, USA). Gradient (4–12%) Bis-Tris NuPAGE gels (Life Technologies, Carlsbad,
CA, USA) were loaded with transfected cell lysates and transferred to polyvinylidene difluoride
(PDVF) membrane. The membranes were blocked in PBS Odyssey blocking buffer (LI-COR Biosciences,
Lincoln, NE, USA) for 1 h at room temperature. To detect plasmid expression, the anti-HA (A01244
Clone 5E11D8, GenScript, Piscataway, NJ, USA) antibody was diluted 1:1000 and anti–β-actin antibody
diluted 1:5000 in Odyssey blocking buffer with 0.2% Tween 20 (Bio-Rad, Hercules, CA, USA) and
incubated with the membranes overnight at 4 ◦C. The membranes were washed with PBST and
then incubated with the appropriate secondary antibody (goat anti-mouse IRDye680CW; LI-COR
Biosciences) at a 1:15,000 dilution in Odyssey Blocking Buffer for 1 h at room temperature. After
washing, the membranes were imaged on the Odyssey infrared imager (LI-COR Biosciences).

2.3. Immunofluorescence Assay (IFA)

For the immunofluorescence assay, U2OS cells were grown in 6-well tissue culture plates and
transfected with 2 μg of opt-36αt, opt-36βt, or opt-36γt. Two days after transfection, the cells were
fixed with 4% paraformaldehyde for 15 min. Nonspecific binding was then blocked with normal
goat serum diluted in PBS at room temperature for 1 h. The plates were then washed in PBS for
5 min and subsequently incubated with anti-HA antibody at a 1:1000 (mouse anti-HA, GenScript)
dilution overnight at 4 ◦C. The plates were washed as described above and incubated with appropriate
secondary antibody (goat anti-mouse IgG-AF488, Sigma, St. Louis, MO, USA) at 1:200 dilutions at
room temperature for 1 h. After washing, DAPI (Millipore Sigma) was added to stain the nuclei of all
cells following manufacturer’s protocol. Wells were washed and maintained in PBS, and observed
under a microscope (EVOS Cell Imaging Systems; Life Technologies, Carlsbad, CA, USA).

2.4. Animals

All mice were housed in compliance with the NIH, the University of Pennsylvania School
of Medicine and the Wistar Institutional Animal Care and Use Committee (IACUC). Six-to-eight-
week-old female C57BL/6 mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA).
Six-to-eight-week-old female BALB/c mice were purchased from Charles River Laboratory (Wilmington,
MA, USA). Five-to-six-week-old male and female Interferon-alpha/beta receptor (IFNAR)−/− mice from
the Mutant Mouse Resource and Research Center (MMRRC) repository–Jackson Laboratory were also
housed and treated in accordance to the above parties.

2.5. Animal Immunizations

For HIV dosing studies, C57BL/6 mice were immunized three times at three-week intervals with
either 2.5 μg of HIV Env DNA only or 2.5 μg of HIV Env DNA and 11, 20, or 30 μg of opt-36βt in a total
volume of 30 μL of water. Mice were injected using the intramuscular (IM) route in the shaved tibialis
anterior muscle followed by electroporation (EP) using the CELLECTRA® 3P (Inovio Pharmaceuticals,
Plymouth Meeting, PA, USA) as previously described [44]. For HIV plasmid comparison studies,
C57BL/6 mice were immunized three times at three-week intervals with either 2.5 μg of HIV Env DNA
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only or 2.5 μg of HIV Env DNA and 11 μg of opt-36αt, opt-36βt, or opt-36γt in a total volume of 30 μL
of water. For influenza studies, BALB/c mice were immunized two times at two-week intervals with
1 μg of HA1 DNA plasmid alone or 1 μg of HA1 DNA plasmid and 11 μg of opt-36αt, opt-36βt, or
opt-36γt in a total volume of 30 μL of water delivered intramuscularly as described above. For Zika
studies, IFNAR−/− mice were immunized once with 0.5 μg of Zika prME alone or 0.5 μg of Zika prME
and 11 μg of opt-36γt in 30 μL of water delivered intramuscularly as described above.

2.6. Animal Challenge Studies

For the Zika challenge studies, IFNAR−/− mice (n = 12–14/group) were immunized once with
0.5 μg of Zika prME vaccine or 0.5 μg of Zika prME and 11 μg of opt-36γt. The mice were challenged
with 1 × 105 PFU ZIKV-PR209 virus via intraperitoneal (IP) injection on day 15. Post challenge, the
animals were weighed daily. In addition, they were observed for clinical signs of disease twice daily
(decreased mobility; hunched posture; hind-limb knuckle walking (partial paralysis); and/or paralysis
of one hind limb or both hind limbs). The criteria for euthanasia on welfare grounds consisted of 20%
weight loss or prolonged paralysis in one or both hind limbs.

2.7. ELISpot Assay

Precoated anti-IFN-γ 96-well plates (MabTech, Cincinnati, OH, USA) were used to quantify IFN-γ
responses to vaccine.

2.7.1. For HIV Studies

Spleens were isolated from C57BL/6 mice either 10 days post final vaccination for acute time
points or 50 days post final vaccination for memory timepoint. Single-cell suspensions of splenocytes
were made by homogenizing and processing the spleens through a 40-μm cell strainer. Cells were
then re-suspended in ACK Lysing buffer (GibcoTM) for 5 min to lyse red blood cells before two
washes with PBS and final re-suspension in RPMI complete media (RPMI 1640 + 10% FBS + 1%
penicillin–streptomycin). Two hundred thousand splenocytes were added to each well and stimulated
overnight at 37 ◦C in 5% CO2 with R10 (negative control), concanavalin A (3 μg/mL; positive control),
or 15-mer HIV envelope clade C peptides overlapping by 11 amino acids (NIH AIDS Research &
Reference Reagent Program). Peptide pools consisted of 15-mer residues overlapping by 11 amino
acids, representing the entire protein consensus sequence of HIV-1 clade C, were obtained from the
NIH AIDS Research and Reference Reagent Program. The Env peptides were pooled at a concentration
of 2 μg/mL/peptide into four pools, and three of the four pools were used as antigens for specific
stimulation of IFN-γ release.

2.7.2. For Influenza Study

Spleens were isolated from BALB/c mice 14 days post vaccination. Single-cell suspensions of
splenocytes were made by homogenizing and processing the spleens through a 40-μm cell strainer.
Cells were then re-suspended in ACK Lysing buffer (GibcoTM, Gaithersburg, MD, USA) for 5 min to
lyse red blood cells before two washes with PBS and final re-suspension in RPMI complete media
(RPMI 1640 + 10% FBS + 1% penicillin–streptomycin). Two hundred thousand splenocytes were added
to each well and stimulated overnight at 37 ◦C in 5% CO2 with R10 (negative control), concanavalin A
(3 μg/mL; positive control), or 15 mer influenza hemagglutinin peptides overlapping by 11 amino acids
spanning the length of the consensus HA1 hemagglutinin protein (GenScript). The HA1 peptides were
pooled at a concentration of 1 mg/mL/peptide into four pools as antigens for specific stimulation of
IFN-γ release.

2.7.3. For Zika Studies

Spleens were isolated from IFNAR−/− mice 14 days post-final vaccination. Single-cell suspensions
of splenocytes were made by homogenizing and processing the spleens through a 40-μm cell strainer.
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Cells were then re-suspended in ACK Lysing buffer (GibcoTM) for 5 min to lyse red blood cells before
two washes with PBS and final re-suspension in RPMI complete media (RPMI 1640 + 10% FBS + 1%
penicillin–streptomycin). Two hundred thousand splenocytes were added to each well and stimulated
overnight at 37 ◦C in 5% CO2 with R10 (negative control), concanavalin A (3 μg/mL; positive control),
or 15-mer Zika peptides overlapping by 9 amino acids spanning the length of the Zika prME protein.
The Zika prME peptides were pooled at a concentration of 1 mg/mL/peptide into six pools as antigens
for specific stimulation of IFN-γ release.

After 18 h of stimulation, the plates were washed and developed following manufacturer’s protocol.
The plates were then rinsed with distilled water and dried at room temperature overnight. Spots were
counted by an automated ELISpot reader (Cellular Technology Ltd., Shaker Heights, OH, USA).

2.8. Flow Cytometry:

For intracellular cytokine staining, two million cells were stimulated in 96-well plates with
overlapping peptide pools of either HIV Env, Influenza HA1, or Zika prME protein, media alone
(negative control), or phorbol 12-myristate 13-acetate (PMA) and ionomycin (BD Biosciences, San Jose,
CA, USA) (positive control) for 6 h at 37 ◦C + 5% CO2 in the presence of GolgiPlug and GolgiStopTM

(BD Biosciences, Franklin Lakes, NJ, USA). These are the same peptides pools described in the
ELISpot sections. After 6 h, cells were collected and stained in FACS buffer with a panel of surface
antibodies containing live dead eFluor V450, FITC anti-CD4, Alexa Fluor 700 anti-CD44, and APC-Cy7
anti-CD8 for 30 min at 4 ◦C. Cells were washed and then fixed with Foxp3/Transcription Factor
Fixation/Permeabilization (ThermoFischer Scientific, Waltham, MA, USA) for 20 min at 4 ◦C. Cells
were washed with Perm/Wash buffer before intracellular staining with PE-Cy7 anti-IL-2, PerCP-Cy5.5
anti-CD3ε, PE anti-TNFα, and APC anti-IFNγ for 1 h at 4 ◦C. Cells were then washed with Perm/Wash
buffer before suspension in Perm/Wash buffer and acquisition on a BD LSRII. All results were analyzed
using FlowJoTM v.10.0.

2.9. ELISA

The HIV ELISA was performed using 1 μg/mL HIV consensus C gp120 (Immune Technology
Corp., New York, NY, USA) in PBS with 0.5% Tween 20 (PBS-T). After a blocking step, serum was
diluted to 1:50 and then 4-fold from there in 1% FBS in PBS-T. Each sample was run in duplicate.
After a 1 h incubation, plates washed and incubated with goat anti-mouse IgG-HRP (Santa Cruz
Biotechnology, Dallas, TX, USA) at a 1:5000 dilution in 1% FBS in PBS-T. Plates were then developed as
described above, and the OD450 values were obtained.

Avidity Index ELISA: The avidity of the humoral response was assessed against universal
hemagglutinin at 10 days post final vaccination for influenza studies. Plates were coated with 1 μg/mL
of hemagglutinin ((H1N1) (A/New Caledonia/20/99) Immune Technology Corp., New York, NY, USA)
in PBS. After a blocking step, serum was diluted to 1:50 or, for the dilution curves, 1:50 and then 4-fold
from there in 1% FBS in PBS-T. Each sample was run in duplicate with half of the wells treated and
half left untreated. After a 1-h incubation, plates were washed five times with PBS-T. Half of the wells
for each sample were incubated with denaturing reagent (8 M urea) for 5 min while the others were
incubated with PBS. Plates were washed and incubated with goat anti-mouse IgG-HRP (Santa Cruz
Biotechnology) at a 1:5000 dilution in 1% FBS in PBS-T. Plates were then developed as described above,
and the OD450 values were obtained. The avidity index was determined by dividing the OD450 values
of the treated samples by those of the untreated samples and multiplying by 100.

2.10. Statistical Analysis

Statistical analysis was performed using a one-way modified ANOVA with a Turkey post-hoc test
for immunogenicity studies and Mantel–Cox test for challenge studies. All analysis was performed
using GraphPad Prism Software (La Jolla, CA, USA). Horizontal bars represent mean with error bars
expressing the standard error. p-Values < 0.05 were considered as statistically significant.
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3. Results

3.1. Opt-36βt Co-Formulation Leads to Enhanced Immune Responses against HIV Env DNA Vaccine
Compared to Opt-36β

While the IL-36 family was discovered in 1999 [29,30,34,35,45], members of this family remain
poorly understood and continue to be investigated. In the initial studies of their biology, large quantities
of IL-36 ligands were needed, in greater excess than those traditionally used for cytokines, to observe
their activity [32,46]. With recent reports of IL-36 cytokines gaining activity after N-terminal residue
truncation [42,47,48], we studied whether truncation was important for an IL-36 in vivo produced
gene adjuvant to impact immune profile of DNA vaccine antigens in an HIV Env (Figure 1A) in vivo
DNA vaccine model system. We chose to initially start our studies with IL-36 beta, as IL-36 beta has
been reported to amplify Th1 responses [37], making it a potential cellular adjuvant candidate. We
designed two DNA constructs encoding either full-length (opt-36β) or truncated (opt-36βt) IL-36 beta
(Figure 1B) for these comparative studies. We added a highly efficient IgE leader sequence to both of
the sequences as well as RNA and codon optimized them in order to enhance protein expression. We
then immunized C57BL/6 (B6) (n = 5) mice with 2.5 μg of HIV Env DNA alone or with 2.5 μg of HIV
Env and 11 μg opt-36β or opt-36βt, three times at three-week intervals using the 3P electrode driven
by an adaptive electroporation CELLECTRA (EP) device (Figure 1C). Spleens were harvested 10 days
post-final vaccination for analysis of antigen-specific responses. We observed a significant increase
in the number of antigen-specific CD4+ T cells that secreted IFN-γ and TNF-α in the animals whose
vaccine included opt-36βt compared to opt-36β (Figure 1D). There was a trend towards a similar
pattern of enhancement for the antigen-induced CD8+ T cell responses, but in contrast to the CD4+ T
cell responses, this did not reach significance. A dosing study was next performed, focusing primarily
on T cell induction to determine the optimal dose of opt-36βt. We found no significant difference in
T cell response with higher doses and, in fact, there appeared to be a trend towards decreased immune
response at the 30-μg dose of opt-36βt (Figure 1E). Going forward, we maintained our established
dose of 11 μg for adjuvant plasmids for the remainder of the studies.
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Figure 1. Cont.
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Figure 1. Truncation of IL-36 beta enhances immune responses to HIV Env DNA vaccine. (A and B)
Map of plasmid construct design. HIV Consensus Clade C vaccine plasmid, full length IL-36 beta
plasmid and IL-36 beta truncated 9 amino acids N-terminal to anchoring residue. Each construct
contains a cytomegalovirus (CMV) promoter followed by an IgE leader sequence. (C) Immunization
delivery schedule. C57BL/6 mice were immunized three times at three week intervals. (D) Env specific
CD4+ and CD8+ T cell responses by intracellular cytokine staining after peptide stimulation. E Opt-36βt
dosing study of Env specific CD4+ and CD8+ T cell responses by intracellular cytokine staining after
peptide stimulation. * p < 0.05, ** p < 0.005, *** p < 0.0005, **** p < 0.0001.
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Given these results, we next examined the rest of the IL-36 family as truncated cytokines. In this
regard, even less is known about IL-36 alpha or gamma compared to beta, so we wanted to evaluate
the immune responses in mice adjuvanted with each of the three cytokines in comparative studies.
We also assessed the durability of the immune responses elicited by each of the IL-36 ligands post
vaccination at a memory time point. Truncated IL-36 alpha (opt-36αt) and IL-36 gamma (opt-36γt)
were designed and modified as illustrated (Figure 2A) [49,50]. An HA tag was added to the C-terminus
of the sequences to facilitate in vitro detection. Construct expression in vitro was confirmed using
Western blot and IFA (Figure 2B,C).
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Figure 2. Expression of truncated IL-36 constructs. (A) Map of plasmid construct design for IL-36
sequences. Each sequence was truncated 9 amino acids N-terminal to conserved A-X-Asp residue. Each
construct contains a cytomegalovirus (CMV) promoter followed by an IgE leader sequence besides the
IL-36 sequence, and a HA tag at the C-terminus. (B) U2OS cells were transfected with each truncated
IL-36 plasmids that contain a HA tag for detection. Lysates from these cells were used in Western blot
for detection of plasmid expression. (C) Immunofluorescence (IFA) was performed on U2OS cells
transfected with truncated IL-36 plasmids to verify plasmid expression.
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3.2. Opt-36βt and opt-36γt Enhance Immune Responses against HIV Env DNA Vaccine at a Memory
Time Point

A major concern in the vaccine field is the generation of vaccine candidates that can provide
durable, long-term immune responses, and so we examined whether immune responses following
DNA vaccination would be maintained into memory. B6 mice (n = 5/group) were immunized using
2.5 μg of HIV Env DNA alone or a formulation with 11 μg of opt-36αt, opt-36βt, or opt-36γt three
times at three-week intervals with CELLECTRA 3P electroporation (EP) (Figure 3A). Spleens were
harvested 50 days post-final vaccination to analyze antigen specific responses at a memory time point.
A quantitative ELISpot was performed to determine the number of Env-specific IFN-γ secreting T cells
that responded to vaccination (Figure 3B). We observed that mice immunized with the HIV vaccine
alone produced an average of 775 spot-forming units (SFU)/million splenocytes, while mice adjuvanted
with opt-36αt, opt-36βt, and opt-36γt had an average of 1242, 1460, and 1610 SFU/million splenocytes,
respectively, supporting an enhanced response to the vaccine was driven by the adjuvants. Similar
to the results observed at an acute time point, we found that mice adjuvanted with opt-36βt showed
a significant increase in the percent of CD4+ T cells that expressed IFN-γ and TNF-α compared to
vaccine only. Interestingly, mice adjuvanted with opt-36γt showed a 3-fold enhancement in the percent
of antigen-specific CD8+ T cells which expressed IFN-γ and TNF-α (Figure 3C). We further observed
that mice vaccinated with vaccine and opt-36γt had a significant increase in the percent of CD107a+

IFN-γ+ CD8+ T cells, suggesting the cytolytic potential of these cells (Figure 3C). We also examined
the humoral response induced post vaccination, and observed that mice adjuvanted with opt-36αt
and opt-36γt exhibited higher average antibody titers compared to mice immunized with Env alone,
although this did not reach significance (Supplementary Materials Figure S1). Of note, mice adjuvanted
with opt-36βt exhibited suppressed antibody binding compared to vaccine alone.
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Figure 3. Cont.
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Figure 3. Codelivery of truncated IL-36 beta and gamma enhance immune responses against HIV Env
DNA vaccine. (A) Immunization delivery schedule. B6 mice were immunized three times 3 weeks
apart with Env alone or Env adjuvanted with the opt-36αt, opt-36βt, or opt-36γt. Sera and spleens
were harvested 50 days post final vaccination to analyze antigen specific immune responses. (B) The
frequency of Env specific IFN-γ responses (spot forming units per million splenocytes) induced after
vaccination was determined by IFN-γ ELISpot assay in response to pooled Env peptides. (C) Env
specific CD4 and CD8 T cell responses by intracellular cytokine staining after peptide stimulation.
*, p < 0.05, ** p< 0.005, *** p < 0.0005, **** p < 0.0001.

3.3. Opt-36γt Enhances Humoral Immunity in Influenza DNA Vaccine Model

We next sought to extend this finding to additional antigens with a different DNA vaccine antigen.
We studied opt-36αt, opt-36βt, and opt-36γt’s ability to impact immune responses driven by an HA1
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Syncon influenza DNA vaccine [40]. Given the potency of the adjuvant response in the previous studies,
we focused on a two-dose regimen to evaluate the vaccine-induced immune response in a dose-sparing
model. BALB/c mice (n = 5/group) were immunized two times at two-week intervals with either 1 μg
of HA1 DNA alone (Figure 4A) or 1 μg of HA1 and 11 μg of opt-36αt, opt-36βt, or opt-36γt followed
by in vivo EP (Figure 4B). Ten days post final immunization, we observed both opt-36βt and opt-36γt
significantly enhanced cellular responses compared to the low-dose vaccine alone (Figure 4C). We
observed increased cellular responses in mice adjuvanted with opt-36αt; however, this was not as
pronounced as the responses with the other two cytokines. As antibodies are known to be critical for
prevention from influenza infection, we studied the binding antibodies generated post vaccination.
Opt-36γt elicited significant higher endpoint binding titers compared naïve mice (Figure 4D). We further
examined the quality of these antibodies by performing an ELISA based avidity test [51] to examine
strength of binding to a HA1 influenza protein. Interestingly, we observed that antibodies from mice that
received opt-36γt had greater antigen binding and maintained avidity compared to the antibodies from
mice that received opt-36αt and opt-36βt, supporting the induction of improved magnitude of humoral
responses (Figure 4E). We also examined the isotypes of the antibodies generated post vaccination, and
while all immunized groups exhibited class switching, we did not observe a significant shift in IgG1 vs.
IgG2a ratios among the different groups (Supplementary Materials Figure S2).
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Figure 4. Codelivery of truncated IL-36 gamma enhances binding antibody while maintaining antibody
integrity. (A) Map of plasmid construct design. Influenza hemagglutinin (HA) (from strain H1N1
A/PR/8/34) vaccine plasmid. Vaccine construct contains a cytomegalovirus (CMV) promoter followed
by an IgE leader sequence. (B) Immunization delivery schedule. BALB/c mice were immunized two
times two weeks apart with influenza HA1 alone or HA1 adjuvanted with opt-36αt, opt-36βt, or
opt36γt. Sera and spleens were harvested two weeks post final vaccination to analyze antigen specific
responses. (C) The frequency of HA specific IFN-γ responses (spot forming units per million splenocytes)
induced after vaccination was determined by IFN-γ ELISpot assay in response to pooled HA peptides.
(D) Endpoint binding titers post vaccination HA1 alone or HA1 + truncated IL-36 adjuvant. (E) The
avidity of antibodies generated after vaccination at 1:50 dilution. *, p < 0.05, **, p< 0.005, ***, p < 0.0005,
****, p < 0.0001.

3.4. Opt-36γt Enhances Cellular Immune Responses Induced by a Zika DNA Vaccine Resulting in Enhanced
Protection against Zika Challenge

Based on the data generated in the two DNA vaccine models above, we now focused on studying
opt-36γt in combination with a DNA vaccine against Zika and how vaccine-induced immune response
impacted challenge outcome. This model allows us to confirm the relevance of the improved immunity
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and dose-sparing potential driven by the opt-36γt adjuvant. We immunized immunocompromised
IFNAR−/− mice (n = 5–6 mice/group) once with an exceptionally low dose (0.5 μg) of Zika prME DNA
vaccine alone (Figure 5A) or a combination of both. Two weeks following vaccination, we harvested
spleens and blood (Figure 5B). We observed that mice immunized with vaccine only did not generate
significant IFN-γ ELISpot responses, but the combination of the vaccine and opt-36γt resulted in a
synergy resulting in 700 SFU/million splenocytes (Figure 5C). Immunization with opt-36γt alone did
not generate significant cellular responses (Figure S3). Using intracellular cytokine staining, mice
adjuvanted with opt-36γt exhibited increased IFN-γ and TNF-α expressing CD4+ T cells as well as
IFN-γ expressing CD8+ T cells compared to the vaccine-only treated mice (Figure 5D). Overall antibody
responses were very low in all groups (Supplementary Materials Figure S4). This suggests a need
for an additional vaccine boost or using higher vaccine doses to further characterize the humoral
immunity induced in this model.

We next repeated the study and this time performed a challenge using an immunocompromised
mouse challenge model, IFNAR−/− mice (n = 12–14/ group), with a lethal dose of a validated Zika virus
stock, strain PR 209. Challenge was performed two weeks after an immunization with either 0.5 μg of
Zika prME alone or in combination with 11 μg of opt-36γt (Figure 6A). The animals were followed for
two weeks post challenge. One of the side effects of ZIKV challenge typically observed in this mouse
strain is weight loss [41]. Significant weight loss was observed in both the naïve and mice immunized
with the suboptimal dose of the Zika prME vaccine alone, demonstrating substantial morbidity from
the challenge (Figure 6B). Naïve mice appeared to be the most impacted, with many mice losing up to
20% of their starting body weight. The low-dose vaccine only group fared a bit better compared to the
naive but still lost a considerable amount of weight. Strikingly, mice immunized with Zika prME in
combination with opt-36γt were protected against weight loss, gaining weight during the course of the
study. Additionally, mice were monitored for clinical symptoms during the challenge. Mice in both the
naïve and vaccine-only groups became progressively sicker (i.e., hunched posture and paralysis of hind
limbs) between days 5 and 7. However, the adjuvanted mice remain healthy and show no sign of disease
following challenge (Figure 6C). As animals succumbed to disease they were sacrificed at predefined
humane endpoints as described in the methods [41]. Mice immunized with Zika prME and opt-36γt
exhibited a robust 92% survival rate, compared to 28% for mice immunized with the Zika prME only
and 13% for naïve mice (Figure 6D). This data illustrates a significant benefit of the opt-36γt adjuvant in
the context of this ZIKV IFNAR−/− challenge model. Study in additional models is important.
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Figure 5. Codelivery of truncated IL-36 gamma enhances immune response to DNA prME vaccine.
(A) Map of plasmid construct design. Consensus sequence of Zika precursor membrane and Envelope.
(B) Immunization schedule for Zika vaccine immunization. IFNAR−/− mice were immunized once
either vaccine alone or vaccine + opt-36γt (n = 5–6 per group). Spleens were harvested two weeks post
vaccination to analyze antigen specific T cell responses. (C) The frequency of spot forming units per
million splenocytes determined by IFN-γ ELISpot assay in response to pooled Zika prME peptides.
(D) Zika prME specific CD4 and CD8 T cell responses by intracellular cytokine staining. * p < 0.05,
** p < 0.005, *** p < 0.0005, **** p < 0.0001.
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Figure 6. Truncated IL-36 gamma is able to protect against Zika challenge induced weight loss and
mortality. (A) Immunization delivery schedule. IFNAR−/− mice were immunized with Zika prME
plasmid or prME + opt-36γt once and challenged with Zika PR209 virus two weeks later. (B) Mouse
body weight was tracked over two-week challenge period. (C) Clinical symptoms of immunized mice
days 5–7 post challenge. (D) Survival curves of mice post Zika challenge over 14 days. * p < 0.05,
** p < 0.005, *** p < 0.0005, **** p < 0.0001.

4. Discussion

While the IL-36 cytokine family was first discovered nearly two decades ago, it is only recently
that roles for these cytokines have begun to be elucidated. The IL-36 family, members of a larger
proinflammatory IL-1 family, has been primarily implicated for their potential role in pustular psoriasis
and inflammation of the skin and joints [29,30,52,53]. Dysregulation of the natural IL-36 receptor
antagonist or overexpression of IL-36 in the skin has been implicated in a number of skin diseases and
conditions [53–67]. However, some of these proinflammatory properties have also piqued the scientific
community’s interest regarding some of the other roles that these cytokines might play. Following
reports that IL-36 beta could amplify Th1 responses in CD4+ T cells [37], a number of studies have
shown the induction of IL-36 cytokine expression, especially IL-36 gamma, in response to infections
including pneumonia, herpes simplex virus (HSV), and candidiasis [68–73], suggesting that IL-36
cytokines may play a significant role in host immunity.

To our knowledge, this is the first study to compare the effects of all three truncated IL-36 cytokines
in a vaccination model. In these studies we provide additional insight into the ability of truncated
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IL-36 gamma’s (opt-36γt) ability to boost immune responses using three DNA vaccine antigens.
As previously demonstrated by Towne et al. [42], we found that truncation of the IL-36 cytokines’ nine
amino acids at the N-terminal region was critical for their activity to enhance vaccine-induced immune
responses. For future investigations of IL-36 cytokines in protective immunity studies, the truncated
forms of these cytokines will almost certainly be necessary to exploit their full potential.

In the DNA vaccine models we tested, we found that mice immunized with opt-36βt and opt-36γt
were both able to enhance vaccine-induced cellular immune responses. However, where opt-36βt
was able to significantly increase the number of antigen-specific IFN-γ+ and TNF-α+ CD4+ T cells,
opt-36γt significantly increased the number of antigen-specific IFN-γ+, TNF-α+, and CD107a+ CD8+ T
cells, suggesting an impact of opt-36γt to improve cytolytic activity of these cells. Further work must
be done to understand the differences between the two cytokines’ seemingly preferential action on
various cell compartments. Regarding humoral immunity in the influenza DNA vaccination model,
we found that opt-36γt was able to increase antibody-binding titers, while opt-36βt appeared to induce
antibodies that have weaker avidity. Thus, in our models, opt-36γt can improve both arms of immune
response, which is likely important for many of the challenging disease targets that remain. We also
found that the synergy of a non-protective dose of Zika DNA vaccine with opt-36γt was able to protect
mice against a lethal ZIKV challenge, highlighting the potential of opt-36γt to affect challenge outcome
and drive protection. Furthermore, opt-36γt enhanced antibody binding in both the HIV and influenza
DNA models, while overall humoral responses in the Zika DNA model were lower than the other
models, possibly due to the low amount of plasmid used for immunization. Other differences among
the models such as mouse genotype may also be relevant and could be examined in further studies.

There is still much work to be done to fully understand the roles that the IL-36 cytokines play
under both homeostatic and pathologic conditions in the host immune system. Multiple studies
in mice have shown that the IL-36 cytokines may have distinct functions in response to different
inflammatory stimuli. Understanding how opt-36βt and opt-36γt may exert their activities on different
cell populations and against additional vaccine targets will be important for further harnessing their
potential. Given their ability to enhance CD4+ and CD8+ T cell responses, opt-36γt and opt-36βt
look especially promising for disease models in which cellular responses are important, such as
cancer where driving CD8+ immunity is important to clear tumors. Studies examining the effects of
opt-36γt on driving tumor-infiltrating lymphocytes (TILS) would be relevant. Work by Wang et al. has
demonstrated that tumor growth was significantly inhibited in B16 melanoma IL-36 expressing cells
compared to control B16 cells that did not express IL-36 gamma in mice [74]. Wang et al. also found
that IL-36 gamma could promote early activation and expansion of naïve CD8+ T cells, in line with
what we have observed in our DNA vaccine models.

Furthermore, the induction of higher binding antibodies while maintaining avidity by opt-36γt
as we observed in the influenza studies may have important implications in diseases in which high
avidity and affinity antibody titers are important. As more emphasis is being focused to identify
immunogens that can elicit broadly neutralizing antibodies (bNabs) for HIV and influenza, adjuvants
that can further refine the antibody response may prove important.

Although there appears to be a deleterious effect on skin health when IL-36 signaling is left
unchecked [55], localized controlled delivery of opt-36γt as an adjuvant during intradermal vaccination
could enhance vaccine responses and recruitment of cells to the site of infection. This could be
especially important for infectious diseases that breach the skin’s natural barrier including herpes,
malaria, and Leishmania, among others. As the largest organ in the human body, with a rich source of
antigen-presenting cells (APCs) and Langerhans cells, as well as nearly 20 billion T cells, the skin is a
particularly attractive site to administer an opt-36γt adjuvanted vaccine. Enhanced CTL responses in
the skin can help control the spread of an infection before it is able to disseminate to other locations
in the body, while greater antibody responses may help with prevention of infection. Studies that
examine the delivery of opt-36γt in the skin compared to intramuscular delivery may shed light on
another route to impact vaccine immune outcome as well as protection against infection.
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As the global population and the demand for vaccines increase worldwide, the need to maximize
immune responses while minimizing the effective dose necessary to induce protective responses will
continue to grow. Here we describe the first study of an optimized plasmid encoding for a truncated
form of IL-36 as a plasmid adjuvant, opt-36γt. We observed that opt-36γt exhibited a dose-sparing
effect as well as enhancement of humoral and cellular immune responses to several antigens and
improved challenge outcome in a well-studied mouse model system of viral challenge. Additional
study of opt-36γt as a genetically encoded adjuvant is likely important.

5. Conclusions

As the next generation of vaccines are developed, they will likely benefit from the identification
of novel adjuvants with unique immune modulating properties. Here we evaluated the adjuvant
activity of 3 optimized versions IL-36 (opt-36αt, opt-36βt, and opt-36γt), novel members of the IL-1
gene family, previously reported to be involved in proinflammatory activity. We report that truncation
of the IL-36 beta form (opt-36βt) enhanced immunization induced immune responses against a HIV
Env DNA vaccine, compared to unadjuvanted HIV Env or the same vaccine adjuvanted by full length
IL-36 beta (opt-36β). When memory responses were examined, the opt-36βt enhanced antigen specific
CD4+ T cell responses while opt-36γt more robustly enhanced antigen specific CD8+ T cell responses.
When these adjuvants were studied in an influenza vaccine model, opt-36γt codelivery increased
antibody titers against the hemagglutinin protein. These antibody responses exhibited higher binding
avidity compared to the control vaccine alone arm. We also evaluated opt-36γt’s DNA vaccine dose
sparing potency in a lethal Zika vaccine challenge model. Codelivery of opt-36γt with a very low dose
Zika DNA vaccine was able to potently enhance IFN-γ T cell responses resulting in potent protection
against the ZIKV challenge compared to vaccine only immunized or naïve mice. This study provides
proof-of-concept that an optimized plasmid encoding truncated IL-36 gamma is an important new
gene adjuvant which can simultaneously enhance both humoral and cellular immunity and positively
impact challenge. Further study of this promising genetic adjuvant is warranted.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-393X/7/2/42/s1,
Figure S1: (A) ELISA analysis measuring binding antibody production (measured by OD450 values) in immunized
mice. The C57BL/6 mice (n = 5) were immunized intramuscularly three times three weeks apart with 2.5 μg of
HIV Env plasmid or 2.5 μg of Env plasmid and 11 μg of opt-36αt, opt-36βt, or opt-36γt. Binding to consensus
C gp120 was analyzed with sera from animals post final vaccination. (B) Average endpoint titers, Figure S2:
(A) ELISA analysis measuring isotype binding antibody production (measured by OD 450 values) in immunized
mice. BALB/c mice (n = 4–5) were immunized twice two weeks apart with 1 μg of HA1 DNA plasmid or HA1
DNA plasmid and 11 μg of opt-36αt, opt-36βt, or opt-36γt. Isotypes of antibodies generated were analyzed with
sera from animals post final vaccination. (B) IgG2a/IgG1 antibody ratio was analyzed by dividing the OD450
values of IgG2a by the OD450 values of IgG1, Figure S3: Induction of Zika specific cellular immune responses
following vaccination with either Zika prME DNA vaccine alone or opt-36γt alone. ELISpot analysis measuring
IFN-γ secretion in splenocytes after one immunization, Figure S4: Induction of antigen specific antibody responses
following immunization with either Zika prME DNA vaccine alone or Zika prME DNA vaccine and opt-36γt after
one immunization.
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Abstract: Hepatitis C virus (HCV) is one of the major causes of chronic liver disease and leads
to cirrhosis and hepatocarcinoma. Despite extensive research, there is still no vaccine against
HCV. In order to induce an immune response in DBA/2J mice against HCV, we obtained modified
mouse mesenchymal stem cells (mMSCs) simultaneously expressing five nonstructural HCV proteins
(NS3-NS5B). The innate immune response to mMSCs was higher than to DNA immunization, with
plasmid encoding the same proteins, and to naïve unmodified MSCs. mMSCs triggered strong
phagocytic activity, enhanced lymphocyte proliferation, and production of type I and II interferons.
The adaptive immune response to mMSCs was also more pronounced than in the case of DNA
immunization, as exemplified by a fourfold stronger stimulation of lymphocyte proliferation in
response to HCV, a 2.6-fold higher rate of biosynthesis, and a 30-fold higher rate of secretion of IFN-γ, as
well as by a 40-fold stronger production of IgG2a antibodies to viral proteins. The immunostimulatory
effect of mMSCs was associated with pronounced IL-6 secretion and reduction in the population of
myeloid derived suppressor cells (MDSCs). Thus, this is the first example that suggests the feasibility
of using mMSCs for the development of an effective anti-HCV vaccine.

Keywords: hepatitis C virus (HCV); mesenchymal stem cells (MSC); modified MSC; DNA
immunization; nonstructural HCV proteins; immune response; HCV vaccine; myeloid derived
suppressor cells (MDSCs)

1. Introduction

Mesenchymal stem cells (MSCs) are successfully used in various fields of regenerative medicine [1].
Cell therapy is based on the ability of MSCs to migrate to the sites of pathology. They are able to
exert anti-inflammatory and immunomodulatory effects upon allogeneic transplantation, as well as
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in autoimmune diseases [2–5]. Obtaining genetically modified MSCs expressing introduced genes
significantly expands the possibilities of both cellular and genetic therapy, ensuring the delivery
of therapeutic molecules to the sites of damage and inflammation [6,7]. MSCs transduced by the
interferon β (IFN-β) gene have been shown to reduce the signs of inflammation and the severity of the
disease and to improve the condition of the CNS in experimental multiple sclerosis [8]. Positive results
with modified MSCs have been obtained in myocardial infarction [9] and in cancer therapy [10].

These results suggest that obtaining and using modified MSCs (mMSCs) that harbor viral genes
could be effective for the development of antiviral vaccines. This approach has a number of advantages
over traditional vaccine technologies. mMSCs can express many proteins simultaneously, thus ensuring
a wide range of epitopes with the correct post-translational modifications as during natural infection.
They are also capable of delivering, expressing, and presenting an antigen for a long time. Indeed,
Tomchuck et al. demonstrated in an experimental model of HIV infection that cellular vaccines based
on transfected MSCs could be developed [11].

One of the urgent but unresolved problems of biology and medicine is the development of an
effective vaccine towards hepatitis C virus (HCV). HCV is considered as one of the main etiological
agents of chronic liver disease, including terminal stages – cirrhosis and hepatocarcinoma. In up to
80% of cases, acute hepatitis C transfers into chronic disease, which may be caused by a very high
heterogeneity of viral genome and the existence of quasispecies, interference of the virus with innate
and adaptive immune response pathways, and the formation of “escape” variants of HCV that are not
recognized by the immune system [12,13]. Anti-HCV therapy based on a combination of pegylated
recombinant IFN-α and ribavirin eliminates the virus in no more than 50% of patients [14]. Modern
therapy using direct-acting antivirals (DAA) that target HCV NS3, NS5A, and NS5B proteins makes
it possible to cure up to 99% of patients, but the extremely high cost of DAAs makes access to the
treatment limited, as exemplified by higher rates of detection of new cases compared to number of
patients treated with these drugs [15] Another factor that limits access to treatment is unawareness
of a majority (ca. 80%) of patients of their status. In addition, there is a lot of evidence showing that
HCV can remain in the liver cells and peripheral blood mononuclear cells (PBMC) of patients after
the disappearance of viral RNA in serum, thus establishing occult infection [16,17]. Such ongoing
viral replication in hepatocytes can lead to continuous liver injury and may underlie the absence of
improvement in clinical outcomes after a sustained virological response achieved in a majority of
patients [16].

The development of anti-HCV vaccines can contribute to global efforts to eradicate the virus.
Numerous attempts to develop a vaccine whose action is based on broadly neutralizing antibodies
against structural proteins failed, most likely due to very high variability of E1 and E2 glycoproteins
and escape of virions due to bound lipoproteins and glycans [18]. Efficient vaccines could be based on
the recombinant viral proteins/peptides that contain B- and T-cell epitopes or DNA plasmids/viral
vectors, ensuring their expression [19]. However, the optimal set of HCV genes or their fragments that
should be present in the vaccine has not yet been determined. Literature data suggest that none of the
candidate vaccines triggered a full preventive and therapeutic response against HCV [20,21]. Recently,
several vaccines against HCV based on dendritic cells (DC) have been reported [22,23]. DCs are highly
specialized antigen-presenting cells (APC), so DC-based vaccination based on ex vivo stimulated and
matured DCs loaded with HCV specific antigens is an attractive approach to elicit sustained anti-viral
response to HCV proteins. However, generation of DCs can require substantial time and expense.
It was shown that induction of T cell immune responses by DC vaccination is highly dependent on
efficient antigen loading of the DCs [24]. The trials showed that such vaccines did not clear HCV
infection in chronic hepatitis C patients despite induction of pronounced T-cell response [25,26]. Thus,
the development of MSC vaccines based on genetic and cellular technologies could be one of the most
promising strategies to prevent the spread of infectious diseases.

The aim of this work was to obtain MSCs expressing HCV genes and to analyze the humoral
and cellular immune responses of animals to the introduction of these modified MSCs. As a model
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we chose genes of nonstructural HCV proteins that form viral replicase complex, as they are more
conservative than structural proteins and in total comprise two-thirds of the entire HCV proteome [27].
Several lines of evidence show that clearance of acute HCV infection in chimpanzees and humans
is temporally associated with early, strong, and broadly reactive T cell responses against multiple
non-structural viral proteins [12,28]. The non-structural proteins are considered as the dominant
targets for CD8+ and CD4+ cells [27]. A robust HCV-specific CD8+ and CD4+ T cell responses to
the non-structural proteins has the potential to restrict infection, eliminate virus-infected cells after
challenge, and prevent persistent infection at the very least [29].

2. Materials and Methods

2.1. Animals

Mice of the DBA/2J (H-2d) line (females, 6–8 weeks old) were obtained from the laboratory of
the animal breeder Stolbovaya, FMBA, Moscow Region. All animal experiments were carried out in
accordance with order 708 of the Ministry of Health of the Russian Federation and with the “Regulations
on the ethical attitudes to laboratory animals of N.F. Gamaleya NRCEM (Moscow, Russia)”.

2.2. Isolation of Primary MSCs

Mouse primary MSCs were obtained from bone aspirates of DBA mice. Both femurs and tibias
from each leg were used. The cell suspension was homogenized and centrifuged at 2000 g for 10 min.
Cell pellets were resuspended in high glucose Dulbecco’s Modified Eagle Medium (DMEM) containing
10% fetal calf serum (FCS) (Invitrogen, Waltham, MA, USA), 10 μg/mL insulin, 5.5 μg/mL transferrin,
6.7 ng/mL sodium selenite, 10 ng/mL basic fibroblast growth factor, 2 mM L-glutamine, and 50 μg/mL
gentamicin. The cells were seeded in culture flasks (Costar, New York, NY, USA) at a concentration
of 2 × 106 cells/mL. The next day, as well as every subsequent 3-4 days, the culture medium was
replaced. The resulting adhesive cell population was reseeded using a 0.25% trypsin solution. MSCs
were cultured at 37◦C in a 5% CO2 atmosphere. Unless otherwise specified, culture media and other
reagents were purchased from PanEco, Russia (Moscow, Russia).

2.3. Characterization of MSCs

Cell morphology and the state of the cell monolayer were examined visually using an AX10
inverted microscope (Zeiss, Germany). Immunophenotypic analysis of MSCs was performed by flow
cytometry as described below.

2.4. Assessment of Adipogenic and Osteogenic Potencies of MSCs

MSCs isolated from red bone marrow were grown on passage 1 in 12-well plates into an osteogenic
medium (growth medium supplemented with 10 nM dexamethasone, 50 μg/mL 2-phospho-L-ascorbate,
and 10 mM sodium β-glycerophosphate) at a density of 1 × 104 cells/mL or into an adipogenic medium
(standard growth medium supplemented with 10 μM dexamethasone, 0.2 mM indomethacin, 1 IU/mL
insulin, and 0.5 mM 3-isobutyl-1-methylxanthine) at a density of 3 × 104 cells/mL. As a control, the cells
maintained at the same density in a standard growth medium were used. The medium was changed
twice a week; cultivation was continued for 20 days (adipogenesis) or 21 days (osteogenesis). For the
analysis of adipogenic differentiation, cells were fixed with 4% formalin in 0.1 M phosphate-buffered
saline, pH 7.2-7.4 (PBS), and stained with Oil Red O (Sigma, St. Louis, MO, USA) in order to detect
neutral fat inclusions. For the analysis of osteogenic differentiation, the culture was fixed with a
mixture of sodium citrate, acetone, and formaldehyde; cytochemical detection of alkaline phosphatase
activity was carried out by the method of azo coupling of Fast Red Violet (FRV) with naphthol AS-BI
(Sigma, USA), according to the manufacturer’s protocol. In addition, in the culture of MSCs subjected
to osteogenesis induction, deposits of calcium salts were detected by staining cells fixed with 96%
ethanol with Alizarin Red S (Sigma, USA) at pH 4.1. After cytochemical reactions, the cells of all
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studied cultures were additionally stained with hematoxylin and analyzed using a Primovert inverted
light microscope (Zeiss, Germany).

2.5. Plasmid and Transfection of MSC Culture

We used the pcNS3-NS5B plasmid construct encoding five nonstructural HCV proteins (NS3,
NS4A, NS4B, NS5A, and NS5B) of genotype 1b that was constructed using a commercially available
pcDNA-3.1(+) vector (Invitrogen, USA) [30]. The plasmid was purified from E. coli strain JM109 using
a commercial QIAGEN Plasmid Purification Maxi Kit (QIAGEN, Hinden, Germany) according to the
manufacturer’s instructions.

To obtain genetically transformed cells expressing HCV proteins, we used a primary MSC
culture at third-fourth passages. MSCs were seeded on a six-well plate at a density of 5x104 cells/mL.
Twenty-four hours after reaching the subconfluent monolayer (70–90% cells/well), complexes of a
plasmid with Xfect Transfection Reagent (Clontech Laboratories, Takara, USA) were applied to the
cells. The transformed cells were selected in a medium containing 0.5 mg/mL G-418 (Invitrogen,
Waltham, MA, USA). Cell viability was analyzed using a standard MTT test [31] and the trypan blue
dye exclusion assay [32]. We conducted several rounds of selection, changing the medium with G-418
every 72 h. Cytokine secretion was measured by quantifying their levels in the conditioned medium.

2.6. Immunocytochemical and Immunoblot Detection of Viral Proteins

Expression of HCV proteins in the transfected MSCs was determined by the methods of indirect
immunofluorescence and immunoperoxidase staining, using monoclonal antibodies (mAbs) against HCV
proteins [33] as primary antibodies and secondary antibodies against mouse immunoglobulins (Ig) conjugated
with fluorescein isothiocyanate (FITC) or horseradish peroxidase (HRP) (Dako, Denmark), as previously
described [34,35]. Cell nuclei were stained with 4′-6-diamidino-2-phenylindole (DAPI) (immunofluorescence
analysis) or with hematoxylin (immunoperoxidase method). The signals were visualized using an Axio
Scope A1 microscope (Zeiss, Germany). The proportion of cells expressing viral proteins relative to the total
number of cells was counted in at least eight fields of view at a magnification of 400× and expressed as a
percentage value. This corresponds to counting at least 1600 cells for each HCV protein.

Western blot analysis was performed as described previously using the same monoclonal
antibodies or serum of the rabbits immunized with the respective protein [36].

2.7. Immunization of Animals

To study the parameters of the immune response, we used four groups of DBA mice with
10 animals in each group. The mice from group 1 were injected with genetically modified MSCs
(mMSC), mice from group 2 with non-transfected, “native” MSCs, mice from group 3 with pcNS3-NS5B
plasmid, and mice from group 4 with saline. MSCs and mMSC (5 × 105 cells) were injected into the tail
vein, plasmids (100 μg)—intramuscularly into the quadriceps femoris muscle. Two immunizations
with an interval of 2–3 weeks were conducted.

In some experiments, the animals were injected with mMSC treated with a recombinant mouse
IFN-γ protein (Abcam, Cambridge, UK) at a concentration of 80 ng/mL for 18 h. The immunization
scheme was as described above.

2.8. The Recombinant HCV Proteins

The recombinant HCV proteins were used as antigens to stimulate T-cell responses in vitro and
as sorbents in an enzyme-linked immunosorbent assay (ELISA) to evaluate antibody production.
The proteins were combined into four pools: NS3 (protease domain with a sequence of 1027–1229 aa,
helicase domain 1230–1658 aa, immunodominant region 1356–1459 aa, genotype 1b); NS4 (1677–1754
aa and mosaic protein containing regions 1691–1710, 1712–1733, 1921–1940 aa from genotypes 1, 2,
3, and 5); NS5A (the full-length protein 1973–2419 aa and fragments 2061–2302 aa, 2212–2313 aa,
genotypes 1b and 1a); the NS5B protein lacking C-terminal hydrophobic 21 amino acid residues
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(2420–2990 aa, genotype 1b); as a negative control, we used the nucleocapsid (core) protein (1–90 aa).
The recombinant proteins were expressed in E.coli and purified by chromatography on Ni-NTA-agarose
or on glutathione sepharose, as described previously [30,37–39].

2.9. Humoral Immune Response

The immune response to the injected constructs was assessed 10 days after the second
immunization. The activity of antibodies against HCV proteins in mouse sera was determined
by indirect ELISA, as described previously [30]. As secondary antibodies, we used antibodies against
mouse Ig isotypes IgG1 and IgG2a conjugated to HRP (Jackson Immunoresearch Laboratories,
Cambridge, UK). As the serum titer in ELISA, we used the reciprocal of the highest serum dilution, at
which the optical density was 2 times higher than that for the control group.

2.10. T-Cell Proliferation and ELISpot Assays

T-cell proliferation was assessed by the incorporation of [3H]-thymidine into the DNA of dividing
cells. The spleens of 10 mice of each group were pooled, a suspension of splenocytes was seeded
in U-bottomed 96-well microculture plates at a density of 5 × 105 cells/well, and specific stimulants
(pools of the recombinant HCV NS3, NS4, NS5A, and NS5B proteins at a final concentration of
1 μg/mL) were added. As negative controls, we used medium alone (spontaneous proliferation) and
recombinant HCV core protein. Mitogen concanavalin A (ConA, 5 μg/mL, Sigma, USA) was used
as an unspecific positive control. All samples were set in at least three replicates. The cells were
cultured in a RPMI-1640 medium containing 20% FCS (Invitrogen, USA), 4.5 mg/mL glucose, 2 mM
glutamine, 0.2 u/mL insulin, and 50 μg/mL gentamicin at 37 ◦C in a 5% CO2 atmosphere. Four days
later, aliquots of cell culture fluids were withdrawn and frozen at −20 ◦C. The remaining cells were
labeled with 1 μCi/well [3H]-thymidine (TdR, Amersham-Pharmacia-Biotech) and 18 h later harvested
onto the glass-fiber filters. The radioactivity was measured using a MicroBeta2 β-counter (PerkinElmer,
Waltham, MA, USA). Results were expressed as stimulation indexes (SI), determined by dividing the
mean radioactive 3H incorporation as counts per minute (c.p.m.) in the presence of antigens by means
of 3H incorporation in the wells containing medium alone and control antigen.

The number of IFN-γ synthesizing cells was determined using the ELISPOT mouse IFN-γ Kit
(BD Biosciences, San Jose, CA, USA) according to the manufacturer’s instructions. The results were
expressed as the number of spot forming cells (SFC) per 106 cells.

2.11. Detection of Cytokines in Cell Culture Fluids by Sandwich ELISA

Measurement of cytokine levels (IFN-γ, TNF-α, IL-2, IL-6, IL-10, IL-12) was performed by ELISA in
conditioned medium from selection of the MSC cells transfected with pcNS3-NS5B. The concentration
of IFN-γ was also determined in medium from the splenocytes stimulated for four days. We used
the Mouse IL-6 ELISA development kit (HRP), Mouse IFN-γ ELISA development kit (HRP), Mouse
TNF-α ELISA development kit (HRP) (Mabtech, Stockholm, Sweden), Mouse IL-10 DuoSet ELISA, and
Mouse IL-12 p70 Duoset ELISA (R&D Systems, Minneapolis, MN, USA). The detection sensitivity for
IL-6 was 10 pg/mL, for IFN-γ and TNF-α—2 pg/mL, for IL-2—4 pg/mL, for IL-10 and IL-12—30 pg/mL.
The concentrations of cytokines were determined from the calibration curves of standard samples.

2.12. Flow Cytometry

For immunophenotyping of MSCs, adhesive cells of the 2nd-3rd passages were collected
using Accutase (CLS, Eppelheim, Germany), washed twice in ice-cold PBS, and separately stained
(106 cells/sample) with primary phycoerythrin (PE)-labeled antibodies against CD73, CD90.1, and CD105
(BD Biosciences, USA) for 45 min, or unlabeled rat antibodies against CD45 and CD34 for 45 min and
secondary Rabbit Anti-Rat-FITC conjugate (Abcam, Cambridge, UK) for 30 min at room temperature.

Analysis of dendritic (DC) and myeloid derived suppressor cells (MDSCs) was performed by
multicolor flow cytometry. The suspensions of splenocytes from 10 immunized mice of each group
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(106 cells/sample) were incubated with PE-labeled antibodies against CD11c, FITC-labeled antibodies
against Gr-1 (Ly-6G and Ly-6C), and allophycocyanin (APC)-labeled antibodies against CD11b (BD
Biosciences, USA). Antibodies to the corresponding isotype controls were included in all experiments.
The absolute and relative number of cells carrying the markers was assessed by FACS on a flow
cytometer BD FACSCanto II (Beckton Dickinson, Franklin Lakes, NJ, USA) using free software BD
FACSDiva, v.6.1.3 (BD Biosciences, San Jose, CA, USA).

2.13. Determination of Type I IFNs (IFN-α/β) Production by Immune Cells

Quantification of IFN-α/β was carried out by a biological method in accordance with techniques
based on the antiviral effect of interferons [40,41]. Briefly, mice splenocytes and peripheral blood
leukocytes from 10 immunized mice of each group were stimulated in vitro by Newcastle disease virus
(a standard IFN-α/β inducer) [42,43]. After virus inactivation, serial dilutions of the culture fluids were
added to mouse fibroblast L-929 cell culture and 24 h later infected with encephalomyocarditis virus
(EMCV). IFN-α/β activity was estimated as the highest reciprocal dilution that caused a 50% decrease
in the cytopathogenic effect of 100 tissue culture infectious doses (TCID5O) per ml, and was expressed
in international units per ml (IU/mL) using WHO International Standard Interferon alpha-2b (NIBSC
cat. #95/566: https://nibsc.org/products/brm_product_catalogue/who_standards.aspx).

2.14. Phagocytic Activity

Phagocytic activity was determined by quantification of reactive oxygen species (ROS) production
by the luminol-dependent chemiluminescence (CL) method. As a CL activator, we used opsonized
zymosan, as described previously [44]. For analysis, we used a suspension of mice splenocytes and
peripheral blood leukocytes from 10 immunized mice of each group. Spontaneous and induced CL
were measured on a Synergy H1 hybrid multifunction photometer (BioTek, USA). As a quantitative
indicator of the level of ROS production, we used an activation index (AI) – the ratio of the intensity of
induced CL to the intensity of spontaneous CL.

2.15. Statistical Analysis

Statistical analysis was performed with Statistica 6 software (StatSoft Inc., Tulsa, OK, USA). Prism
5 software (GraphPad5, SanDiego, USA) was used to create graphs. Data was presented as means ± SD
(standard deviation) of three independent experiments and analyzed by two-tailed Student t-test or
one-way analysis of variance (ANOVA), followed by Tukey tests for multiple comparisons, when
appropriate (p < 0.05 was considered as statistically significant).

3. Results

3.1. Cells Isolated From the Bone Marrow of Mice Display Features of Mesenchymal Stem Cells

MSCs isolated from the bone marrow of mice were characterized by adhesiveness and morphology.
Light microscopy showed that MSCs were attached to the surface of culture flasks and were polymorphic
cells with a fibroblast-like morphology. Cells actively proliferated and formed a monolayer (Figure 1a).

Phenotyping of MSCs of two to three passages by flow cytometry showed that most of them
(83–96%) expressed CD73, CD90.1, and CD105 receptors that are markers of MSCs (Figure 1b, upper
panel). At the same time, no expression was detected for hematopoietic cell markers CD45 and CD34
(Figure 1b, lower panel).

Analysis of the adipogenic potency of the obtained MSCs revealed that, at the end of 20 days
of cultivation, single adipocytes were present in the control culture (Figure 1c, upper left panel);
adipocytes located either individually or in small, usually loose groups of 5–10 cells were detected in
the induced culture (Figure 1c, middle and upper right panel). Adipocytes differed in morphology and
were at different stages of fat droplet accumulation: both mature oval or round adipocytes containing
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many large lipid vacuoles were found, as well as fibroblast-like cells, in which fat inclusions were
smaller and occupied only part of the cytoplasm.

 

Figure 1. Characterization of mesenchymal stem cells (MSC) isolated from the bone marrow of mice.
(a) The morphology of MSC isolated from the red bone marrow of mice is polymorphic cells that
exhibit a fibroblast-like shape. The cells were seeded on culture flasks, and, after staining the nuclei
with hematoxylin, they were visualized by light microscopy, scale bar, 100 μM (left), and 25 μM (right).
(b) These are typical results of MSCs receptor analysis by flow cytometry. For immunophenotyping of
MSCs, adhesive cells of the second and third passages were stained with phycoerythrin (PE)-labeled
antibodies against CD73, CD90.1, CD105, or PE-labeled antibodies of the corresponding isotype
controls, and unlabeled rat antibodies against CD45 or CD34 followed by rabbit antirat fluoresceine
isothiocyanate (FITC) conjugate. The isolated MSCs expressed CD105, CD73, and CD90 (upper panel),
but did not express CD45 and CD34 (lower panel). (c) The adipogenic (upper panel) and osteogenic
(lower panel) differentiation of MSC isolated from the bone marrow of mice. MSCs were grown into an
adipogenic or osteogenic medium; the medium was changed twice a week for 20 days (adipogenesis) or
21 days (osteogenesis). Then, MSCs were stained to detect neutral fat inclusions or alkaline phosphatase
activity, respectively. Single adipocytes (upper left panel) and osteocytes (lower left panel) were present
in the control cultures; arrows indicate spontaneous differentiation, scale bar, 100 μM; induced cultures
MSC, arrows indicate fat cells (middle and upper right panel) and osteocytes (middle and lower right
panel), (scale bar, 25 μM, and 10 μM, respectively).
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A study of the osteogenic differentiation of MSCs showed that, after 21 days of cultivation, the
cells in the control culture formed a confluent monolayer of uneven density with cells of fibroblast-like
morphology. The cytochemical reaction to alkaline phosphatase, a marker of osteogenic cells, identified
just a few cells containing this enzyme in the control culture (Figure 1c, lower left panel). In contrast,
in the induced culture, most cells that contained alkaline phosphatase significantly exceeded those
in the control culture (85±13 vs. 9±8, respectively, p<0.001). Cells with the positive reaction had a
fibroblast-like shape and formed clusters of various size and density, in many cases closely contacting
each other. The reaction intensity varied in different cells and often was very high (Figure 1c, middle
and lower right panel), thus showing that the cells underwent osteogenic differentiation. Therefore,
MSCs isolated from mouse bone marrow exhibited moderate capability to differentiate into mature
multilocular adipocytes. They also could pass initial stages of osteogenic differentiation. It can be
concluded that the isolated and multiplied cells corresponded to the generally accepted minimal
characteristics of MSCs [45].

3.2. Modified MSCs Express Genes of Hepatitis C Virus

MSCs were transfected with the pcNS3-NS5B plasmid and the expression of viral genes was
analyzed by immunocytochemical methods. Transfection efficiency was 55% on average. Figure 2a,d
show typical staining of the transfected cells with monoclonal antibody against NS5A protein;
expression of the other target HCV proteins was also demonstrated (Figure S1). The cell lines,
obtained by selection of the transfected cells in the presence of G-418 for two weeks, also demonstrated
expression of the HCV proteins (Figure 2b,e), in contrast to the non-transfected MSC (Figure 2c,f).
Finally, expression of the HCV proteins was also confirmed by western blotting (Figure S2).

Figure 2. Immunocytochemical staining of hepatitis C virus (HCV) NS5A in MSCs transfected with
pcNS3-NS5B. Primary MSC cultures at third-fourth passages were transfected with the pcNS3-NS5B
plasmid and later selected with G-418. The cells were stained with monoclonal antibody against
HCV NS5A using immunoperoxidase (top panel) and immunofluorescence (bottom panel) methods.
NS5A is located in cytoplasm (brown or green, respectively); nuclei were stained with hematoxylin
or 4′,6-diamidino-2-phenylindole (DAPI), respectively (blue). (a,d) 72 h post-transfection; (b,e) two
weeks post-transfection and selection; (c,f) non-transfected MSC (scale bar, 25 μM).
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3.3. Dynamics of Cytokine Production in Transfected MSCs

Next, we measured levels of cytokines IL-2, IL-6, IL-10, IL-12, IFN-γ, and TNF-α secreted by
MSCs in vitro after transfection of cells with pcNS3-NS5B and sequential selection using G-418.
The nontransfected MSCs secreted three cytokines: IFN-γ, IL-2, and IL-6, whereas the other cytokines
were not detected in the conditioned medium. The concentration of IFN-γ increased up to the third
day post-transfection, and then gradually decreased until the limit of detection at day 15 (end of cell
selection) (Figure 3a). Different kinetics was observed in the case of IL-2: after an initial decrease in
its level at day 3, its levels were increased at days 6–9 with a second decrease afterwards (Figure 3b).
On the contrary, secretion of IL-6 was significantly increased during the entire observation period and
exceeded by eightfold at day 15th the levels in the case of the untransfected MSCs (Figure 3c).

Figure 3. Levels of cytokines secreted by MSC in vitro after transfection with pcNS3-NS5B. The MSCs
were transfected with pcNS3-NS5B, selected with G-418 for two weeks with changing medium every
three days, and cytokine levels were quantified in a conditioned medium. The concentrations of IFN-γ
(a), IL-2 (b), and IL-6 (c) are expressed in pg/ml. Values on each diagram are means ± SD of four
measurements done in three independent experiments, * p < 0.05 compared to the non-transfected MSC
(gray bars).

3.4. Immune Response to Administration of Modified MSCs to Mice Exceeds Immune Response to Plasmid

Our next goal was to evaluate the immune response in mice immunized with the mMSC.
Comparative analysis of the humoral immune response in mice showed that mMSC (group 1) induced
the formation of antibodies to all viral proteins encoded by the plasmid. Levels of antibodies to NS3,
NS4, and NS5A were on average 40-fold higher than in group 3 (immunized with the pNS3-NS5B

187



Vaccines 2020, 8, 62

plasmid) (Table 1). In contrast, levels of antibodies to NS5B were higher in mice immunized with the
plasmid than with mMSC (Table 1). The distribution of antibody isotypes for HCV proteins differed
between the groups: in groups 1 and 3, the antibodies belonged mainly to the IgG2a isotype; in group
1, IgG1 antibodies to the NS3 protein were also detected. After introduction of naïve MSCs (group 2),
IgG2a antibodies were not found, while IgG1 antibodies were detected in only four out of ten mice and
were present at a low level. Therefore, differences with the control were not statistically significant.

Table 1. The levels of anti-HCV antibodies in the sera of mice receiving two injections of mMSC, MSC,
or plasmid.

HCV Proteins
Group 1 mMSC Group 2 MSC Group 3 pcNS3-NS5B Group 4 Control

IgG1 IgG2a IgG1 IgG2a IgG1 IgG2a IgG1 IgG2a

NS3
200 ± 34 # 410 ± 27 # 20 ± 14 <10 <10 10 <10 <10

(4/10) (10/10) (2/10) (0/10) (0/10) (0/10) (0/10) (0/10)

NS4
<10 1600 ± 24 # 80 ± 63 <10 90 ± 64 40 ± 12 * <10 <10

(0/10) (10/10) (4/10) (0/10) (2/10) (9/10) (0/10) (0/10)

NS5A
<10 40 ± 7 # 10 ± 15 <10 <10 <10 <10 <10

(0/10) (9/10) (1/10) (0/10) (0/10) (0/10) (0/10) (0/10)

NS5B
<10 80 ± 12 * 60 ± 42 <10 <10 249 ± 61 # <10 <10

(0/10) (10/10) (4/10) (0/10) (0/10) (10/10) (0/10) (0/10)

Four pools of recombinant HCV proteins (described in Materials and Methods) were used as sorbents in ELISA
to evaluate antibody production; IgG1 and IgG2a are antibody isotypes. Values show the geometric mean titer ±
SD of three measurements done from three independent experiments. * p < 0.05 compared to control; # p < 0.05
compared to all groups. Numbers of animals in each group that developed antibodies to the HCV proteins to the
total numbers of animals are given in brackets.

To assess the cellular response of lymphocytes in vitro, we used recombinant proteins from the
HCV non-structural region as specific stimulants. For a negative control, we also assessed the response
to the core protein that was not encoded by the pNS3-NS5B plasmid and in mMSCs. For a positive
control, ConA was used for stimulation.

All tested non-structural HCV proteins stimulated proliferation of splenocytes in groups 1 and 3,
SIs statistically significantly (p < 0.05) differed from SIs in groups 2 and 4 (Figure 4a). In group 1, SIs
exceeded those in group 3 by 2.5–6.1 times, on average by 4.2 ± 1.6 times. The greatest proliferative
response was caused by NS5B, when SI reached 27.

Stimulated lymphocytes secreted IFN-γ (Figure 4b). In group 1, the response was obtained to
all specific antigens; the highest cytokine concentration (over 1.7 ng/mL) was stimulated by NS5B. In
group 3, the production of IFN-γ was induced by all proteins except NS5A; the NS4 protein showed the
highest activity. In groups 1 and 3, the cytokine levels secreted in response to specific antigens varied
in a wide range from 3.5 to 60-fold, being on average 30-fold higher than in the case of groups 2 and 4.

In ELISpot assay, the average number of IFN-γ synthesizing cells in response to four specific
stimulants in groups 1 and 3 was significantly higher than that in the control groups (Figure 4c).
Differences in signal intensity between groups 1 and 3 were 2.6 ± 0.2. The NS5B protein exhibited
higher activity than other virus antigens. It should be noted that group 2, which was administered
to naïve MSCs, demonstrated immune responses to HCV proteins in contrast to group 4, but their
intensity was much lower than in the case of the transfected cells in group 1 (Figure 4b,c).

The ELISpot reaction was also performed with splenocytes from mice that were administered
mMSC treated with IFN-γ. A number of IFN-γ producing cells in this group was 11-fold lower than
those in group 1. It is noteworthy that the number of spots for NS3 was 13.3 ± 7.1%, for NS4—7.1 ±
2.6%, for NS5A—7.6 ± 1.5%, for NS5B—8.9 ± 4.2% of the corresponding values in group 1.
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Figure 4. A comparative analysis of the cellular immune response in mice to HCV proteins in vitro after
immunization with modified MSC, naïve MSC, and plasmid. Four groups (Gr) of mice were injected
twice with mMSC (Gr1), non-transfected MSC (Gr2), plasmid pcNS3-NS5B (Gr3), or saline (Gr4).
To assess the cellular response of lymphocytes in vitro, we used purified recombinant proteins from
the non-structural region of HCV, which were combined into four pools (NS3, NS4, NS5A, and NS5B).
A recombinant HCV core and medium alone were used as negative controls (negative). (a) Results of
T-cell proliferation are expressed as stimulation indexes (SI); the IFN-γ production by splenocytes in
response to HCV antigens was assayed as cytokine concentrations in culture fluids by ELISA, expressed
as pg/ml (b), or as the number of IFN-γ synthesizing cells by ELISpot in the number of spot forming
cells (SFC) per 106 cells (c). Values on each diagram are means ± SD of three measurements done in
three independent experiments. * p < 0.05 compared to control; # p < 0.05 compared to all groups.

Assessment of the results of T-cell proliferation and ELISpot assays showed that mouse groups
1 and 2, which received MSCs, had a higher level of spontaneous cellular response as well as the
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response to ConA, compared to groups 3 and 4 (p < 0.05, Table 2). Differences in IFN-γ production
during ConA stimulation between groups were not statistically significant.

Table 2. Spontaneous and concanavalin A (ConA)-induced cellular response of lymphocytes from
immunized mice in vitro.

Assay Stimulant
Group 1
mMSC

Group 2 MSC
Group 3

pcNS3-NS5B
Group 4
Control

T-cell proliferation (SI) ConA 320 ± 22 311 ± 26 348 ± 79 240 ± 17

T-cell proliferation (c.p.m.) medium 164 ± 46 * 273 ± 84 * 73 ± 15 65 ± 9
ConA 52406 ± 10014 * 84933 ± 15010 * 25432 ± 12031 15602 ± 7025

ELISA, IFN-γ secretion
(pg/mL)

medium 5 ± 2 4 ± 2 4 ± 2 2 ± 2
ConA 1108 ± 242 1336 ± 380 954 ± 314 902 ± 143

ELISpot, IFN-γ synthesis
(SFC/106 cells)

medium 23.0 ± 3.1* 23.5 ± 3.8* 12.4 ± 2.4 10.6 ± 2.2
ConA 2400 ± 350* 2250 ± 407* 1200 ± 210 750 ± 156

Values are means ± SD of three measurements done in three independent experiments. * p < 0.05 compared to Gr3
and Gr4.

3.5. Decrease in Proportion of Myeloid Derived Suppressor Cells in Spleens of Mice Immunized with MSCs

Using flow cytometry, we compared the number of splenocytes from immunized mice that express
CD11b+Gr-1+markers of MDSCs and do not express CD11c marker of dendritic cells (DC) (Figure 5a).
An almost twofold decrease in the relative content of MDSCs in groups 1 and 2 compared with groups
3 and 4 was found (p = 0.007 and 0.015, respectively) (Figure 5b). The content of CD11c+ dendritic cells
varied from 6.3 to 7.5% and did not differ between groups (results not shown, p > 0.05). The lowest
MDSCs to dendritic cells ratio was observed in the spleens of mice of group 1 (p = 0.003 compare to
control) (Figure 5c).

Figure 5. A comparative analysis of the proportion of myeloid derived suppressor cells in spleens of
immunized mice. Splenocytes from the immunized mice were stained with anti-CD11c, anti-CD11b,
and anti-Gr1 antibodies and analyzed by flow cytometry. Representative dot plots (a) and mean values
(b) of the number of MDSC expressing CD11b and Gr1, and negative for the marker of DC (CD11c) are
shown, in the percentages; (c) the MDSCs to dendritic cells (DC) ratio. Values on each diagram are
means ± SD of three independent analysis, and each of them was performed in triplicate. * p < 0.05
compared to Gr3 and Gr4 (b) or compared to the control Gr4 (c).
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3.6. Changes in Activity of IFN-α/β and in Phagocytic Activity of Immune Cells of Immunized Mice

Next, the biological activity of type I IFNs and the phagocytic activity of leukocytes in groups
of the immunized mice were studied. Activity of type I IFNs was evaluated by measuring relative
production of IFN-α/β in response to stimulation of leukocytes by the Newcastle disease virus. There
was no statistically significant difference in the production of IFN-α/β by peripheral blood cells between
the groups. Mouse splenocytes more actively produced type I IFNs; the highest production was found
in group 1, whereas the smallest was in group 3 (Figure 6a).

Figure 6. The differences in the biological activity of type I IFNs and phagocytic activity of peripheral
blood leukocytes and splenocytes from immunized mice. (a) The activity of type I IFNs was evaluated
by the production of IFN-α/β in response to stimulation of leukocytes by the Newcastle disease virus
in vitro and was expressed in IU/ml; (b) phagocytic activity of immune cells was determined by
luminol-dependent chemiluminescence (CL) and was expressed as activation index—the ratio of the
intensity of induced CL to the intensity of spontaneous CL. The values on each diagram are means ± SD
of six measurements done in three independent experiments. * p < 0.05 compared to control group 4.

Phagocytic activity between the groups was compared by quantification of the production of
reactive oxygen species (ROS), determined by luminol-dependent chemiluminescence (CL). For analysis,
we used a suspension of splenocytes and a leukocyte preparation from heparinized whole blood.
The activation index (AI) was reduced in the blood and in splenocytes of group 3 mice (Figure 6b) due
to an increase in the level of spontaneous CL and a decrease in induced CL. Spontaneous CL shows the
level of ROS production by cells, and an excessive increase in CL could be associated with a hazardous
effect of ROS towards the cells. Induced CL reflects a potential ability of cells to respond to stimuli.
The inability of immune cells to stimulate CL (AI ≤ 1) can point to inhibition of the bactericidal activity
of phagocytes upon immunization with a plasmid. In the remaining experimental groups, the AI
values were >1 and did not differ from the control group.
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4. Discussion

Advances in cell therapy in recent years are associated with the use of the immunosuppressive
properties of MSCs in transplantology, oncology, and some other areas of medicine, although
many issues remain unresolved [46]. Depending on the microenvironment, MSCs can exhibit
both immunosuppressive and immunostimulating properties [47,48]. However, the mechanisms
of stimulation of the immune response by MSCs remain vague and have been studied mostly in vitro
in mixed leukocyte reactions (MLR) [47,49].

To date there are only two papers investigating immune response to MSCs that express viral
proteins. The first one describes the cells that express human immunodeficiency virus (HIV) Gp120 [11].
The second, recently published by Bolhassani et al. (2019) showed immunization of mice by mMSC
that express E7 protein of human papillomavirus (HPV E7 antigen) in a complex with small heat
shock proteins leads to a strong T-cell immune response and to a partial protection of animals against
HPV-induced tumors [50]. Our data present a first evidence that modified MSCs (mMSCs) expressing
HCV proteins affect innate and adaptive immune responses in mice. The experimental data show that
the administration of naïve or modified MSCs to mice increases both spontaneous and ConA-induced
levels of lymphocyte proliferation. Assessment of the proliferative response to mitogens is one of
the most universal tests to assess the lymphocyte function; a weak reaction indicates the failure of
cellular immunity. The functional activity of activated lymphocytes (production of IFN-γ) increased.
The biological activity of IFN-α/β increased, as established in the test with the inhibition of the
cytopathogenic effect of the encephalomyocarditis virus. Type I IFNs are known to play an important
immunoregulatory role in relation to both the innate and adaptive immune responses to viral infections.
For example, IFN-α/β induces the cytotoxicity of NK cells and increases the expression of MHC class I
and co-stimulating molecules on antigen-presenting cells (APCs) [51]. A comparison of the effectiveness
of these parameters of the innate immune response to mMSC with the response to immunization with
a DNA construct shows that in the latter case the immune cells induce IFN-α/β and IFN-γ at a lower
level. When mice were immunized with DNA, the phagocytic activities of monocytes/macrophages,
neutrophils and dendritic cells decreased as well. In contrast, the functions of phagocytic cells during
immunization with MSCs and mMSCs remained at the level of healthy intact mice.

The adaptive immune response to mMSCs was also significantly higher than that to the plasmid.
For instance, mMSC induced a humoral response to all viral proteins expressed in MSCs. Almost all
antibodies to non-structural HCV proteins were of IgG2a isotype. Switching to the synthesis of IgG2a
antibodies is controlled by the Th1 cellular component of the immune response: a correlation between
the level of IgG2a, virus-neutralizing properties, and IFN-γ synthesis has been established [52,53].
The DNA construct also caused the formation of IgG2a antibodies, but their activity was less than
that in response to modified MSCs. The most significant difference in antibody titers (40-fold) was
found in response to HCV NS3 and NS4 proteins. It should be noted that in combination with the gene
adjuvant, pcGM-CSF plasmid, the pcNS3-NS5B construct induced a more active formation of IgG2a
antibodies [30]. The immunomodulatory orientation of MSCs with respect to the B-cell response has
been suggested to depend on the level of stimulation with viral antigens: the weaker the signal, the
greater the stimulating potencies of MSCs [54]. A high level of IL-6 produced by mMSC can stimulate
an active humoral response to HCV: this cytokine has been shown to be necessary for differentiation of
B cells and secretion of immunoglobulins [54,55].

Production of IgG1 antibodies against HCV was detected in groups immunized with the
non-transfected MSCs; however, these antibodies were detected sporadically and with low activity.
This may be caused by a cross-reaction between the recombinant proteins obtained in the bacterial
system and the antibacterial antibodies in the blood sera of mice.

We characterized the cellular response by the proliferation of lymphocytes and their functional
activity—secretion and intracellular content of IFN-γ. These methods are considered as the most
informative by a majority of authors [17]. The cellular immune response to the modified MSC
significantly exceeded the response to the plasmid pcNS3-NS5B in the proliferative response to the
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HCV sequence, as well as in the synthesis and secretion of IFN-γ. Differences in the signal intensity
between groups 1 and 3 were 2.6–4.2 times in T-cell proliferation and ELISpot and up to 30 times in ELISA
when determining the concentrations of produced IFN-γ. All non-structural HCV proteins elicited a
cellular response; the maximum response was observed for NS5B. This protein is an RNA-dependent
RNA polymerase, the key component of HCV replicase. NS5B is a target for direct-acting antivirals
in the treatment of hepatitis C [56]; NS5B has the largest number of conserved T-cell epitopes that
are important for vaccine design and induction of an effective immune response [57]. Thus, when
immunizing with mMSCs, we achieve a functionally active T-cell response to several HCV proteins
simultaneously, including different genotypes. This result is very important as an HCV vaccine should
elicit multiantigenic, multigenotypic responses that should protect against challenge with the range of
genotypes and subtypes circulating in the community [29]. We also hope that usage of more conserved
viral proteins (i.e. nonstructural) will allow induction of a pangenotype response.

One of the mechanisms of the suppressor action of MSCs on the adaptive immune response in
inflammation and cancer is believed to be their inhibition of maturation of antigen-presenting dendritic
cells under the action of various soluble factors - TGF-β, IL-10, NO, and PD-1 [48]. We showed that
when immunizing healthy animals in all experimental groups, the number of dendritic cells did not
change compared to the control.

A very interesting fact is the data that immunization with MSCs and mMSC causes a twofold
decrease in the number of MDSCs, a heterogeneous population of immature myeloid cells with a
powerful suppressor potential. This phenomenon for immunization with MSCs is described for the first
time. The role of MDSCs in viral infections has not been adequately studied [58]. In patients infected
with HCV, an increase in the MDSC population is observed; these cells inhibit the proliferation of CD4+

and CD8+ lymphocytes, NK cells, and IFN-γ production [59,60]. Similar results have been obtained in
the study of cells from patients with HIV and hepatitis B infections [61,62]. Most experimental data show
that the administration of MSCs in oncological and autoimmune diseases results in MDSC accumulation
and immunosuppression mediated by certain chemokines and growth factors [63–65]. On the other
hand, when modeling cancer in mice, a dependence of the immunomodulatory “phenotype” of
MSCs on the injection site was found: the simultaneous injection of MSCs with tumor cells led to
immunosuppression, distal injection led to immunostimulation; the immune response was shown to
correlate with a decrease in the proportion of MDSCs and T-regulatory cells (Treg) [66]. Thus, one of
the mechanisms of stimulation of the innate and adaptive immune response to naïve and modified
MSCs in our experiments may be the suppression of MDSCs.

During inflammation, the immunosuppressive properties of MSCs are manifested: they suppress
both innate and adaptive immunity, weakening the maturation and ability to present antigens by
dendritic cells, inducing the polarization of macrophages in the direction of the alternative phenotype,
inhibiting the activation and proliferation of T and B lymphocytes and reducing the cytotoxicity of
NK cells [48]. We administered MSCs to healthy mice. On the one hand, the biological properties of
MSCs depend on the microenvironment; on the other hand, the immunomodulating effect of MSCs
themselves is mediated by the secretion of various soluble factors. We compared the production of
several cytokines by naïve and modified MSCs in vitro. It turned out that the expression of HCV
proteins influenced the production of at least three pro-inflammatory cytokines - IFN-γ, IL-2, and IL-6.
For example, after two weeks of cultivation of transfected cultures of MSCs in the presence of G-418,
the concentrations of secreted cytokines IFN-γ and IL-2 decreased by 2–3.5 times, and that of IL-6
increased by eight times compared with MSCs. These stably transfected cells were injected into mice.
Interestingly, the accumulation of IL-6 leads to the activation of the pro-inflammatory phenotype of
the MSC population—MSC-1 [47] and promotes the formation of Th17 cells that activate the immune
response [67]. Most likely, fluctuations in cytokine production are associated with the action of viral
proteins on cell metabolism but not with changes in MSCs epigenetics because mesenchymal cells have
been shown to maintain the genetic stability for at least seven to nine passages [68]. The spectrum of
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cytokines that are produced by cells transfected with HCV genes has been previously found to change
with time, depending on the type of cells and specific viral proteins [69–71].

The data on the effect of exogenous IFN-γ on MSCs are contradictory. Several authors have noted
an increase in the antigen-presenting properties of MSCs as a result of IFN-γ pretreatment [72]. Other
studies have shown that the “priming” of MSCs in vitro with IFN-γ, TNF-α, or IL-1β leads to the
formation of the immunosuppressive phenotype MSC-2 [47,73,74]. Our results showed, for the first
time, that after administration in mice, modified MSCs treated with IFN-γ cause a pronounced (tenfold)
decrease in the cellular response. This means that an excessive concentration of pro-inflammatory
cytokines does not stimulate, but instead inhibits the immune response to antigens presented by MSCs.

The major technique that is recommended for evaluation of T-cell response to novel HCV vaccines is
quantification of IFN-γ production by ELISpot assay that shows activity of antiviral response [19,75,76].
Though we have not shown protection against HCV infection using mMSCs, such experiments could be
performed in future using the respective models. So, we consider our results as a basis for subsequent
preclinical (and clinical) studies of protective effect of mMSCs in future. Human mMSCs that express
non-structural HCV proteins could be evaluated as a prophylactic vaccine that triggers a strong T-cell
response. A growing trend in human MSC clinical trials is the use of allogenic and culture-expanded
cells [1]. Application of mMSC to chronic hepatitis C patients may enhance therapeutic response
to direct acting antivirals (DAA) via enhanced T-cell immune response that can clear the infected
cells. Studies of a combined usage of various candidate HCV vaccines and antiviral agents including
DAA are one of the current trends in the field (as can be exemplified by [77,78]. Despite the fact that
the results do not always show enhanced clearance of the infection, this approach is still considered
promising [19,79,80].

5. Conclusions

Thus, for the first time, we demonstrated the feasibility of using modified MSCs expressing
non-structural HCV proteins as a platform for creating an effective vaccine against hepatitis C.
The mMSC induced a higher innate and adaptive immune response than DNA immunization with the
same plasmid. The immunostimulating phenotype of these cells is associated with a high level of IL-6
secretion and a reduction in the proportion of myeloid-derived suppressor cells.
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