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Abstract: Development of a vaccine against HIV remains a major target goal in the field. The recent
success of mRNA vaccines against the coronavirus SARS-CoV-2 is pointing out a new era of vac-
cine designs against pathogens. Here, we have generated two types of mRNA vaccine candidates
against HIV-1; one based on unmodified vectors and the other on 1-methyl-3’-pseudouridylyl
modified vectors expressing a T cell multiepitopic construct including protective conserved
epitopes from HIV-1 Gag, Pol and Nef proteins (referred to as RNA-TMEP and RNA-TMEPmod,
respectively) and defined their biological and immunological properties in cultured cells and in
mice. In cultured cells, both mRNA vectors expressed the corresponding protein, with higher
levels observed in the unmodified mRNA, leading to activated macrophages with differential
induction of innate immune molecules. In mice, intranodal administration of the mRNAs induced
the activation of specific T cell (CD4 and CD8) responses, and the levels were markedly enhanced
after a booster immunization with the poxvirus vector MVA-TMEP expressing the same antigen.
This immune activation was maintained even three months later. These findings revealed a potent
combined immunization regimen able to enhance the HIV-1-specific immune responses induced
by an mRNA vaccine that might be applicable to human vaccination programs with mRNA and
MVA vectors.

Keywords: HIV-1 mRNA vaccines; multiepitopic protein; intranodal delivery; T cells; poxvirus
MVA vector; mice; combined vaccines; prime/boost; immune responses

1. Introduction

The human immunodeficiency virus (HIV), identified almost 40 years ago as the
causative agent of acquired immunodeficiency syndrome (AIDS), continues to be lethal
to humanity, accumulating more than 32 million deaths worldwide. Statistics reported
by the World Health Organization (WHO) estimate that a total of 38 million people live
with the infection worldwide. The introduction of antiretroviral therapy (ART) in the last
century transformed the HIV infection from a death sentence to a manageable chronic
disease. Globally there has been a reduction in morbidity and mortality related to HIV
and currently a total of 25.4 million people have access to treatment, representing 67% of
those infected. However, despite these great advances, about one million people die of
HIV-related diseases and 1.7 million new infections occur worldwide each year
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(www.unaids.org, accessed on 1 August 2021).

Vaccines are one of the most cost-effective medical treatments in modern civiliza-
tion, but the development of an effective vaccine against HIV/AIDS has proven to be one
of the greatest complex scientific challenges. Seven HIV-1 vaccine efficacy trials have
been completed, targeting both humoral and cellular immunity through distinct ap-
proaches. However, six of them failed and showed no protection. The only phase III
clinical trial that has shown any degree of efficacy against HIV-1 infection was the RV144
trial, conducted in Thailand using more than 16,000 healthy heterosexual volunteers with
moderate risk of HIV infection [1]. The results of this clinical trial revealed that the com-
bination of a recombinant poxvirus based on the ALVAC strain with the monomeric
HIV-1 Env protein using the “prime/boost” strategy provided 31.2% efficacy in pre-
venting HIV-1 infection over the course of 42 months despite the absence of neutralizing
antibodies (NADbs). For the first time, this trial provided evidence that an HIV/AIDS vac-
cine can prevent HIV-1 infection and highlighted that a heterologous regimen including
poxvirus vectors should be considered in future HIV/AIDS vaccine strategies. Unfortu-
nately, the phase III study, named HVTN 702, that used the same RV144 vaccine regimen
adapted to the HIV-1 subtype clade C, which is the most common in Southern Africa,
was ineffective in preventing HIV-1 infection and hence discontinued in early February
2020 (www.niaid.nih.gov, accessed on 1 August 2021). It is unclear whether this failure is
related to the ethnic groups or to other factors. With this scenery, it is imperative to
identify new target antigens and immunization strategies that are able to confer protec-
tion against infection to ensure “next-generation” vaccines.

As in natural infection, the immune responses elicited by vaccine candidates ex-
pressing full or near full-length HIV-1 natural proteins are biased towards non-beneficial
targets masking the immune responses to the protective conserved ones. For this reason,
epitope-based vaccines have emerged as an improved strategy to focus the immune re-
sponses towards selected epitopes. We have previously described the design and im-
munogenicity profile in the mouse model of a T cell HIV-1 immunogen containing dif-
ferent domains of HIV-1 Gag, Pol and Nef proteins, termed TMEP (T cell multiepitopic
peptide) when expressed by DNA or MVA vectors [2,3]. Since mRNA vaccines represent
a promising alternative to conventional vaccine approaches due to their high potency,
rapid development, potential for low-cost manufacture and safe administration [4], here
we evaluated in vitro and in vivo the potential of unmodified and modified mRNA vectors
expressing the TMEP multiepitopic protein when used alone, or in prime/boost combi-
nation with an MVA vector expressing TMEP, to induce HIV-1-specific immune re-
sponses. Our findings highlight the benefits of priming with an mRNA vaccine followed
by an MVA vector expressing the same antigen as a regimen to enhance the immune re-
sponses to HIV-1, a strategy that could be applied to other mRNA vaccines.

2. Materials and Methods
2.1. Cells and Viruses

The highly transfectable 293T cell line, derived from human epithelial embryonic
kidney 293 cells containing the SV40 T-antigen, was grown in Dulbecco’s Modified Ea-
gle’s Medium (DMEM) supplemented with 2 mM L-glutamine (Merck, Kenilworth, NJ,
USA), 100 U/mL penicillin/100 pg/mL streptomycin (Sigma-Aldrich, St. Louis, MO,
USA), 0.1 mM non-essential amino acids (Sigma-Aldrich), 0.5 pug/mL amphotericin B
(fungizone; Gibco-Life Technologies, Waltham, MA, USA) and 10% heat-inactivated fetal
calf serum (FCS; Sigma-Aldrich). The human THP-1 monocyte cell line was grown in
Roswell Park Memorial Institute-1640 medium (RPMI-1640; Sigma-Aldrich) supple-
mented as above. THP-1 cells were differentiated into macrophages by incubation with
150 nM phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich) for 48 h. Cells were
maintained in a humidified air 5% CO: atmosphere at 37 °C.
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The viruses used in this work included: the attenuated wild-type modified vaccinia
virus Ankara (MVA-WT) obtained from the Ankara strain after 586 serial passages in
CEF cells (provided by G. Sutter, Ludwig-Maximilians-University of Munich, Munich,
Germany) and MVA-TMEP-B (shortly MVA-TMEP) in which the TMEP-B gene was in-
serted into the viral TK locus of the parental MVA-WT virus and previously described

3.

2.2. Blood Samples

Peripheral blood mononuclear cells (PBMCs) from healthy donors (HD) were iso-
lated by Ficoll-Paque density-gradient centrifugation at 2,000 rpm for 20 min at room
temperature. The PBMCs collected were washed twice with phosphate-buffered saline
1X (PBS 1X) + 10% fetal bovine serum (FBS; Biowest, Riverside, MO, USA), counted for
viability using trypan blue exclusion dye and used to obtain monocyte-derived dendritic
cells (MDDCs).

2.3. Generation of MDDCs from HD

After isolation, PBMCs were immediately cultured in a T75 flask for 2h at 37 °Cin a
humidified air 5% CO: atmosphere at a concentration of 3—4 x 106 cells/mL in X-VIVO 15
media (Lonza, Basel, Switzerland), supplemented with 1% human AB serum (Sig-
ma-Aldrich), 50 ug/mL gentamicin (B/Braun Medical, Melsungen, Germany) and 2.5
ug/mL amphotericin B (fungizone; Bristol-MyersSquibb, Rueil-Malmaison, France). After
2 h of incubation, monocytes were observed as adherent cells and nonadherent cells were
removed by three washes with PBS 1X. Subsequently, 1,000 U/mL each of human re-
combinant IL-4 and GM-CSF (both from ProSpec, Rehovot, Israel) were added to mono-
cytes (days 0 and 2) and after 5 days the immature MDDCs were obtained and washed
with cold PBS 1X.

2.4. DNA and mRNA Vectors

DNA plasmids used in this work as priming agents for in vivo assays included
pcDNA3.0 (shortly DNA-¢; Invitrogen, Carlsbad, CA, USA) and pcDNA-TMEP-B
(shortly DNA-TMEP) previously described [2]. mRNA vectors used as priming agents
included mRNA-TMEP and mRNA-TMEPmod (shortly RNA-TMEP and
RNA-TMEPmod). Production of modified and unmodified TMEP mRNAs was carried
out from the plasmid containing the TMEP multiepitope under the control of the T7
polymerase by a service contract with the company Trilink BioTechnologies, Inc. (San
Diego, CA, USA).

2.5. TMEP Expression after mRNA Transfection of 293T, THP-1 and MDDCs by Flow
Cytometry and Western Blotting

The expression of TMEP protein was determined by flow cytometry and western
blotting, using a specific antibody against the FLAG tag located at the C-terminus of the
TMEP sequence. For flow cytometry analysis, 1 x 106 293T cells were DN A-transfected (5
rg DNA-¢ or DNA-TMEP) or mRNA-transfected (5 pig RNA-TMEP or RNA-TMEPmod)
using Lipofectamine-2000 (Invitrogen) according to the manufacturer’s instructions. At 3,
6 and 16 h post-transfection, 2.5 x 105 cells were collected for western blotting analysis
(see below) and the rest of the transfected cells were harvested and filtered through a cell
strainer using PBS 1X (Ca/Mg") to rinse the well, washed once with PBS 1X (Ca-/Mg"),
resuspended in flow cytometry staining buffer (FACS buffer: PBS 1X (Ca/Mg")-2 mM
EDTA-1% bovine serum albumin (BSA)) and seeded in a 96-well plate (200 uL/well).
After centrifugation (5 min at 1,500 rpm) and supernatant discard, cells were stained with
the live/dead fixable red dye (1:200; Invitrogen) for 30 min at 4 °C in the dark, washed
twice with FACS buffer and fixed/permeabilized with BD Cytofix/Cytoperm (BD Bio-
sciences, San Jose, CA, USA) for 20 min at 4 °C. The cells were then centrifuged for 5 min
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at 1,500 rpm, washed twice with PermWash (PW) 1X buffer (diluted in FACS buffer; BD
Biosciences) and blocked with PBS 1X-3% BSA for 30 min at 4 °C. Next, the cells were
incubated with 5 pg/mL of the monoclonal antibody anti-FLAG M2 (Sigma-Aldrich) in 50
uL PW 1X for 30 min at 4 °C in the dark. The cells were then washed twice with PW 1X
and secondary anti-mouse IgG (H + L)-PE antibody (1:100; Beckman Coulter, Brea, CA,
USA) in 50 pL PW 1X was added to the cells. After 30 min of incubation at 4 °C in the
dark, the cells were washed twice with PW 1X, resuspended in FACS buffer and acquired
in a FC500 1 Laser flow cytometer (Beckman Coulter) and data analyses were carried out
using FlowJo software (Version 10.4.2; Tree Star, Ashland, OR, USA). Geometric mean
fluorescence intensity (gMFI) values on the “live cells” gate were used to calculate the
TMEP score by applying the formula: No. TMEP+ cells x gMFI/No. live cells.

For western blotting analysis, DNA- or mRNA-transfected 293T cells were har-
vested at 3, 6 and 16 h post-transfection (see above), centrifuged for 5 min at 3,000 rpm,
resuspended in Laemmli buffer with 2-mercaptoethanol (reducing conditions), fraction-
ated by 8% SDS-PAGE and analyzed by western blotting using mouse monoclonal an-
ti-FLAG M2 antibody (1:1,000; Sigma-Aldrich) followed by goat anti-mouse-horseradish
peroxidase (1:2,000; Sigma-Aldrich) to evaluate TMEP expression. The immunocom-
plexes were detected by enhanced chemiluminescence system (ECL; GE Healthcare,
Chicago, IL, USA). The same mRNA transfection assay was performed with human
THP-1 cells at 3, 6 and 24 h post-transfection.

The MDDCs obtained from HD were mock-lipofected or lipofected with 15 ug of
RNA (RNA-TMEP or RNA-TMEPmod) or 15 ug of DNA (DNA-g or DNA-TMEP) using
Lipofectamine-2000 (Invitrogen) according to the manufacturer’s instructions. Lipofected
MDDCs were seeded in a 24-well plate at 5 x 105 cells/well in the presence of 1,000 U/mL
each of rIL-4 and rGM-CSF (both from ProSpec) and 1,000 U/mL of a maturation cytokine
cocktail containing TNF-a, IL-6, IL1-3 and PGE2 (CellGenix GmbH, Freiburg, Germany)
was added. MDDCs were also mock-electroporated (w/o) or electroporated using 10 pg
of RNA-TMEP or RNA-TMEPmod. Before electroporation, MDDCs were washed twice
with Iscove’s Modified Dulbecco’s Medium (IMDM; Gibco, Waltham, MA, USA) without
serum and centrifugated at 2,000 rpm for 5 min. Then, 4 x 106 MDDCs for each electro-
poration condition were resuspended in 400 pL of Ingenio® Electroporation Kits and
Solution (Mirus, Madison, WI, USA) following the manufacturer’s recommendations.
The electroporation settings for both RNAs were the following: voltage of 300V, capaci-
tance of 150 vF and resistance of 800 (2 (rack 0.4 um). After electroporation, the cells were
transferred to fresh RPMI-1640 medium + 10% FBS and incubated for 3 h at 37 °C. After 3
h, MDDCs electroporated were seeded in a 96-well plate for 24 h using X-VIVO 15 media
(Lonza), supplemented with 1% human AB serum (Sigma-Aldrich), 50 pg/mL gentamicin
(B/Braun Medical) and 2.5 pg/mL amphotericin B (fungizone; Bristol-MyersSquibb) and
in the presence of 1,000 U/mL of rIL-4, tGM-CSF and maturation cytokine cocktail
(TNF-a, IL-6, IL1- and PGE2). At 6, 24 and 48 h post-transfection, the cells were col-
lected for flow cytometry analysis to determine FLAG expression as mentioned above
and maturation markers (see below).

Maturation markers on MDDCs such as CD86, CD80 and CD83 were analyzed by
flow cytometry using the following fluorochrome-conjugated antibodies: anti-CD14-APC
(Clone: M5E2) to analyze the percentage of monocyte contamination during the process
of differentiation to MDDCs and CD86-FITC (Clone: 2331), CD80-PE (Clone: L.307) and
CD83-PE (Clone: HB15e) to determine MDDCs maturation level. All antibodies were
purchased from BD Biosciences. Analyses were performed on CD14- gated cells and rel-
evant mouse immunoglobulin isotypes conjugated with PE, FITC or APC were used as
controls for nonspecific binding. The viability of cell populations was assessed using the
Annexin V-PE/7-AAD Apoptosis Kit (Becton Dickinson, Franklin Lakes, NJ, USA). Sam-
ples were acquired using a FACSCanto II (BD Biosciences) and data analyses were car-
ried out using Flow]o software (Version 10.4.2; Tree Star).
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2.6. RNA Analysis by Quantitative Reverse Transcription Real-Time PCR (RT-qPCR)

Total RNA from THP-1-transfected cells was isolated using the RNeasy Kit (Qiagen,
Hilden, Germany). Reverse transcription using up to 1,000 ng of RNA was performed
with the QuantiTect reverse transcription kit (Qiagen), according to the manufacturer’s
recommendations. JPCR was performed with a 7500 Real-Time PCR system (Applied
Biosystems, Foster City, CA, USA) using Power SYBR green PCR Master Mix (Applied
Biosystems). mRNA expression levels of RANTES, IFIT1, IFIT2, IFNf, RIG-I, IL1p3, IL6,
IL10 and IL12 genes were analyzed by real-time PCR with specific oligonucleotides (se-
quences are available upon request). Specific gene expression was expressed relative to
the expression of the cellular hypoxanthine phosphoribosyltransferase (HPRT) gene in
arbitrary units (A.U.) using the 2-AACt method. All samples were tested in triplicate and
two independent experiments were performed.

2.7. Peptides

The HIV-1 clade B consensus peptide pools used in this work included Gag-1 (55
peptides), Gag-2 (50 peptides), GPN-1 (53 peptides), GPN-2 (57 peptides), GPN-3 (56
peptides) and GPN-4 (55 peptides). They were provided by the National Institutes of
Health (NIH) AIDS Research and Reference Reagent Program (Bethesda, MD, USA) and
covered the HIV-1 Gag, Pol and Nef antigens from clade B as consecutive 15-mers over-
lapping by 11 amino acids. The pools that span the different fragments included in the
TMEP construct have been previously described [2]. To analyze the HIV-1-specific cel-
lular immune responses, we combined the different peptide pools as follows: Gag pool
(Gag-1 + Gag-2) and GPN pool (GPN-1 + GPN-2 + GPN-3 + GPN-4). Vaccinia virus
(VACV) E3u0-us peptide (sequence: VGPSNSPTF; CNB-CSIC Proteomics Service, Ma-
drid, Spain), previously described as an immunodominant epitope in BALB/c mice [5],
was used to determine VACV-specific CD8 T cell responses.

2.8. Ethics Statement

Blood was collected at the Banc de Sang i Teixits (BST) of Barcelona from 3 volunteer
blood donors. This study received the approval of the Committee of Ethics and Clinical
Investigation of the Hospital Clinic Universitari (Barcelona, Spain). Heparinized blood
samples were collected after signing a written informed consent approved by the ethical
committee of the relevant institutions.

Animal experimental protocols were approved by the Ethical Committee of Animal
Experimentation (CEEA) of Centro Nacional de Biotecnologia (CNB-CSIC, Madrid,
Spain) according to Spanish National Royal Decree RD 53/2013, Spanish National Law
32/2007 on animal welfare, exploitation, transport and sacrifice and International EU
Guidelines 2010/63/UE on protection of animals used for experimentation and other sci-
entific purposes (permit number PROEX 281/16).

2.9. Mouse Immunization

Female BALB/c mice (6-8 weeks old) were purchased from ENVIGO (Gannat,
France). For the first in vivo study, groups of BALB/c mice (n = 4) received three priming
immunizations at days 0, 7 and 14 with 10 ug RNA-TMEP (groups 1 and 2), 10 ug
DNA-TMEP (group 6) or PBS (groups 3, 4 and 5) into the inguinal lymph node (LN) (10
pL: intranodal route). Ten days later (day 24), animals from groups 1 and 3 were sacri-
ficed and their spleens and inguinal LNs processed for intracellular cytokine staining
(ICS) assay to determine the HIV-1-specific cellular immune responses. The remaining
groups (2, 4, 5 and 6) were immunized one month after the third intranodal immuniza-
tion (day 44) with 1 x 107 pfu of MVA-WT (group 5) or 1 x 107 pfu of MVA-TMEP (groups
2, 4 and 6) (100 uL: intramuscular route). At 10 days post-MVA boost (day 54), the ani-
mals were sacrificed and their spleens and inguinal LNs processed for ICS assay to de-
termine both HIV-1- and VACV-specific cellular immune responses.
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For the second in vivo study, groups of BALB/c mice (n = 4) received three priming
immunizations at days 0, 7 and 14 with 10 ug RNA-TMEP (groups 1 and 2), 10 ug
RNA-TMEPmod (groups 3 and 4) or PBS (groups 5, 6 and 7) into the inguinal LN (10 uL:
intranodal route). Ten days later (day 24), animals from groups 1, 3 and 5 were sacrificed
and their spleens and inguinal LNs processed for ICS assay to determine the
HIV-1-specific cellular immune responses. The remaining groups (2, 4, 6 and 7) were
immunized three and a half months after the third intranodal immunization (day 113)
with 1 x 107 pfu of MVA-WT (group 7) or 1 x 107 pfu of MVA-TMEP (groups 2, 4 and 6)
(100 pL: intramuscular route). At 10 days post-MVA boost (day 123), the animals were
sacrificed and their spleens and inguinal LNs processed for ICS assay to determine both
HIV-1- and VACV-specific cellular immune responses.

2.10. Analysis of the TMEP-Specific CD4 and CD8 T Cell Responses by ICS Assay

To analyze the magnitude and phenotype of the HIV-1- and VACV-specific CD4
and CD8 T cell responses at the different time points analyzed (days 24, 54 and 123), 2 x
10¢ splenocytes or lymphocytes from inguinal LNs (erythrocyte-depleted) were seeded
on 96-well plates and stimulated ex vivo for 6 h in complete RPMI-1640 medium with 10%
FCS, 1 uL/mL Golgiplug (BD Biosciences), anti-CD107a-FITC (BD Biosciences) and 5
ug/mL of the HIV-1 clade B consensus peptide pools or 10 pg/mL of the VACV E3 pep-
tide (E3 peptide was only added for the analysis at days 54 or 123). Non-stimulated
samples (RPMI) were used as control. After stimulation, cells were washed, stained for
surface markers, permeabilized and stained intracellularly. Dead cells were excluded
using the violet LIVE/DEAD stain kit (Invitrogen). For the analysis of CD4 and CDS8 T cell
immune responses, the following fluorochrome-conjugated antibodies were used:
IFN-y-PE-Cy7, IL-2-APC and TNF-a-PE for functional analyses and CD3-PE-CF594,
CD4-APC-Cy7, CD8-V500, CD19-SPRD, Gr-1-SPRD and CD49b-Alexa 700 for phenotypic
analyses. All antibodies were from BD Biosciences. Cells were acquired in a GALLIOS
flow cytometer (Beckman Coulter), and the analysis of the data was performed using
FlowJo software (Version 10.4.2; Tree Star). The number of lymphocyte-gated events
ranged between 105 and 5 x 10°.

2.11. Data Analysis and Statistics

For the analysis of flow cytometry data from 293T and THP-1 transfected cells as
well as for RT-qPCR data, a one way ANOVA test followed by Tukey’s honest significant
difference criterion was performed. Analyses of flow cytometry data from transfected
MDDCs were performed using parametric (Student’s f-test) or nonparametric (Mann-
Whitney or Wilcoxon signed rank test) tests as appropriate. Statistical analysis was per-
formed using GraphPad Software (GraphPad Prism version 5.00; La Jolla, CA, USA). For
the analysis of ICS data, a statistical approach that adjusts the values for the
non-stimulated controls (RPMI) and calculates the confidence intervals and p values was
used [6]. Only antigen responses significantly higher than the corresponding RPMI
samples are represented. All the values indicated are background subtracted.

3. Results

3.1. Differential Expression of Unmodified Versus Modified mRNAs and Comparison with a DNA
Vector in Cultured Cells

The kinetic of expression of TMEP protein from 293T cells transfected with either
DNA-TMEP or RNA-TMEP vectors was determined in permeabilized cells by flow cy-
tometry using a specific antibody against the FLAG tag incorporated at the C-terminus of
the TMEP construct. As shown in Figure 1A, a clear difference in the kinetics of TMEP
expression between DNA- and RNA-transfected cells was observed. In RNA-transfected
cells, TMEP expression was detected as early as 3 h post-transfection, peaking at 6 h and
drastically declining at 16 h while in DNA-transfected cells TMEP protein was first de-
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tected at 6 h post-transfection at very low levels, peaking at 16 h. Earlier detection of
TMEP protein in RNA-transfected cells is due to the mRNA being directly translated
once it reaches the cytoplasm of the target cells whereas DNA has to enter the nucleus to
be transcribed and processed thereafter. Levels of TMEP expression from unmodified
RNA-TMEP-transfected cells were higher than the levels observed in the
RNA-TMEPmod-transfected cells at 3 and 6 h post-transfection (p < 0.001). The above
observations were also confirmed by western blotting analysis (Figure 1B). These results
indicate an efficient expression of TMEP protein from cells transfected with DNA or
mRNA vectors.
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Figure 1. TMEP expression analysis after mRNA transfection of 293T cells by flow cytometry and
western blotting using a specific antibody against the FLAG tag. 293T cells were DNA-transfected
(5 ug DNA-¢ or DNA-TMEP) or RNA-transfected (5 pug RNA-TMEP or RNA-TMEPmod) and at 3,
6 and 16 h post-transfection cells were collected for flow cytometry (A) or western blotting analyses
(B). (A) For flow cytometry, cells were processed as described in Materials and Methods using 5
pg/mL of the monoclonal antibody anti-FLAG M2. Geometric mean fluorescence intensity (gMFI)
values on the “live cells” gate were used to calculate the TMEP score by applying the formula: No.
TMEP* cells x gMFI/No. live cells. *** p < 0.001. (B) For western blotting analysis, DNA- or
RNA-transfected 293T cells were harvested at 3, 6 and 16 h post-transfection, fractionated by 8%
SDS-PAGE and TMEP expression analyzed by western blotting using the mouse monoclonal an-
ti-FLAG M2 antibody.

3.2. Time-Course Expression of TMEP Protein from MDDCs Transfected with RNA (Unmodified
or Modified) or DNA Vectors

To determine TMEP protein expression in MDDCs transfected with RNA or DNA
vectors, MDDCs were transfected with RNA-TMEP, RNA-TMEPmod or DNA-TMEP
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using two different transfection methods, electroporation and lipofection. TMEP expres-
sion at different time-points (6, 24 and 48 h post-transfection) was determined by flow
cytometry using a specific antibody against FLAG tag.

In RNA or DNA-electroporated MDDCs, TMEP expression was detected at 6 h
post-transfection, peaking at 24 h and declining at 48 h with a trend towards higher
protein expression levels in RNA-TMEPmod-electroporated MDDCs than in
RNA-TMEP-electroporated cells (Figure 2A,B). In MDDCs lipofected with RNA vectors,
TMEP expression levels were slightly higher than the levels obtained using electro-
poration, but the kinetic expression profile was similar. However, when TMEP expres-
sion was analyzed in MDDCs lipofected with RNA-TMEPmod, the lowest expression
level was observed at 24 h post-transfection (Figure 2A). For MDDCs lipofected with
DNA-TMEP, the highest TMEP expression level was observed at 48 h post-transfection
(Figure 2A). As expected, protein expression from RNA-TMEP vectors occurred earlier
than that from DNA-TMEP. No statistically significant differences were observed at any
analyzed time point.
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Figure 2. TMEP expression, DC maturation and cell viability analyses after RNA or DNA transfec-
tion of MDDCs from HD by flow cytometry. MDDCs were mock-transfected (w/o) or transfected
with 10 pg (electroporation) or 15 pg (lipofection) of RNA-TMEP, RNA-TMEPmod or DNA-TMEP.
MDDCs lipofected with 15 pg of DNA-g were used as a control. At 6, 24 and 48 h post-transfection,
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cells were collected and processed for flow cytometry analysis as described in Materials and
Methods. (A,B) FLAG expression was analyzed using 5 pg/mL of the monoclonal antibody an-
ti-FLAG M2. (C,D) DC maturation of MDDCs electroporated (C) or lipofected (D) was analyzed
using specific antibodies for CD86, CD80 and CD83 markers. (E) Cell viability of MDDCs was de-
termined using Annexin V-PE/7-AAD.

3.3. Maturation of MDDCs Induced by RNA or DNA Vectors Expressing TMEP Multiepitopic
Protein

We next analyzed the ability of RNA or DNA vectors expressing TMEP multie-
pitopic protein to induce the maturation of MDDCs. For this, the expression of different
maturation markers, such as CD86, CD80 and CD83, was analyzed in MDDCs electro-
porated or lipofected with RNA-TMEP, RNA-TMEPmod or DNA-TMEP at 6, 24 and 48 h
post-transfection by flow cytometry (Figure 2C,D). The highest expression levels were
observed for CD86 marker, and these expression levels were similar between electro-
porated and lipofected MDDCs and using RNA- or DNA-based vectors and were main-
tained at the different analyzed time points (Figure 2C,D). In addition, CD80 and CD83
expression levels were lower than those obtained for CD86 marker regardless of whether
MDDCs had been electroporated or lipofected. When MDDCs were electroporated with
RNA-TMEP or RNA-TMEPmod the expression level of CD80 was slightly higher at 48 h
than at 24 h while CD83 expression levels were similar at both 24 h and 48 h (Figure 2C).
The same results were obtained when MDDCs were lipofected with RNA-TMEP or
RNA-TMEPmod (Figure 2D). In contrast, when MDDCs were lipofected with
DNA-TMEP, CD80 and CD83 expression levels were slightly higher at 24 h than at 48 h
(Figure 2D). Similar results were obtained when negative controls were analyzed. Data
were not statistically significant in any case.

Neither electroporation nor lipofection of MDDCs with RNA or DNA vectors af-
fected cell viability since at all analyzed time points approximately 90-95% of MDDCs
were alive (Figure 2E).

3.4. Expression of Unmodified and Modified RNAs in THP-1 Cells Differentially Affects the
Levels of Proinflammatory Cytokines and Chemokines

We next analyzed the potential effect of the mRNA modification in the context of a
cell line with APC (antigen-presenting cell) features. For this, the kinetics of cell viability
and expression of TMEP protein from THP-1 cells differentiated into macrophages and
transfected with either RNA-TMEP or RNA-TMEPmod vectors were determined by flow
cytometry in permeabilized cells by cell count or using a specific antibody against the
FLAG tag, respectively. As shown in Figure 3A (left panel), there was no difference in cell
viability after transfection with the two mRNAs. TMEP expression level was higher in
unmodified RNA-TMEP-transfected cells than in cells transfected with the modified
RNA version in the three time points analyzed. With both vectors the highest expression
level was observed at 3 h post-transfection, declining thereafter (Figure 3A, right panel).
The same expression pattern and kinetic profiles were confirmed by western blotting
(Figure 3B).
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Figure 3. Effect of RNA-TMEP transfection on human THP-1 cells. (A,B) THP-1 macrophages were
transfected with RNA-TMEP or RNA-TMEPmod and at 3, 6 or 24 h post-transfection TMEP ex-
pression was analyzed by flow cytometry (A) or western blotting (B). In both cases, the detection
was performed using a specific anti-FLAG antibody. Geometric mean fluorescence intensity (gMFI)
values on the “live cells” gate were used to calculate the TMEP score by applying the formula: No.
TMEP* cells x gMFI/No. live cells. ** p < 0.01; *** p < 0.001. (C) Proinflammatory cytokine and
chemokine profile induced at 6 h post-transfection by RT-qPCR in THP-1 cells transfected with
RNA-TMEP, RNA-TMEPmod or RNA-luc (used as control). Results are expressed as the ratio of
the gene of interest to the control previously normalized by HPRT mRNA levels. A.U.: arbitrary
units. * p < 0.05; *** p < 0.001. Means and standard deviations of triplicate samples from one ex-
periment are represented. Data shown are representative of two independent experiments per-
formed.

For the analysis of the proinflammatory profile induced by RNA-TMEP transfection,
human THP-1 macrophages were transfected with RNA-TMEP, RNA-TMEPmod or
RNA-lIuc (used as a negative control). At 3 and 6 h post-transfection, RNA was extracted
and RANTES, IFIT1, IFIT2, IFNB, RIG-I, IL13, IL6, IL10, IL12 and HPRT mRNA expres-
sion levels were analyzed by RT-qPCR. As shown in Figure 3C, mRNA expression levels
of RANTES, IFIT1, IL1f3, IL10 and IL12 in RNA-TMEP-transfected cells were higher than
the levels observed in RNA-TMEPmod-transfected cells, while the levels of IFIT2, IENJ,
RIG-I and IL6 were increased in RNA-TMEPmod-transfected cells compared to
RNA-TMEP transfection at 6 h. At 3 h post-transfection the results obtained were similar
and luciferase expression was confirmed at both time points (data not shown). The above
observations indicate a differential induction of immunomodulatory molecules by the
two mRNAs. Such induction could play a role in the host innate response.
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3.5. The Cellular Immune Response Induced in Mice by Unmodified RNA-TMEP Is Markedly
Enhanced When Combined with the Poxvirus Vector MVA

Once we verified the correct expression of TMEP protein from DNA and mRNA
vectors in transfected cells, we next defined the immune behavior of the best-in-class
unmodified mRNA in a mouse model and the effect of homologous versus heterologous
prime/boost combinations of vectors. To this aim we characterized in vivo the T cell im-
mune responses induced by intranodal administration of RNA-TMEP alone or in com-
bination with a viral vector MVA-TMEP administered as a booster. For comparative
purposes, we also included in the analysis the heterologous combination of prime/boost
with DNA-TMEP/MVA-TMEP. For this, groups of BALB/c mice were immunized as de-
scribed in the Materials and Methods section. At 10 days post-MVA boost (day 54), the
animals were sacrificed and their spleens and inguinal LNs processed for ICS assay to
determine both HIV-1- and VACV-specific T cell responses (Figure 4A).
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Figure 4. HIV-1- and VACV-specific T cell responses elicited in spleen and inguinal LNs after in-
tranodal RNA-TMEP prime followed by intramuscular MVA-TMEP boost. (A) Immunization
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schedule. (B) Magnitude of the total HIV-1-specific CD4 and CD8 T cell responses measured at 10
days after the third intranodal immunization by ICS assay following stimulation of lymphocytes
from inguinal LNs with HIV-1 clade B consensus peptide pools. Upper panel: The total value in
each group represents the sum of the percentages of CD4*or CD8* T cells secreting IL-2 and/or
IFN-y and/or TNEF-a effector cytokines. Lower panel: The total value in each group represents the
percentages of CD8*T cells expressing CD107a against HIV-1 clade B consensus peptide pools. (C)
Magnitude of the TMEP-specific CD4 and CD8 T cell responses measured after intramuscular
MVA boost by ICS assay following stimulation of splenocytes or lymphocytes from inguinal LNs
with HIV-1 clade B consensus peptide pools. The total value in each group represents the sum of
the percentages of CD4*or CD8*T cells secreting IL-2 and/or IFN-y and/or TNF-a effector cytokines
(upper panels) or the percentages of CD4* or CD8* T cells expressing CD107a (lower panels) against
HIV-1 clade B consensus peptide pools. (D) Magnitude of the VACV E3-specific CD8 T cell re-
sponses measured after intramuscular MVA boost by ICS assay following stimulation of spleno-
cytes or lymphocytes from inguinal LNs with VACV E3 peptide. The total value in each group
represents the sum of the percentages of CD8* T cells secreting IL-2 and/or IFN-y and/or TNF-a
(left panel) or the percentages of CD8* T cells expressing CD107a (right panel) against E3 peptide.
All data are background subtracted. 95% CI is represented. * p < 0.05; ** p < 0.005; *** p < 0.001.

To analyze the HIV-1-specific T cells, splenocytes or lymphocytes from inguinal LNs
were stimulated ex vivo for 6 h with a panel of 326 peptides from HIV-1 clade B consen-
sus, spanning the different Gag, Pol and Nef fragments included in the TMEP construct.
Vector-specific responses after MV A boost were detected using the VACV E3140-148 pep-
tide. After stimulation, cells were incubated with specific antibodies to identify T cell
lineage (CD3, CD4 and CDB8), effector cytokines (IL-2, IFN-y and TNF-a) and degranula-
tion (CD107a) to define responding cells. The HIV-1- or VACV-specific T cell responses
were established by the percentage of T cells with CD4 or CD8 phenotype that produced
IL-2 and/or IEN-y and/or TNF-a or by the percentage of T cells with CD4 or CD8 phe-
notype that expressed CD107a (CD4 or CD8 CTLs).

As shown in Figure 4B after three consecutive intranodal immunizations of
RNA-TMEP, total HIV-1 TMEP-specific (Gag + GPN) CD4 and to a lesser extent CD8 T
cell responses were observed in inguinal LNs (upper panel). Regarding CD107a expres-
sion as an indirect marker of cytotoxic activity (lower panel), intranodal immunizations
of RNA-TMEP also induced TMEP-specific CD8 CTLs in inguinal LNs.

After intramuscular MVA boost (Figure 4C), the HIV-1-specific T cell responses
were potently enhanced and mainly mediated by the CD8 T cell compartment.
DNA-TMEP/MVA-TMEP immunization regimen induced the highest TMEP-specific
CD8 T cell responses (p < 0.001), followed by the heterologous combination
RNA-TMEP/MVA-TMEP both in spleen and inguinal LNs (upper panels). Regarding
CD107a expression (lower panels), TMEP-specific CTL responses were mainly mediated
by the CD8 T cells, with DNA-TMEP/MVA-TMEP and RNA-TMEP/MVA-TMEP im-
munization regimens inducing the highest TMEP-specific CD8 CTL responses in both
organs.

Finally, we also evaluated the vector VACV E3-specific CD8 T cell response elicited
after MVA-WT or MVA-TMEP boost immunization. As shown in Figure 4D, the vector
E3-specific CD8 T cell responses were mainly detected in the spleen from immunized
animals. PBS-primed groups (PBS/MVA-WT and PBS/MVA-TMEP) induced higher lev-
els of E3-specific CD8 T «cells than RNA- or DNA-primed groups
(RNA-TMEP/MVA-TMEP and DNA-TMEP/MVA-TMEP), suggesting an inverse corre-
lation between HIV-1- and VACV-specific T cell responses.
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3.6. Priming with Unmodified RNA-TMEP and Booster with MVA-TMEP Triggered Higher and
Longer-Term CD8* T Cell Responses than the Modified RNA-TMEPmod Vector

Next, we analyzed the potential effect of the introduction of the
1-methyl-3’-pseudouridylyl modification in RNA-TMEP on the immunogenicity elicited
by this vector. For this, groups of BALB/c mice (n = 4) were immunized as described in
the Materials and Methods section. At 10 days post late MVA boost (day 123), the ani-
mals were sacrificed and their spleens and inguinal LNs processed for ICS assay to de-
termine both HIV-1- and VACV-specific T cell responses (Figure 5A). The stimulation of
the cells and the analysis of the HIV-1- or VACV-specific T cells were performed as de-
scribed above.

PRIVE (intranodal) BOOST (intramuscular)
10 pg RNA-TMVEP 1x 107 pfu MVATIVEP
10 g RNA-TMEPmMod 1 x 107 pfu MVAWT
PBS
Sacrifice 1 Sacrifice 2
; | i
T n r r
L + $ +
Days © 7 14 24 113 123
3 x RNA (i.nodal) 3 x RNA (i.nodal) / MVA-TMEP (i.m)
HIV-specific HIV-specific HIV-specific
CD4 T cells CD4 T cells CD8 T cells
g 20 - RNACTHER g 10 w 10 =3 RNA-TMEPMVATMER
4 - 5 g
2 BB RNA-TMEPmod s 5 s = RNA-TMEPmod/MVA-TMEP
[ ) f 8 - PES/VATH
518 g E g i o PES/MVATMEP
H 2 I3 & FPES/MVA-WT
s a 5,
£10 2 ol
g 05 g 08 208
<& 04 - 0.4 T
a Aoz 802
(&3 o o 0.2
# 00 # 00 # 0.0
Spleen  dLN Speen  dLN Spleen  dLN
HIV-specific HIV-specific HIV-specific
CD8-CTLs CD4-CTLs CD8-CTLs
8 8 e 2 RNA-TMEFIMVA-TMER
P 3 RNA-TMEP . = - RNA-TMEPMod/MVA-TMEP
= - 5 6 =]
a6 . RfeTMERmod H & B - PESMVA-TMEP
o - e @ 4 2 =2 PBS/MVA-WT
s g ' i
E i oo i i
2 H 2
3 % ih 8
(= 06 — g
=2 (= 2
8 9 04 _'—‘ =
® ® 2,
0.2
0 0.0 =
Spleen dLn Spleen dLn Spleen dLN
E3-specific E3-specific
CD8 T cells CD8CTLs

-
=
20
s}

20

|
;Jiﬁ )

% CDB T cells secreting CD107a
o

=3 RNA-TMEP/MVA-TMEP
Bl RNA-TMEPmod/MVA-TMEP
@ PES/MVA-TMEP

=3 PES/MVA-WT

Spleen  dlN Spleen  dLM

Figure 5. Effect of the modification of RNA-TMEP vector with 1-methyl-3'-pseudouridylyl
(RNA-TMEPmod) on the T cell response induced in BALB/c mice after intranodal RNA-TMEP or
RNA-TMEPmod prime followed by a late intramuscular MVA-TMEP boost. (A) Immunization
schedule. (B) Magnitude of the total TMEP-specific CD4 T cell responses measured after the third
intranodal immunization by ICS assay following stimulation of splenocytes or lymphocytes from
inguinal LNs with HIV-1 clade B consensus peptide pools. The total value in each group represents
the sum of the percentages of CD4* T cells secreting IL-2 and/or IFN-y and/or TNF-aeffector cyto-



Vaccines 2021, 9, 959

14 of 18

kines (upper panel) or the percentages of CD8" T cells expressing CD107a against HIV-1 clade B
consensus peptide pools (lower panel). (C) Magnitude of the TMEP-specific CD4 and CD8 T cell
responses measured after a late intramuscular MVA boost by ICS assay following stimulation of
splenocytes or lymphocytes from inguinal LNs with HIV-1 clade B consensus peptide pools. The
total value in each group represents the sum of the percentages of CD4*or CD8*T cells secreting
IL-2 and/or IFN-y and/or TNF-aeffector cytokines (upper panels) or the percentages of CD4* or
CD8*T cells expressing CD107a (lower panels) against HIV-1 clade B consensus peptide pools. (D)
Magnitude of the VACV E3-specific CD8 T cell responses measured after intramuscular MVA
boost by ICS assay following stimulation of splenocytes or lymphocytes from inguinal LNs with
VACV E3 peptide. The total value in each group represents the sum of the percentages of CD8*T
cells secreting IL-2 and/or IFN-y and/or TNF-aeffector cytokines (left panel) or the percentages of
CD8* T cells expressing CD107a (right panel) against E3 peptide. All data are background sub-
tracted. 95% Cl is represented. * p < 0.05; *** p <0.001.

As shown in Figure 5B, after three consecutive intranodal immunizations of
RNA-TMEP or RNA-TMEPmod, total HIV-1 TMEP-specific CD4 T cell responses (upper
panel) were observed in spleens from animals immunized with RNA-TMEP or
RNA-TMEPmod, although no differences between both mRNA constructs were detected.
Regarding CD107a expression (lower panel), intranodal immunizations of RNA-TMEP
or RNA-TMEPmod induced TMEP-specific CD8 CTLs in the spleen but again no differ-
ences between the mRNAs were observed.

After a late intramuscular MVA-TMEP boost (Figure 5C), the HIV-1-specific T cell
responses were potently enhanced and, as previously observed, were mainly mediated
by the CD8 T cell compartment. RNA-primed groups (RNA-TMEP/MVA-TMEP and
RNA-TMEPmod/MVA-TMEP) were the only groups that induced TMEP-specific CD8 T
cells both in spleen and inguinal LNs (upper panels). The RNA-TMEP-primed group
elicited higher CD8&* T cells than the RNA-TMEPmod-primed group (p <0.001). Regard-
ing CD107a expression (lower panels), TMEP-specific CD4 and CD8 CTLs were detected
both in spleens and inguinal LNs, with RNA-TMEP/MVA-TMEP immunization regimen
inducing the highest TMEP-specific CD8 CTL responses in both organs, suggesting that
the modification introduced in RNA-TMEP vector negatively affects its immunogenicity.

Vector VACV E3-specific CD8 T cell responses elicited after MVA-WT or
MVA-TMEP boost were mainly observed in the spleens from immunized animals. As
shown in Figure 5D, the PBS/MVA-WT and RNA-TMEPmod/MVA-TMEP groups in-
duced the highest E3-specific CD8 T cells, suggesting again an inverse correlation be-
tween HIV-1- and VACV-specific T cell immune responses.

4. Discussion

While there has been a major effort in the development of a vaccine against HIV in-
fection, this goal has not been accomplished with success and novel strategies are being
sought. The recent pandemic caused by the coronavirus SARS-CoV-2 is focusing the
vaccine field in the direction of mRNA molecules as the new platform of vaccines against
infectious pathogens. This is indeed supported by the successes of the Pfizer and
Moderna vaccines, both containing mRNA encoding the membrane-bound full-length
stabilized pre-fusion S (spike) protein of SARS-CoV-2 encapsulated in a lipid nanoparti-
cle. Phase III clinical trials with both vaccines have shown efficacies above 90% against
SARS-CoV-2 infection, and currently hundreds of millions of people are being vaccinated
with these mRNA vaccines [7,8].

Undoubtedly, the great success of the mRNA vaccines against SARS-CoV-2 will be
translated into new mRNA vaccines in the HIV field. With this in mind, in this investi-
gation we have generated two types of mRNA vectors expressing a multiepitopic HIV-1
protein specially designed to contain T cell protective conserved epitopes from HIV-1
Gag, Pol and Nef proteins [2]. One of the HIV-1 mRNA vectors was modified by the in-
corporation of 1-methyl-3"-pseudouridylyl in RNA-TMEP and the other was unmodified.
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The nucleoside modification in the mRNA was added to enhance the mRNA stability and
to avoid the innate immune response mounted by the host [9].

We wanted to establish: (i) the potential differences in expression levels and innate
immune responses elicited between both mRNA vectors; (ii) the immunological profile
induced in an animal model after mRNA delivery by the intranodal route; and (iii) the
immunological benefit of the prime/boost administration in mice of the mRNA combined
with the poxvirus vector MV A expressing the same antigen.

We showed that the expression levels of unmodified RNA-TMEP in cultured cells of
different origins are higher than the levels observed with the modified mRNA, with both
vectors triggering distinct innate immune signatures. When administered by the intran-
odal route in mice, the unmodified mRNA activated low levels of HIV-1-specific CD4
and CD8 T cells and this effect was markedly increased when animals received a booster
dose with the MVA-TMEP vector expressing the same multiepitopic protein. The dif-
ferences may be determined by differential stability within the transfected cells of the two
mRNA molecules, probably mediated by the type of innate immune responses induced
by each mRNA.

A head-to-head comparison between both mRNAs revealed higher T cell stimula-
tion after MV A booster with the unmodified mRNA. This enhancement could be related
to the higher uptake levels in cells by unmodified mRNA as well as to the differential
induction of immunomodulatory molecules. In fact, unmodified mRNA triggered higher
levels of RANTES, IFIT1, IL13, IL10 and IL12 than modified mRNA in the macrophage
cell line THP-1, while the modified mRNA enhanced the expression of IFIT2, IFNf3, RIG-I
and IL6 compared to unmodified mRNA. Clearly, the combination of an mRNA and a
MVA vector expressing the same antigen is a powerful approach to enhance the
HIV-1-specfic T cell immune responses. Moreover, the immune enhancement was also
observed after three and a half months of the 3 priming doses, indicating activation of T
cell memory responses.

We have selected the intranodal route for mRNA administration since we wanted to
determine the direct effect of naked mRNA in this highly immune-activating tissue. In
fact, the intranodal route of mRNA administration has been used in patients vaccinated
against tumors with mRNA encoding neoantigens [10-12] and this approach is experi-
encing a major boost as a vaccination regimen. Intranodal delivery of ‘naked” mRNA has
been reported to induce both higher protein expression and protective antigen-specific T
cell responses compared to subcutaneous and intradermal injections [13]. Then, the effi-
cacy of mRNA administered into lymph nodes depends on its uptake and ability to
generate a CTL-inducing milieu. In this sense, our results on human dendritic cells mat-
uration suggested that mRNA administration could enhance the stimulatory capacity of
lymph node-resident dendritic cells, as it was observed in dendritic cell electroporation
and lipofection assays. However, it is not clear whether the intrinsic adjuvant effect of
mRNA is sufficient to fully exploit the immunostimulatory capacity of dendritic cells or
whether additional stimulation signals are required [14]. In the HIV field, previous pub-
lished results have shown that uptake of mRNA encoding strong activation signals and a
potent HIV-1 antigen confers to dendritic cells a T cell stimulatory capacity and enhances
their ability to stimulate antigen-specific immunity both in vitro and in vivo [15]. In this
context, the important biological issue highlighted here is that both naked mRNAs trig-
ger HIV-1-specific immune responses when delivered by the intranodal route.

Recently, the Oxford group presented the findings in mice of a combination of
self-amplifying mRNA vaccines with the AstraZeneca (adenovirus) vaccine, evidencing
that prime/boost combination was a superior protocol for activation of
SARS-CoV-2-specific immune responses than the homologous vectors, in terms of anti-
body levels (total and neutralizing) as well as activation of T cell responses [16]. In fact,
recruitment for phase I/II clinical trials with the AstraZeneca and Pfizer mRNA
SARS-CoV-2 vaccine combination is currently ongoing. Clinical trials with individuals
that received the first dose from AstraZeneca and the second dose of Pfizer mRNA vac-
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cine revealed potentiation of the immune responses, as measured by increased S protein
binding antibodies and enhanced neutralizing antibody levels [17,18]. Thus, heterolo-
gous combinations of vaccines might provide an advantage for vaccination.

In this regard, the first demonstration of the benefit of combined vaccines, and the
order of immunization to enhance immunogenicity and protection against a pathogen,
was shown in the malaria model with the combination of two vectors: influenza and a
poxvirus expressing the malaria CS (circumsporozoite) antigen [19-21].

Overall, our results showed the use of an mRNA vaccine combined with the pox-
virus vector MVA as a promising protocol of vaccination against HIV-1. The combined
vaccination triggered specific immune responses in mice that might be relevant in pro-
tection. This potential benefit should be demonstrated in non-human primates and in
clinical trials. An intranodal phase I/Il therapeutic intervention with mRNAs in
HIV-infected patients as part of a EU-funded HIVACAR program is planned for 2022.

5. Conclusions

We have generated two types of mRNA vectors expressing a multiepitopic HIV-1
protein containing T cell protective conserved epitopes from HIV-1 Gag, Pol and Nef
proteins. One of the HIV-1 mRNA vectors was modified by the incorporation of
1-methyl-3"-pseudouridylyl in RNA (RNA-TMEPmod) and the other was unmodified
(RNA-TMEP). The expression levels of unmodified RNA-TMEP in cultured cells of dif-
ferent origins are higher than the levels observed with the modified mRNA and both
RNA vectors triggered a differential induction of innate immune molecules. When ad-
ministered by the intranodal route in mice, the unmodified mRNA activated low levels of
HIV-1-specific CD4 and CD8 T cells and this activation was potently enhanced after a
booster dose with the MVA-TMEP vector expressing the same multiepitopic antigen.
These results showed the combined use of an mRNA vaccine with the poxvirus vector
MVA as a promising vaccination regimen against HIV-1 that might be applicable to hu-
man vaccination programs.

Author Contributions: C.E.G., M.P,, F.G. and M.E. conceived and designed the experiments;
CEG, B.P,CS-C,LM-V, LU, LM. and L.L. performed the experiments; C.0S85S. and L.L. an-
alyzed the data; C.E.G., B.P.,, M.P. and M.E. wrote the paper. All authors have read and agreed to
the published version of the manuscript.

Funding: This study was partially supported by grants from the Spanish Ministry of Economy
(MINECO) (grants: SAF2015-66193-R, SAF-2017-88089-R, RTI2018-096309-B-100); the Fondo Eu-
ropeo para el Desarrollo Regional (FEDER); the SPANISH AIDS Research Network
RD16/0025/0002 and RD16/0025/0014-ISCIII-FEDER (RIS); the Fondo de Investigacion Sanitaria
(FIS) AC16/00051 and PI18/00699; the Instituto de Salud Carlos III (grants: COV20/00214;
ICI20/00067) and the CERCA Programme/Generalitat de Catalunya SGR 615 and SGR 653. This
manuscript ~ was funded by the European Commission [grant  numbers:
FP7-HEALTH-2013-INNOVATION-1 602570-2, H2020-SC1-2016-2017 (H2020-SC1-2016- RTD)
Proposal: 731626-HIVACAR].

Institutional Review Board Statement: Human blood was collected from 3 volunteer donors. This
study received the approval of the Committee of Ethics and Clinical Investigation of the Hospital
Clinic Universitari (Barcelona, Spain). Animal experimental protocols were approved by the Ethi-
cal Committee of Animal Experimentation (CEEA) of Centro Nacional de Biotecnologia
(CNB-CSIC, Madrid, Spain) according to Spanish National Royal Decree RD 53/2013, Spanish Na-
tional Law 32/2007 on animal welfare, exploitation, transport and sacrifice and International EU
Guidelines 2010/63/UE on protection of animals used for experimentation and other scientific
purposes (permit number PROEX 281/16).

Informed Consent Statement: Written informed consent was obtained from all subjects involved
in the study.

Acknowledgments: We thank Victoria Jiménez for expert technical assistance. We thank the HIV
Reagent Program (HRP) of NIH for peptides and antibodies and Trilink BioTechnologies, Inc. for



Vaccines 2021, 9, 959 17 of 18

mRNA preparations. Lorna Leal acknowledges receipt of a BITRECS fellowship. The “BITRECS”
project has received funding from the European Union’s Horizon 2020 research and innovation
program under the Marie Sktodowska-Curie grant agreement no. 754550 and from the “La Caixa”
Foundation (ID 100010434), under the agreement LCF/PR/GN18/50310006.

Conflicts of interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Rerks-Ngarm, S.; Pitisuttithum, P.; Nitayaphan, S.; Kaewkungwal, J.; Chiu, J.; Paris, R.; Premsri, N.; Namwat, C.; de Souza,
M.; Adams, E.; et al. Vaccination with ALVAC and AIDSVAX to prevent HIV-1 infection in Thailand. N. Engl. J. Med. 2009,
361, 2209-2220, doi:10.1056/NEJM0a0908492.

Perdiguero, B.; Raman, S.C.; Sanchez-Corzo, C.; Sorzano, C.O.S.; Valverde, ].R.; Esteban, M.; Gomez, C.E. Potent
HIV-1-Specific CD8 T Cell Responses Induced in Mice after Priming with a Multiepitopic DNA-TMEP and Boosting with the
HIV Vaccine MVA-B. Viruses 2018, 10, 424, do0i:10.3390/v10080424.

Perdiguero, B.; Sanchez-Corzo, C.; CO, S.S.; Mediavilla, P.; Saiz, L.; Esteban, M.; Gomez, C.E. Induction of Broad and Poly-
functional HIV-1-Specific T Cell Responses by the Multiepitopic Protein TMEP-B Vectored by MV A Virus. Vaccines 2019, 7, 57,
doi:10.3390/vaccines7030057.

Esteban, I.; Pastor-Quinones, C.; Usero, L.; Plana, M.; Garcia, F.; Leal, L. In the Era of mRNA Vaccines, Is There Any Hope for
HIV Functional Cure? Viruses 2021, 13, 501, d0i:10.3390/v13030501.

Tscharke, D.C.; Woo, W.P.; Sakala, I.G.; Sidney, J.; Sette, A.; Moss, D.J.; Bennink, J.R.; Karupiah, G.; Yewdell, ].W. Poxvirus
CD8+ T-cell determinants and cross-reactivity in BALB/c mice. J. Virol. 2006, 80, 6318-6323, doi:10.1128/JV1.00427-06.

Najera, J.L.; Gomez, C.E.; Garcia-Arriaza, J.; Sorzano, C.O.; Esteban, M. Insertion of vaccinia virus C7L host range gene into
NYVAC-B genome potentiates immune responses against HIV-1 antigens. PLoS ONE 2010, 5, 11406,
doi:10.1371/journal.pone.0011406.

Baden, L.R; El Sahly, H.M.; Essink, B.; Kotloff, K.; Frey, S.; Novak, R.; Diemert, D.; Spector, S.A.; Rouphael, N.; Creech, C.B.; et
al. Efficacy and Safety of the mRNA-1273 SARS-CoV-2 Vaccine. N. Engl. | Med. 2021, 384, 403-416,
doi:10.1056/NEJM0a2035389.

Polack, F.P.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, ].L.; Perez Marc, G.; Moreira, E.D.; Zerbini,
C.; et al. Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N. Engl. ]. Med. 2020, 383, 2603-2615,
doi:10.1056/NEJMo0a2034577.

Kariko, K.; Buckstein, M.; Ni, H.; Weissman, D. Suppression of RNA recognition by Toll-like receptors: The impact of nucleo-
side modification and the evolutionary origin of RNA. Immunity 2005, 23, 165-175, doi:10.1016/j.immuni.2005.06.008.

Miao, L., Zhang, Y., Huang, L. mRNA vaccine for cancer immunotherapy. Mol. Cancer 2021, 20, 41,
doi:10.1186/s12943-021-01335-5.

Esprit, A.; de Mey, W.; Bahadur Shahi, R.; Thielemans, K.; Franceschini, L.; Breckpot, K. Neo-Antigen mRNA Vaccines. Vac-
cines 2020, 8, 776, doi:10.3390/vaccines8040776.

Guo, Y.; Lei, K,; Tang, L. Neoantigen Vaccine Delivery for Personalized Anticancer Immunotherapy. Front. Immunol. 2018, 9,
1499, doi:10.3389/fimmu.2018.01499.

Kreiter, S.; Selmi, A.; Diken, M.; Koslowski, M.; Britten, C.M.; Huber, C.; Tureci, O.; Sahin, U. Intranodal vaccination with
naked antigen-encoding RNA elicits potent prophylactic and therapeutic antitumoral immunity. Cancer Res. 2010, 70, 9031-
9040, doi:10.1158/0008-5472.CAN-10-0699.

Palucka, K.; Ueno, H.; Roberts, L.; Fay, ].; Banchereau, J. Dendritic cell subsets as vectors and targets for improved cancer
therapy. Curr. Top. Microbiol. Immunol. 2011, 344, 173-192, d0i:10.1007/82_2010_48.

Guardo, A.C,; Joe, P.T.; Miralles, L.; Bargallo, M.E.; Mothe, B.; Krasniqi, A.; Heirman, C.; Garcia, F.; Thielemans, K.; Brander,
C.; et al. Preclinical evaluation of an mRNA HIV vaccine combining rationally selected antigenic sequences and adjuvant sig-
nals (HTI-TriMix). AIDS 2017, 31, 321-332, d0i:10.1097/QAD.0000000000001276.

Spencer, A.].; McKay, P.F.; Belij-Rammerstorfer, S.; Ulaszewska, M.; Bissett, C.D.; Hu, K.; Samnuan, K; Blakney, A K.; Wright,
D.; Sharpe, H.R;; et al. Heterologous vaccination regimens with self-amplifying RNA and adenoviral COVID vaccines induce
robust immune responses in mice. Nat. Commun. 2021, 12, 2893, d0i:10.1038/s41467-021-23173-1.

Borobia, A.M.; Carcas, A].; Pérez Olmeda, M.T.; Castafio, L.; Jestis Bertran, M.; Garcia-Pérez, J.; Campins, M.; Portolés, A.;
Gonzalez-Perez, M.; Garcia Morales, M.T.; et al. Reactogenicity and Immunogenicity of BNT162b2 in Subjects Having Re-
ceived a First Dose of ChAdOxl1s: Initial Results of a Randomised, Adaptive, Phase 2 Trial (CombiVacS). The Lancet 2021.

Liu, X.; Shaw, R.H.; Stuart, A.S.; Greenland, M.; Dinesh, T.; Provstgaard-Morys, S.; Clutterbuck, E.; Ramasamy, M.N.; Aley,
P.K.; Farooq Mujadidi, Y.; et al. Safety and Immunogenicity Report from the Com-COV Study-a Single-Blind Randomised
Non-Inferiority Trial Comparing Heterologous And Homologous Prime-Boost Schedules with An Adenoviral Vectored and
mRNA COVID-19 Vaccine. The Lancet 2021.

Li, S.; Rodrigues, M.; Rodriguez, D.; Rodriguez, ]J.R.; Esteban, M.; Palese, P.; Nussenzweig, R.S.; Zavala, F. Priming with re-
combinant influenza virus followed by administration of recombinant vaccinia virus induces CD8+ T-cell-mediated protective
immunity against malaria. Proc. Natl. Acad. Sci. USA 1993, 90, 5214-5218, d0i:10.1073/pnas.90.11.5214.



Vaccines 2021, 9, 959 18 of 18

20.

21.

Rodrigues, M.; Li, S.; Murata, K,; Rodriguez, D.; Rodriguez, J.R,; Bacik, I; Bennink, J.R.; Yewdell, ] W.; Garcia-Sastre, A.;
Nussenzweig, R.S.; et al. Influenza and vaccinia viruses expressing malaria CD8+ T and B cell epitopes. Comparison of their
immunogenicity and capacity to induce protective immunity. . Immunol. 1994, 153, 4636-4648.

Miyahira, Y.; Garcia-Sastre, A.; Rodriguez, D.; Rodriguez, J.R.; Murata, K.; Tsuji, M.; Palese, P.; Esteban, M.; Zavala, F.;
Nussenzweig, R.S. Recombinant viruses expressing a human malaria antigen can elicit potentially protective immune CD8+
responses in mice. Proc. Natl. Acad. Sci. USA 1998, 95, 3954-3959, d0i:10.1073/pnas.95.7.3954.



	1. Introduction
	2. Materials and Methods
	2.1. Cells and Viruses
	2.2. Blood Samples
	2.3. Generation of MDDCs from HD
	2.4. DNA and mRNA Vectors
	2.5. TMEP Expression after mRNA Transfection of 293T, THP-1 and MDDCs by Flow Cytometry and Western Blotting
	2.6. RNA Analysis by Quantitative Reverse Transcription Real-Time PCR (RT-qPCR)
	2.7. Peptides
	2.8. Ethics Statement
	2.9. Mouse Immunization
	2.10. Analysis of the TMEP-Specific CD4 and CD8 T Cell Responses by ICS Assay
	2.11. Data Analysis and Statistics

	3. Results
	3.1. Differential Expression of Unmodified Versus Modified mRNAs and Comparison with a DNA Vector in Cultured Cells
	3.2. Time-Course Expression of TMEP Protein from MDDCs Transfected with RNA (Unmodified or Modified) or DNA Vectors
	3.3. Maturation of MDDCs Induced by RNA or DNA Vectors Expressing TMEP Multiepitopic Protein
	3.4. Expression of Unmodified and Modified RNAs in THP-1 Cells Differentially Affects the Levels of Proinflammatory Cytokines and Chemokines
	3.5. The Cellular Immune Response Induced in Mice by Unmodified RNA-TMEP Is Markedly Enhanced When Combined with the Poxvirus Vector MVA
	3.6. Priming with Unmodified RNA-TMEP and Booster with MVA-TMEP Triggered Higher and Longer-Term CD8+ T Cell Responses than the Modified RNA-TMEPmod Vector

	4. Discussion
	5. Conclusions
	References

