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ABSTRACT
Zika virus (ZIKV) is a mosquito-borne pathogen with public health importance due to the high risk of its mosquito vector
dissemination and the severe neurological and teratogenic sequelae associated with infection. Vaccines with broad
immune specificity and control against this re-emerging virus are needed. Here, we described that mice immunized
with a priming dose of a DNA plasmid mammalian expression vector encoding ZIKV prM-E antigens (DNA-ZIKV)
followed by a booster dose of a modified vaccinia virus Ankara (MVA) vector expressing the same prM-E ZIKV
antigens (MVA-ZIKV) induced broad, polyfunctional and long-lasting ZIKV-specific CD4+ and CD8+ T-cell immune
responses, with high levels of CD4+ T follicular helper cells, together with the induction of neutralizing antibodies. All
those immune parameters were significantly stronger in the heterologous DNA-ZIKV/MVA-ZIKV immunization group
compared to the homologous prime/boost immunizations regimens. Collectively, these results provided an optimized
immunization protocol able to induce high levels of ZIKV-specific T-cell responses, as well as neutralizing antibodies
and reinforce the combined use of DNA-based vectors and MVA-ZIKV as promising prophylactic vaccination schedule
against ZIKV.
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Introduction

Zika virus (ZIKV) is a mosquito-borne pathogen from
the family Flaviviridae and the genus Flavivirus. ZIKV
was discovered in Uganda in 1947, but was confined
for the first 60 years to an equatorial zone across Africa
and Asia, where only sporadic outbreaks of infections
were reported over the next few decades. The virus
emerged in 2007 causing an outbreak in the Yap Island
of Federated States of Micronesia, with the majority of
symptomatic patients exhibiting fever, rash, and
arthritis/arthralgia. A larger outbreak of the virus fol-
lowed in French Polynesia and other Pacific Islands in
late 2013, where, in addition to the above-described
symptoms, conjunctivitis was also noted. The virus
reached LatinAmerica in 2015, and disseminated further
to North America in 2016, with 500,000–1,500,000 sus-
pected cases of ZIKV infection reported in the Americas,
andmore than 4300 cases of microcephaly [1]. As a con-
sequence, the WHO declared the Public Health Emer-
gency of International Concern from 1 February to 18
November 2016. The number of incidences in theAmer-
icas and the world has waned significantly after 2017 [2].

However, the virus still is circulating and its behaviour
could be unpredictable due to its potential for
re-emergence [3].

ZIKV is transmitted to humans primarily through
the bite of infected mosquitoes from genus Aedes,
mainly by A. albopictus and A. aegypti, both widely
distributed throughout the tropical and subtropical
regions of the world, with the habitat of
A. albopictus extending further into cool temperate
regions [1]. Based on model predictions, in the
worst-case scenario, over 1.3 billion new people
could face suitable transmission temperatures for
ZIKV by 2050 [4]. Furthermore, ZIKV can also be
transmitted from mother to child during pregnancy
or spread through sexual contact, breastfeeding, or
blood transfusion [1,2]. The multiple modes of
ZIKV transmission make it difficult to develop control
strategies against the pathogen.

In most cases, ZIKV infection causes no symptoms
or only a mild self-limiting illness, but recent epide-
miological studies derived from outbreaks in 2007
and 2015–2016 linked ZIKV infection to a rising num-
ber of concerning severe neurological diseases,
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including Guillain-Barré syndrome and severe conge-
nital conditions such as brain calcifications, arthrogry-
posis, ophthalmologic alterations, spinal deformities,
and microcephaly in neonates [1,2].

ZIKV contains a linear positive sense, single-
stranded RNA genome of approximately 11 kb in
length, which encodes a single open reading frame
that is translated to produce a large polyprotein
of 3423 amino acids that is cleaved by viral and cel-
lular proteases into 10 individual proteins: three
structural proteins located at the N-terminal region
that form the infectious virion [the capsid (C)
protein, the viral membrane (M) protein [a cleavage
product of the prM protein] and the envelope (E)
protein], and seven non-structural proteins, located
at the C-terminal region, which are involved in
viral replication (NS1, NS2A, NS2B, NS3, NS4A,
NS4B, and NS5) [1]. Serologic and genome analyses
suggest the existence of only one single serotype
with three distinct genetic lineages: East African
(that includes the first isolate from Uganda,
MR766), West African, and Asian-American
(including all contemporary strains from Asia,
Oceania, and the Americas) [5].

The development of a safe and efficacious vaccine
against ZIKV is critical given the high risk of
A. albopictus dissemination and the severe neurologi-
cal and teratogenic sequelae associated with ZIKV
infection. Although, in recent years several vaccine
candidates against ZIKV have been developed, and
some of them entered in phase I or II clinical trials,
there are no approved vaccines yet to prevent ZIKV
infection [6]. One of the most promising vaccine vec-
tors is the poxvirus modified vaccinia virus Ankara
(MVA) that has been widely used as a recombinant
vaccine vector against several infectious diseases and
cancer [7–9]. and have numerous characteristics that
make MVA an excellent vaccine candidate: (a) the
packing flexibility of the genome, which allows the
insertion of up to 25 kbp of foreign DNA without
loss of infectivity, (b) the lack of persistence or geno-
mic integration in the host due to their cytoplasmic
replication, (c) the ability to induce both antibody
and cytotoxic T cell immune responses against the
heterologous antigens with long-lasting immunity
after a single inoculation, (d) the stability of freeze-
dried vaccine, (e) its ease of manufacture and admin-
istration and (f) the low prevalence of anti-vector
immunity in the global population due to the inter-
ruption of smallpox vaccination after the WHO
declared its eradication in 1980 [8,9]. The efficacy of
recombinant MVA vectors in developing antigen-
specific immune responses is due to the expression
of gene products within cells that are efficiently pre-
sented by both MHC class I and class II molecules,
leading to the activation of CD4+ and CD8+ T cells
and the induction of potent antibody responses,

which promotes robust anti-viral responses that
make MVA to act as an adjuvant itself [10,11].

We have previously described the generation of an
MVA-based ZIKV vaccine candidate expressing prM-
E ZIKV proteins, termed MVA-ZIKV [12]. This can-
didate enabled the production of virus-like particles
(VLPs) and induced ZIKV-specific CD8+ T cells and
neutralizing antibodies in immunized mice, control-
ling ZIKV replication in a challenged mouse model
[12]. Although MVA-ZIKV was highly immunogenic
and protective in susceptible mice models at short
timepoints, novel vaccine candidates and/or immu-
nization approaches that could improve the magni-
tude, and durability of the ZIKV-specific immune
responses are desirable. One of the most common-
place methods of immunization used to improve the
immune responses generated by MVA-based vaccines
is to follow a multiple dose prime/boost strategy,
because priming with a different vector impairs the
generation of anti-MVA responses able to abrogate
boosted immune responses to the antigen encoded
in the recombinant MVA vector [13]. The first
description of the advantage of combined vectors to
enhance specific immune responses and efficacy
against a pathogen was work published with influenza
and poxvirus vectors expressing a malaria CS antigen,
showing that the heterologous combination was
superior to homologous vectors, as well as it pointed
out the relevance for immunogenicity and protection
of the order of vector delivery [14]. The use of heter-
ologous prime/boost protocols that combine an
MVA vector with other vaccine agent such as DNA,
can improve the antigen-specific immune responses
in different animal models [7,15,16]. Furthermore,
the use of heterologous prime/boost protocols includ-
ing MVA vector have also demonstrated in human
clinical trials to be able to induce good T- and B-cell
responses against various pathogens as, for example,
human immunodeficiency virus (HIV)-1 [17,18],
hepatitis C virus (HCV) [19], Plasmodium falciparum
(the causative agent of malaria) [20], ebolavirus
(EBOV) [21], and respiratory syncytial virus (RSV)
[22]. Moreover, the recent development of novel vac-
cine candidates against COVID-19, showed heter-
ologous prime/boost vaccination strategies able to
induce more potent T-cell and humoral immune
responses and higher efficacy against SARS-CoV-2
[23,24], which will help to find the best-in-class vac-
cine candidates.

In this study, we have analysed the ZIKV-specific
T-cell and humoral immunogenicity induced in mice
immunized with our previously described vaccine
candidate MVA-ZIKV, in a heterologous prime/
boost immunization protocol using a DNA plasmid
mammalian expression vector (DNA-ZIKV) as a
prime followed by MVA-ZIKV as a boost, in compari-
son with the corresponding homologous vectors. The
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results showed that the heterologous DNA-ZIKV/
MVA-ZIKV immunization elicited significantly
higher adaptive and memory ZIKV-specific CD4+

and CD8+ T-cell responses than homologous DNA-
ZIKV/DNA-ZIKV or MVA-ZIKV/MVA-ZIKV
prime/boost immunization regimens. Moreover,
priming with DNA-ZIKV, also increased the magni-
tude of ZIKV-specific CD4+ T follicular helper (Tfh)
cells. Furthermore, DNA-ZIKV/MVA-ZIKV also eli-
cited a trend to higher levels of neutralizing antibodies
against ZIKV than the homologous immunization
regimens. Our findings reveal that the combination
of DNA-ZIKV with MVA-ZIKV is an effective
approach to induce ZIKV-specific T-cell and humoral
immunogenicity, forming a promising vaccine strat-
egy against ZIKV.

Materials and methods

Ethics statement. The immunogenicity animal studies
were approved by the Ethical Committee of Animal
Experimentation (CEEA) of Centro Nacional de Bio-
tecnología (CNB, Madrid, Spain) and by the Division
of Animal Protection of the Comunidad de Madrid
(PROEX 331/14) and were conducted at the CNB in
a pathogen-free barrier area. Animal procedures
were conformed to international guidelines and to
the Spanish law under the Royal Decree (RD 53/2013).

Cells. Human embryonic kidney 293T (HEK293T)
were grown in Dulbecco’s modified Eagle’s medium
(DMEM) and 10% heat-inactivated fetal calf serum
(FCS) (Gibco-Life Technologies). Vero cells (a kidney
epithelial cell line from African green monkey;
ATCC CCL-81) were grown in Eagle’s minimal essen-
tial medium (EMEM) and 5% heat-inactivated fetal
bovine serum (Linus). Cell cultures were kept at 37°
C and 5% CO2 in a humidified incubator.

Viruses. The poxvirus strains used in this study
included the attenuated wild-type (WT) MVA
(MVA-WT) obtained from the vaccinia virus
(VACV) Ankara strain after 586 serial passages in
CEF cells (derived from clone F6 at passage 585,
kindly provided by G. Sutter) and the recombinant
MVA-ZIKV encoding for the ZIKV prM-E structural
genes (isolate Suriname Z1106033), which are inserted
into the VACV TK locus of the MVA-WT genome
under the transcriptional control of a novel optimized
synthetic Late/Early (pLEO160) promoter [12].
Viruses grown in primary CEF cells were purified by
centrifugation through two 36% (wt/vol) sucrose
cushions in 10 mM Tris-HCl pH 9. All viruses were
free of contamination with mycoplasma (checked by
specific polymerase chain reaction (PCR) for myco-
plasma), bacteria (checked by growth in LB plates
without ampicillin) or fungi (checked by growth in
Columbia blood agar plates; Oxoid).

ZIKV PA259459, isolated from an infected human
in Panama in 2015, was propagated and titrated in
semisolid agarose medium using Vero cells, as pre-
viously described [25].

DNA vectors. For the construction of the pCIneo-
ZIKV vector (also termed DNA-ZIKV), the pCyA-
ZIKV plasmid, previously used for the construction
of MVA-ZIKV [12], was used as donor of the ZIKV
prM-E cassette (2077bp). The ZIKV prM-E cassette
was digested with NheI and NotI restriction enzymes,
and then inserted into the NheI/NotI-digested pCI-
neo-f plasmid (a mammalian cell expression vector
with the CMV promoter and a neomycin-resistance
marker; Promega) to generate pCIneo-ZIKV
(7515 bp). The empty plasmid pCIneo-f and pCI-
neo-ZIKV were used for prime vaccination in heter-
ologous prime-boost protocols. Escherichia coli
DH5α strain bacterial cultures transformed with the
pCIneo-ZIKV vector were cultured in LB (Luria–Ber-
tani) liquid medium, in the presence of ampicillin
(Sigma-Aldrich, St. Louis, MO, USA) for 24 h, and
then purified using an EndoFree Plasmid Mega kit
(Qiagen, Hilden, Germany). The correct insertion of
the ZIKV prM-E cassette was checked by PCR and
DNA sequencing, as previously described [12].

Expression of ZIKV proteins by DNA-ZIKV by
Western blot. To verify the correct expression of
ZIKV prM-E proteins by the pCIneo-ZIKV (DNA-
ZIKV) vector, HEK293T cells were mock transfected
or transfected with 5 μg of pCIneo-ZIKV or 5 μg of
empty pCIneo-f vectors using PEImax (Polysciences,
Warrington, PA, USA), according to the manufac-
turer’s recommendations. At 48 h post-transfection,
cell lysates were harvested, pelleted, and resuspended
in 1X Laemmli buffer plus β-mercaptoethanol. Next,
cell extracts were fractionated in 10% polyacrylamide
gels, and the expression of the ZIKV E protein was
analysed by Western blotting using a mouse mono-
clonal antibody against ZIKV E (BioFront Tech;
diluted 1: 5,000). Anti-rabbit horseradish peroxidase
(HRP)-conjugated antibody (Sigma; diluted 1:5,000)
was used as secondary antibody. The immune com-
plexes were detected with an HRP-luminol
enhanced-chemiluminescence system (ECL Plus, GE
Healthcare).

Stably cell line generation and characterization.
HeLa cells were transfected with 1 µg of pCIneo-
ZIKV (DNA-ZIKV) using DharmaFECT (GE Health-
care Dharmacon) following the recommendations of
the manufacturer. Selection medium supplemented
with 500 μg/ml of Geneticin G-418 sulphate (Gibco)
was added 24 h post-transfection. Cells were cultured
in selection medium during 3 weeks and stable cell
clones were obtained by limiting dilution and grown
in culture medium supplemented with 500 μg/ml G-
418. The expression of ZIKV E was confirmed by
flow cytometry. For single-colour staining, non-
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transfected and transfected cells were harvested using
trypsin, washed with PBS, and fixed with 4% parafor-
maldehyde in PBS for 15 min at RT. Fixed cells were
washed with PBS and permeabilized (1% bovine
serum albumin [BSA], 0.1% TritonX-100, 1M glycine
in PBS) for 15 min at RT. Cells were then incubated
with using mouse monoclonal anti-flavivirus antibody
4G2 (MAB10216; EMD Millipore corp.) diluted in
FACS buffer (0.1% BSA, 0.01% sodium azide in PBS)
for 30 min at RT. After washed in FACS buffer, cells
were incubated with goat anti-mouse IgG coupled to
Alexa Fluor 488 (Life Technologies) for 30 min at
RT. Subsequently, cells were washed prior to analysis
by flow cytometry, using a FACSCanto II cytometer
(Becton Dickinson, San Jose, CA, USA). Sample analy-
sis was performed with FlowJo 10.7.1.

Immunofluorescence and confocal microscopy.
Procedures for immunofluorescence and confocal
microscopy have been previously described [26].
Endoplasmic reticulum was labelled using rabbit
anti-calnexin-CT (StressMarq Biosciences Inc.) and
ZIKV E was detected using 4G2 antibody. Goat anti-
rabbit IgG labelled with Alexa Fluor 594 and goat
anti-mouse labelled with Alexa Fluor 488 were used
as secondary antibodies.

Enzyme-linked immunodot assay. Cell culture
medium was adsorbed to a nitrocellulose membrane
by vacuum using a Bio-Dot apparatus (Bio-Rad).
Membrane was blocked with 3% skimmed milk in
PBS and incubated with antibody 4G2 diluted in 1%
skimmed milk in PBS. After three washes with PBS
the membrane was incubated with anti-mouse IgG
antibody coupled to horseradish peroxidase, washed
and proteins were detected by chemiluminiscence
using a ChemiDocTM XRS+ System (Bio-Rad, Her-
cules, CA).

Purification of VLPs by sucrose density gradient
centrifugation. Cell culture supernatants from HeLa
cells stably transfected with DNA-ZIKV were har-
vested and VLPs were purified as previously described
[27,28].

Mouse immunization schedule. Female BALB/c
mice (6–8 weeks old) were purchased from Envigo
Laboratories and stored in a pathogen-free barrier
area of the CNB in accordance to the recommen-
dations of the Federation of European Laboratory
Animal Science Associations. Five groups of animals
were homologous or heterologous vaccinated as fol-
lows: MVA-ZIKV/MVA-ZIKV, DNA-ZIKV/DNA-
ZIKV, DNA-ZIKV/MVA-ZIKV, MVA-WT/MVA-
WT and DNA-f/DNA-f. Animals (n = 8/group)
received 100 μg of DNA vector (pCIneo-ZIKV or pCI-
neo-f in the control group) or 2 × 107 PFU of the cor-
responding MVA virus (MVA-ZIKV, or MVA-WT
for control group) by bilateral intramuscular (i.m.)
route (50 μl/leg: 50 μg of DNA or 1 × 107 PFU of
MVA per leg). Two weeks later animals were boosted

by the same i.m. route with 100 μg of the correspond-
ing DNA vectors or 2 × 107 PFU of the corresponding
MVA virus. At 10 and 52 days after the last immuniz-
ation, 4 mice in each group were sacrificed with car-
bon dioxide (CO2). Their spleens and popliteal
lymph nodes were processed to measure cellular
immune responses to ZIKV antigens by intracellular
cytokine staining (ICS) assay and their sera harvested
and used to analyse humoral immune responses.

Proteins and peptides. A ZIKV E peptide pool of
the ZIKV PRVABC59 strain (GenPept: AMZ03556)
was used in the ICS assay for the analysis of the adap-
tive and memory T cell responses. Each purified pep-
tide of the ZIKV E peptide pool is at 1 mg per vial, and
was obtained through BEI Resources (National Insti-
tute of Allergy and Infectious Disease, National Insti-
tutes of Health, USA). They spanned the entire ZIKV
E protein as consecutive 15-mers overlapping by 12
amino acids. Furthermore, a recombinant ZIKV E
protein (Fitzgerald Industries International, Acton,
MA, USA) was use as stimulus, in combination with
ZIKV E peptide pool, for the analysis of Tfh response.

Analysis of the ZIKV-specific cellular immune
responses by ICS assay.

1 Analysis of CD4+ and CD8+ T cell responses. The
magnitude and polyfunctionality of the ZIKV-
specific T cell adaptive and memory responses
were analysed by ICS as previously described
[12,29–31], with some modifications. After spleen
processing, fresh 4 × 106 splenocytes (depleted of
red blood cells) were seeded onto M96 plates and
stimulated for 6 h in complete RPMI 1640 medium
supplemented with 10% FCS containing 1 μl/ml
Golgiplug (BD Biosciences) to inhibit cytokine
secretion; monensin 1X (eBioscience), anti-
CD107a–FITC (BD Biosciences); and the ZIKV E
peptide pool (5 μg/ml). Then cells were washed,
stained for the surface markers, fixed, permeabi-
lized (Cytofix/Cytoperm kit; BD Biosciences), and
stained intracellularly with the appropriate fluoro-
chromes. Dead cells were excluded with the violet
LIVE/DEAD stain kit (Invitrogen). The fluoro-
chrome-conjugated antibodies used for functional
analyses were CD3-phycoerythrin (PE)-CF594,
CD4-allophycocyanin (APC)-Cy7, CD8-V500,
IFN-γ–PE-Cy7, TNF-α–PE, and IL-2–APC. In
addition, the antibodies used for phenotypic ana-
lyses were CD62L-Alexa 700 and CD127-peridinin
chlorophyll protein (PerCP)-Cy5.5. All antibodies
were from BD Biosciences.

2 Analysis of Tfh cell responses. The magnitude of
the ZIKV-specific Tfh cell adaptive immune
responses was analysed by ICS as previously
described [32–34], with some modifications. After
spleen processing, fresh, 4 × 106 draining lymph
nodes cells (depleted of red blood cells) were seeded
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onto M96 plates using RPMI-10% FCS and stimu-
lated with 5 µg/mL of ZIKV E peptide pool and
0.5 µg/mL of ZIKV E protein along with anti-
CD154 (CD40L)-PE antibody at 37 °C. Two hours
later, 1 µL/mL protein transport inhibitor Golgi-
Plug (BFA, BD Biosciences, Franklin Lakes, NJ,
USA), and monensin (1X; eBioscience, Thermo
Fisher Scientific, Waltham, MA, USA), were
added and cells were keep incubated for 4
additional hours at 37 °C. Next, live cells were
stained using fixable viability stain (FVS) 520 (BD
Biosciences, Franklin Lakes, NJ, USA) for 20 min
at 4°C. Then, after being washed twice with IB
buffer (PBS 1X-FCS 2%-EDTA 2 mM), cells were
stained for the surface markers using 50 μL of the
corresponding antibodies CD4-Alexa 700, CD44-
PECy5, CXCR5-PE-CF594, PD1(CD279)-APC-
eFluor780 and CD8-V500 diluted following manu-
facturer’s instructions for 20 min at 4°C. After
being washed again two times with IB buffer, sple-
nocytes were fixed and permeabilized with BD
Cytofix/Cytoperm™ solution Kit (BD Biosciences,
Franklin Lakes, N.J., USA) for 20 min at 4 °C and
rested overnight in IB buffer. The day after, cells
were washed with Permwash 1X (BD Biosciences,
Franklin Lakes, NJ, USA) and the Fc receptors
were blocked with 25 μL of an anti CD16/CD32
(FcBlock) antibody (diluted 1:100 in Permwash
1X) for 5 min at 4°C. Finally, the cells were stained
intracellularly for cytokines using 25 μL of intra-
cellular antibodies IL-4-FITC, IFNγ-PECy7, and
IL-21-APC (diluted following manufacturer’s
instructions) for 20 min at 4°C and washed then
twice in Permwash 1X after resuspended them in
200 μL of IB buffer.

Plaque reduction neutralization assay (PRNT).
Titers of neutralizing antibodies against ZIKV present
in the sera of immunize mice were determined by a
PRNT assay using Vero cells, as previously described
[27]. Titers of neutralizing antibodies were expressed
as the reciprocal of the serum dilution that inhibited
plaque formation by 50% (PRNT50), relative to
samples incubated with negative control sera.

Statistical procedures. Statistical analysis of the
ICS assay results was realized as previously described
[35], by an approach that corrects measurements for
the medium response (RPMI), calculating confidence
intervals and P values. Only antigen response values
significantly larger than the corresponding RPMI are
presented. Background values were subtracted from
all of the values used to allow analysis of proportionate
representation of responses. The statistical signifi-
cance of neutralization measurement (PRNT50) in
Balb/c sera was determined by an unpaired t-test.
The statistical significances are indicated as follows:
*, P < 0.05; **, P < 0.005; ***, P < 0.001.

Results

Generation of a DNA-based vaccine vector expres-
sing prM-E ZIKV antigens (DNA-ZIKV). We devel-
oped a DNA-based mammalian expression vector
expressing ZIKV prM-E proteins, termed DNA-
ZIKV, as described in Materials and Methods. The
correct expression of the ZIKV E protein from the
recombinant DNA-ZIKV vector was confirmed and
evaluated from cell extracts of transiently transfected
HEK293T cells by Western blot (Figure 1(A)). In
addition, by flow cytometry high levels of E protein
were observed in a cell clone of stable DNA-ZIKV
transfected HeLa cells (Figure 1(B)). Immunofluores-
cence analysis of stable transfected cells showed that,
as expected, ZIKV E glycoprotein co-localized with
calnexin, an endoplasmic reticulum marker (Figure 1
(C)). Following synthesis in the endoplasmic reticu-
lum, flavivirus prM and E assemble into virus-like par-
ticles (VLPs) that enter into the secretory pathway
prior to be released into the extracellular medium
[36]. Accordingly, the analysis of the cell culture med-
ium by dot blot confirmed that the expression of
DNA-ZIKV induced the release of ZIKV antigens to
the extracellular medium (Figure 1(D)). Sucrose gradi-
ent centrifugation analysis supported the particulate
nature of the released antigens that was compatible
with the production of VLPs (Figure 1(E)).

Heterologous prime/boost immunization in mice
with DNA-ZIKV followed by MVA-ZIKV increases
the magnitude of adaptive ZIKV-specific CD4+ and
CD8+ T cell immune responses. Cellular immune
responses are pivotal for protection against ZIKV
infection [37,38]. Thus, the ZIKV-specific immuno-
genicity elicited in mice by DNA-ZIKV or MVA-
ZIKV vaccine candidates expressing ZIKV prM-E
proteins was examined following homologous or het-
erologous prime/boost immunizations. Thus, Balb/c
mice (n = 8/group) were immunized as shown in
Figure 2 using the following groups: MVA-ZIKV/
MVA-ZIKV, DNA-ZIKV/DNA-ZIKV, DNA-ZIKV/
MVA-ZIKV, MVA-WT/MVA-WT and DNA-f/
DNA-f, and as described in Materials and Methods.
At 10 days post-boost half of the animals were
sacrificed and adaptive ZIKV-specific T cell (CD4,
CD8 and Tfh) immune responses were analysed by a
polychromatic intracellular cytokine staining (ICS)
assay. To detect the ZIKV-specific T cell responses,
splenocytes from immunized animals were stimulated
ex vivo for 6 h with ZIKV-specific peptide pools span-
ning the entire ZIKV E protein. The percentages of
CD4+ and CD8+ T cells that produced IFN-γ and/or
IL-2 and/or TNF-α and/or CD107a established the
overall magnitude of ZIKV-specific CD4+ or CD8+ T
cell immune responses. Mice immunized with two
doses sham DNA (DNA-f) or non-recombinant
MVA-WT were used as controls.
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Figure 1. DNA-ZIKV vector express ZIKV E protein. (A) HEK-293T cells were transfected with 5µg of pCIneo-ZIKV (DNA-ZIKV) or
empty pCIneo-f vectors. At 48 h post-transfection, cell extracts were analysed by Western blot against ZIKV E. Arrow on the
right indicate the position of the ZIKV E protein. The sizes of standards (in kDa) are indicated on the left. (B) Expression of
ZIKV E from a stable cell line of transfected HeLa cells. Transfected or untransfected control cells were fixed, permeabilized
and ZIKV E protein was detected using 4G2 antibody and Alexa Fluor 488 secondary antibodies. The expression of ZIKV E in
the stable HeLa cell clone was analysed by flow cytometry. (C) Immunofluorescence analysis of ZIKV E expression in a cell
clone of HeLa cells transfected with DNA-ZIKV. Zika virus E (green) was detected as described in (B) and the endoplasmic reticulum
was detected using rabbit anti-Calnexin antibodies and Alexa Fluor-594 (red) secondary antibodies. Scale bar: 20 µm. (D) Enzyme-
linked immunodot assay using 4G2 monoclonal antibody of culture supernatants from a HeLa cell clone transfected with DNA-
ZIKV. Culture medium from untransfected HeLa cells was included as a negative control. (E) Purification of ZIKV VLPs from the
supernatant of a HeLa cell clone transfected with DNA-ZIKV by sucrose density gradient ultracentrifugation. A280 denotes the
amount of protein determined by spectrophotometry (absorbance at 280 nm) in fractions obtained after ultracentrifugation of
concentrated supernatants loaded into a 20–60% w/v sucrose gradient. Sucrose density was also determined by refractometry
of each fraction.
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The results showed that homologous MVA-ZIKV/
MVA-ZIKV and heterologous DNA-ZIKV/MVA-
ZIKV prime/boost approaches elicited good levels of
ZIKV-specific CD4+ and CD8+ T cell immune
responses, which were mediated largely by the CD8+

T cell subset (Figure 3(A,B)). However, no ZIKV-
specific CD4+ or CD8+ T cell responses were detected
after homologous DNA-ZIKV/DNA-ZIKV immuniz-
ation. The comparison of the CD4+ and CD8+ T cell
responses induced by heterologous DNA-ZIKV/
MVA-ZIKV and homologous MVA-ZIKV/MVA-
ZIKV showed that DNA-ZIKV/MVA-ZIKV elicited
a significant higher magnitude of ZIKV-specific
CD4+ and CD8+ T cell responses (around 8-fold and
1.4-fold higher) compared with the homologous regi-
men (p < 0.001) (Figure 3(A,B)).

The quality of a T cell response can be charac-
terized by the profile of cytokine production and
cytotoxic potential. Thus, based on the analysis of
IFN-γ, IL-2, and TNF-α secretion and surface
mobilization of CD107a on activated T cells as an
indirect marker of cytotoxicity, 15 different ZIKV-
specific CD4+ and CD8+ T cell populations could
be identified (Figure 3(C,D)). CD4+ T cells expres-
sing IFN-γ+TNF-α+IL-2, IFN-γ+ TNF-α, and IFN-γ
were the most induced populations elicited by het-
erologous DNA-ZIKV/MVA-ZIKV immunization
group, whereas CD4+ T cells expressing CD107a +
TNF-α, and CD107a + IFN-γ+TNF-α+IL-2 were
the most induced populations elicited by homolo-
gous MVA-ZIKV/MVA-ZIKV immunization group
(Figure 3(C)). DNA-ZIKV/MVA-ZIKV elicited a
significant higher magnitude of those ZIKV-specific
CD4+ T cell populations, with more than 60% of
the CD4+ T cells exhibiting three or four more
functions (Figure 3(C), pie charts).

On the other hand, CD8+ T cells expressing
CD107a + IFN-γ+TNF-α, CD107a + IFN-γ+TNF-α
+IL-2, and CD107a were the most induced popu-
lations elicited by both heterologous DNA-ZIKV/
MVA-ZIKV and homologous MVA-ZIKV/MVA-
ZIKV immunization groups. Heterologous DNA-
ZIKV/MVA-ZIKV immunization group induced a
significantly greater percentage of the major popu-
lations than MVA-ZIKV/MVA-ZIKV immunization
group (Figure 3(D)), but both immunization groups
had a similar polyfunctionality profile of ZIKV-
specific CD8+ T-cell responses, with 90% (MVA-
ZIKV/MVA-ZIKV) and 85% (DNA-ZIKV/MVA-
ZIKV) of the CD8+ T cells exhibiting two or more
functions (Figure 3(D), pie charts).

Heterologous prime/boost immunization in mice
with DNA-ZIKV followed by MVA-ZIKV enhances
the levels of ZIKV-specific CD4+ T follicular helper
(Tfh) cell responses. CD4+ T follicular helper (Tfh)
cells are a subpopulation of T helper cells involved
in the development and sustaining of germinal centre
(GC) interactions, an essential crosstalk that promotes
the generation of long-lived high-affinity humoral
immunity [39]. Since the interaction between Tfh
and B cells is mediated both by cell-associated and sol-
uble factors, including CD154 (CD40L), IFN-γ, and
IL-4 [40], the ZIKV-specific CD4+ Tfh cell responses
were studied analysing those parameters by ICS
assay in draining (popliteal) lymph nodes (DLN)
obtained from immunized mice at 10 days after the
last immunization. Thus, DLN cells were non-stimu-
lated (RPMI) or stimulated ex vivo for 6 h with
ZIKV E protein plus ZIKV peptide pool. Double posi-
tive CXCR5+/PD-1+ cell population gated on CD4+ T
cells defined total Tfh cells, whereas percentages of Tfh
cells that produced IL-4 and/or IFN-γ and/or

Figure 2. Immunization schedule. Five groups of female BALB/c mice (6–8 weeks old) were homologous or heterologous vacci-
nated as follows: MVA-ZIKV/MVA-ZIKV, DNA-ZIKV/DNA-ZIKV, DNA-ZIKV/MVA-ZIKV, MVA-WT/MVA-WT and DNA-f/DNA-f. Animals
(n = 8/group) received 100 μg of DNA vector (pCIneo-ZIKV or pCIneo-f in the control group) or 2 × 107 PFU of the corresponding
MVA virus (MVA-ZIKV, or MVA-WT for control group) by bilateral intramuscular (i.m.) route. Two weeks later animals were boosted
by the same i.m. route with 100 μg of the corresponding DNA vectors or 2 × 107 PFU of the corresponding MVA virus. At 10 and 53
days after the last immunization, 4 mice in each group were sacrificed with carbon dioxide (CO2). Their spleens and popliteal
lymph nodes were processed to measure cellular immune responses to ZIKV antigens by intracellular cytokine staining (ICS)
assay and their sera harvested and used to analyse humoral immune responses.
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Figure 3. Adaptive ZIKV-specific CD4+ and CD8+ T cell immune responses in immunized mice. Splenocytes were collected from
mice (n = 4 per group) immunized with MVA-ZIKV/MVA-ZIKV, DNA-ZIKV/DNA-ZIKV, DNA-ZIKV/MVA-ZIKV, MVA-WT/MVA-WT and
DNA-f/ DNA-f, 10 days after the last immunization. Next, ZIKV-specific CD4+ and CD8+ T cell adaptive immune responses trig-
gered by the different immunization groups were measured by ICS assay following the stimulation of splenocytes with an ZIKV E
peptide pool. Values from unstimulated controls were subtracted in all cases. (A and B) Magnitude of the total ZIKV-specific CD4+

(A) and CD8+ (B) T cell responses after stimulation of splenocytes with the ZIKV E peptide pool. The total value in each group
represents the sum of the percentages of CD4+ and CD8+ T cells expressing CD107a and/or producing IFN-γ and/or IL-2 and/
or TNF-α against ZIKV E peptide pool. (C and D) Polyfunctionality of the ZIKV-specific CD4+ (C) and CD8+ (D) T cell responses
shown as the combined production of CD107a and/or IFN-γ and/or IL-2 and/or TNF-α against the ZIKV E peptide pool. p values
indicate significant response differences between immunization groups (*** p < 0.001). Responses are grouped and colour coded
on the basis of the number of functions (4, 3, 2, or 1). The pie charts summarize the data. Each slice corresponds to the proportion
of the total ZIKV-specific CD4+ and CD8+ T cells exhibiting 1, 2, 3, or 4 functions (CD107a and/or IFN-γ and/or TNF-α and/or IL-2).
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expressed CD154 (CD40L) established the ZIKV-
specific Tfh responses.

The results showed that the magnitude of ZIKV-
specific Tfh response was significantly higher in
DLN of animals immunized with heterologous
DNA-ZIKV/MVA-ZIKV than in those immunized
with homologous MVA-ZIKV/MVA-ZIKV or DNA-
ZIKV/DNA-ZIKV (Figure 4). Moreover, the magni-
tude of ZIKV-specific Tfh response in DLN of animals
immunized with homologous MVA-ZIKV/MVA-
ZIKV was higher than in those immunized with hom-
ologous DNA-ZIKV/DNA-ZIKV (Figure 4).

Heterologous DNA-ZIKV/MVA-ZIKV prime/
boost immunization maintains higher magnitude
of memory ZIKV-specific CD4+ and CD8+ T cell
immune responses than the homologous vector
combinations. Memory cellular immune responses
are also important for protection against ZIKV infec-
tion [38]. Thus, next we analysed at 53 days post-boost
the ZIKV-specific CD4+ and CD8+ T cell memory
immune responses induced in mice by the different
immunization groups.

Again, the heterologous vector combination eli-
cited the highest levels of ZIKV-specific CD4+ and
CD8+ T cell immune responses, and triggered an
overall ZIKV-specific immune response mediated
mainly by CD8+ T cells (Figure 5(A,B)). Surpris-
ingly, no apparent ZIKV-specific CD4+ T cell mem-
ory immune responses were detected at this
timepoint in animals immunized with MVA-ZIKV/
MVA-ZIKV. Similarly, while in the group of

DNA-ZIKV/DNA-ZIKV there was no apparent
adaptive CD4 and CD8+ T cell responses at 10
days post boost (see Figure 3(A,B)), however mem-
ory responses were well observed at 53 days (Figure
5(A,B)). The comparison of the CD4+ and CD8+ T
cell memory responses induced by all the immuniz-
ation groups showed that, as in the adaptive phase,
heterologous DNA-ZIKV/MVA-ZIKV was the most
immunogenic group, and elicited a significant higher
magnitude of ZIKV-specific CD4+ T cell memory
responses than DNA-ZIKV/DNA-ZIKV (around 1-
fold higher) (Figure 5(A)) and a significant higher
magnitude of ZIKV-specific CD8+ T cell memory
responses than DNA-ZIKV/DNA-ZIKV or MVA-
ZIKV/MVA-ZIKV (around 2.5-fold and 3.5-fold
higher, respectively) (p < 0.001) (Figure 5(B)).

Analysis of the quality of ZIKV-specific CD4+ and
CD8+ T cell memory immune responses showed that
CD4+ T cells expressing TNF-α, CD107a + IFN-γ
+TNF-α+IL-2, IFN-γ+TNF-α+IL-2, and TNF-α+IL-2
were the most induced populations elicited by heter-
ologous DNA-ZIKV/MVA-ZIKV immunization
group, whereas CD4+ T cells expressing TNF-α+IL-
2, IFN-γ+TNF-α+IL-2 and CD107a + IFN-γ+TNF-α
+IL-2 were the most induced populations elicited by
homologous DNA-ZIKV/DNA-ZIKV immunization
group (Figure 5(C)). In both immunization groups
more than 50-55% of memory ZIKV-specific CD4+

T cells exhibited three or four functions (Figure 5
(C), pie charts). On the other hand, CD8+ T cells
expressing CD107a + IFN-γ+TNF-α and CD107a +
IFN-γ+TNF-α+IL-2 were the most induced popu-
lations elicited by heterologous DNA-ZIKV/MVA-
ZIKV and homologous MVA-ZIKV/MVA-ZIKV
immunization groups (Figure 3(D)). Again, MVA-
ZIKV/MVA-ZIKV and DNA-ZIKV/MVA-ZIKV
immunization groups exhibited similar polyfunction-
ality profiles, with 76% and 81% of memory ZIKV-
specific CD8+ T cells exhibiting two or more func-
tions, but in the DNA-ZIKV/DNA-ZIKV immuniz-
ation group 63% of memory ZIKV-specific CD8+ T
cells present one single function (Figure 5(D), pie
charts). In both cases (CD4+ and CD8+ T cells), heter-
ologous DNA-ZIKV/MVA-ZIKV immunization
group induced a significantly greater percentage of
most of the major populations than the homologous
immunization groups (Figure 5(C,D)).

DNA-ZIKV/MVA-ZIKV immunization induces
neutralizing antibodies against ZIKV in mice. Neu-
tralizing antibodies against ZIKV are critical to con-
trol ZIKV infection [41,42]. Thus, to evaluate the
capability of the different immunization groups to
induce neutralizing antibodies against ZIKV, we
determined the plaque reduction neutralization titters
that neutralized 50% of ZIKV (PRNT50) in serum
samples obtained from immunized Balb/c mice at 10
and 53 days after the last immunization.

Figure 4. ZIKV-specific Tfh cell immune responses. Mice (n =
4) were immunized with MVA-ZIKV/MVA-ZIKV, DNA-ZIKV/
DNA-ZIKV, DNA-ZIKV/MVA-ZIKV, MVA-WT/MVA-WT and DNA-
f/ DNA-f. At 10 days after the last immunization, the magni-
tude of ZIKV-specific CD4+ Tfh cell immune response was
studied in popliteal (draining) lymph nodes by ICS assay.
The total value in each group represents the sum of the per-
centages of CD4+ Tfh cells expressing CD154 and/or producing
IL-4 and/or IFN-γ against ZIKV E protein plus ZIKV E peptide
pool. Data are background (RPMI)-subtracted. P values indi-
cate significant response differences between immunization
groups (***, p < 0.001).
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Figure 5. Memory ZIKV-specific CD4+ and CD8+ T cell immune responses in immunized mice. Splenocytes were collected from
mice (n = 4 per group) immunized with MVA-ZIKV/MVA-ZIKV, DNA-ZIKV/DNA-ZIKV, DNA-ZIKV/MVA-ZIKV, MVA-WT/MVA-WT and
DNA-f/ DNA-f, 53 days after the last immunization. Next, ZIKV-specific CD4+ and CD8+ T cell memory immune responses trig-
gered by the different immunization groups were measured by ICS assay following the stimulation of splenocytes with a ZIKV E
peptide pool. Values from unstimulated controls were subtracted in all cases. (A and B) Magnitude of the total ZIKV-specific CD4+

(A) and CD8+ (B) T cell responses after stimulation of splenocytes with the ZIKV E peptide pool. The total value in each group
represents the sum of the percentages of CD4+ and CD8+ T cells expressing CD107a and/or secreting IFN-γ and/or IL-2 and/or
TNF-α against ZIKV E peptide pool. (C and D) Polyfunctionality of the ZIKV-specific CD4+ (C) and CD8+ (D) T cell responses
shown as the combined production of CD107a and/or IFN-γ and/or IL-2 and/or TNF-α against the ZIKV E peptide pool. p values
indicate significant response differences between immunization groups (*** p < 0.001). Responses are grouped and colour coded
on the basis of the number of functions (4, 3, 2, or 1). The pie charts summarize the data. Each slice corresponds to the proportion
of the total ZIKV-specific CD4+ and CD8+ T cells exhibiting 1, 2, 3, or 4 functions (CD107a and/or IFN-γ and/or TNF-α and/or IL-2).
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The results showed that individual serum samples
obtained from mice immunized with DNA-ZIKV/
MVA-ZIKV and MVA-ZIKV/MVA-ZIKV neutral-
ized ZIKV (PA259459 strain, from Asian-American
lineage) (Figure 6), with DNA-ZIKV/MVA-ZIKV eli-
citing a trend of greater mean-neutralization titter
(166) than MVA-ZIKV/MVA-ZIKV (133) in the
adaptive phase, at 10 days post-boost (Figure 6(A)).
Furthermore, at the memory phase (53 days post-
boost), the same pattern is observed, but with lower
PRNT50 neutralization titters (Figure 6(B)). However,
we could not detect neutralizing antibodies against
ZIKV in serum samples obtained from mice immu-
nized with the DNA-ZIKV/DNA-ZIKV protocol.

Discussion

ZIKV is an important emerging flavivirus transmitted
by infected mosquitoes from the genus Aedes that can
cause severe complications in humans [1]. The virus
has caused recent outbreaks of the disease worldwide
and their future expansion to novel geographical
areas is highly possible [4]. Several different ZIKV vac-
cine candidates under different platforms have now
been developed and tested in preclinical and clinical
trials, but none of them have been licensed yet.
These include: nucleic acid vaccines (DNA and RNA
vaccines), inactivated whole virus vaccines, live atte-
nuated vaccines, viral vectored vaccines, protein anti-
gen vaccines in the form of purified proteins from
expression systems, or VLPs [6].

One of the most promising vaccine platforms
developed against ZIKV are the recombinant viral vec-
tors. These include vesicular stomatitis virus (VSV),
measles virus (MV), adenovirus (Ad), and vaccinia
virus (VACV). An attenuated version of a recombi-
nant VSV expressing the prM-E of ZIKV elicited
both neutralizing antibody responses and T cell
responses that protected challenged newborn mice
born to vaccinated female mice [43]. A live attenuated
measles virus vector expressing prM and soluble E
(MV-Zika-sE) was shown to protect mice from
ZIKV challenge through the development of E-specific
neutralizing antibodies and cellular immune
responses [44]. The immunization of NHPs also
resulted in ZIKV-specific neutralizing antibody
responses in all vaccinated animals. This vaccine and
another similarly developed MV vaccine (MV-ZIKV-
RSP) are in human phase I clinical trials [6]. Further-
more, several adenovirus vectors expressing prM-E
and/or E alone have been shown to induce neutraliz-
ing antibodies and cellular immune responses that
confer protection in mice and NHPs [5,41]. There
are also several VACV recombinant vectors as ZIKV
vaccine candidates. A two-dose regimen using DNA
and/or non-replicating VACV-based (Tian Tan
strain) vaccine candidates expressing ZIKV prM-E

cassette elicited in Balb/c mice robust neutralizing
activity against ZIKV both in a homologous DNA/
DNA and VACV/VACV immunization protocols
just as much as in a heterologous DNA/VACV immu-
nization protocol, as well as similar production of
ZIKV E-specific IgG antibodies [45]. Their results
also showed that DNA-prME/VACV-prME heter-
ologous immunization lead to a significantly greater
level of T cell response than both DNA/DNA and
VACV/VACV homologous immunization protocols
[45]. Various MVA recombinant viruses constructed
to express the ZIKV E protein with modifications on
the precursor membrane (prM) protein or on the C-
terminus envelope transmembrane domain (TM)
were evaluated as a non-adjuvanted single vaccination
regimen against a ZIKV Brazilian isolate in BALB/c
mice, demonstrating a low induction of cellular
responses but good anti-ZIKV E titers that were
enough immunogenic to substantially reducing the
ZIKV loads in blood after challenge [46]. Another
MVA-based single vector construct expressing prM-
E of ZIKV and the structural proteins of chikungunya
virus (C-E3-E2-6K-E1) induced neutralizing antibody
responses to both viruses in immunocompetent and
immunocompromised mice and blocked ZIKV vire-
mia and disease [47]. Additionally, this vaccine candi-
date also blocked the vertical transmission of ZIKV in
immunocompromised female mice and testes damage
in male mice [47]. Other MVA-based ZIKV vaccine
candidate, this time, targeting NS1 protein was able
to protect immunocompetent adult mice in a lethal
challenge model [48].

Thus, MVA-based vectors could be promising vac-
cine candidates against ZIKV. We have recently
described the generation of MVA-ZIKV, an MVA-
based ZIKV vaccine candidate expressing ZIKV
prM-E antigens able to form ZIKV VLPs, which was
highly immunogenic in mice inducing robust levels
of ZIKV-specific CD4+ and CD8+ T cell immune
responses, as well as high levels of neutralizing anti-
bodies [12]. Remarkably, one single dose of MVA-
ZIKV was able to control Zika virus replication in a
challenged mouse model [12]. However, although
the MVA-ZIKV vaccine candidate generated was
highly immunogenic and protective in susceptible
mice models at short timepoints, novel vaccine candi-
dates and/or immunization approaches that could
improve the magnitude and durability of the ZIKV-
specific immune responses are desirable. This is par-
ticularly noticeable with the current SARS-CoV-2
pandemic where vaccines able to induce broad B
and T cell responses with long-lasting immunity are
sought.

Here, we reported that a priming immunization
with regular mammalian expression DNA vector
encoding the ZIKV prM-E antigens (DNA-ZIKV) fol-
lowed by a boost with MVA-ZIKV (expressing the
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same prM-E antigens) induced a significant higher
magnitude of ZIKV-specific CD4+ and CD8+ T cell
immune responses, as well as higher levels of neutra-
lizing antibodies, than either DNA-ZIKV/DNA-
ZIKV or MVA-ZIKV/MVA-ZIKV immunizations.

Accumulating evidence suggests that both cellular
and humoral responses are required for effective con-
trol of ZIKV [49,50]. Related to T cell responses, sev-
eral depletion studies, in which loss of either CD4+,
CD8+, or both T cell subsets together, have demon-
strated a worsened morbidity, mortality, or even foetal
resorption in different ZIKV infection models,
suggesting an important role for CD4+ and CD8+ T
cells in the immune response to ZIKV [51]. Addition-
ally, CD4+ and CD8+ T-cell responses induced by vac-
cination with a DNA-based ZIKV vaccine candidate in
Phase I clinical trial might have been relevant for
efficacy and immunogenicity [52].

On the one hand, CD4+ T cells have been proved to
be important mediators of protection against ZIKV, in
several infection and vaccination context [37,51]. In
our previous study, we were not able to detect
ZIKV-specific CD4+ T cell responses when immu-
nized mice with two doses of MVA-ZIKV [12].
Here, consistently with our previous results, we have
barely or no observed ZIKV-specific CD4+ T cell
responses within the limits of detection, when mice
were immunized with two doses of MVA-ZIKV (in
both time-points studied, 10- and 53-days post-immu-
nization); in the case of DNA-ZIKV, there was no
CD4+ T cell response at 10 days after the booster but
good levels at 53-days post boost, indicating a delay
immune response triggered by the DNA vector. How-
ever, a significant increase in the magnitude of adap-
tive and memory ZIKV-specific CD4+ T cell
responses was achieved when a DNA-ZIKV/MVA-
ZIKV heterologous prime/boost regimen was applied.
On the other hand, recent studies have confirmed the

importance of CD8+ T cells in ZIKV infection and in
vaccine-induced protection [51,53,54]. Furthermore,
in a ZIKV infection model it has been described that
CD8+ T cells are capable of local viral control if they
arrive in the brain early after viral invasion, demon-
strating the benefits of considering this subset when
designing vaccines against ZIKV virus [38]. Our
work, demonstrates that a combined immunization
with DNA-ZIKV/MVA-ZIKV was able to enhance
significantly the levels of adaptive and memory
ZIKV-specific CD8+ T cell responses expressing
important cytokines as IFN-γ, TNF-α, IL-2 and the
degranulation marker CD107a. A 2018 study observed
that an Adenovirus-vectored vaccine containing the
ZIKV prM-E elicited robust humoral and cellular
immune responses (but lower than those elicited
with our DNA-ZIKV/MVA-ZIKV) in immunocom-
petent BALB/c mice and provided sterilizing protec-
tion against ZIKV infection in Interferon receptor-
deficient (A129) mice [55]. Other VSV-based vaccine
candidate covering the prM-E region of ZIKV that
also elicits robust CD8+ T cell responses, but lower
than those achieved by our DNA-ZIKV/MVA-ZIKV
protocol, was able to protect C57BL/6 mice from mor-
bidity or mortality and Neonatal mice born from vac-
cinated mother were protected from ZIKV replication
after challenge [43].

Another important achievement of this work is the
study, for the first time for a ZIKV vaccine candidate,
of the vaccine induced Tfh responses. Naive CD4+ T
cells can differentiate into Th1 and Tfh cells during
viral infection [39]. Th1 cells control virus spread,
and provide help to the generation and maintenance
of cytotoxic T lymphocytes, whereas Tfh cells are
involved in the development and sustaining of germ-
inal centre (GC) interactions and, therefore, in the
induction of antibody responses. Recent studies
found an indispensable role of Tfh cells for the

Figure 6. Induction of neutralizing antibodies by MVA-ZIKV in immunocompetent mice. Mice (n = 4) were immunized with MVA-
ZIKV/MVA-ZIKV, DNA-ZIKV/DNA-ZIKV, DNA-ZIKV/MVA-ZIKV, MVA-WT/MVA-WT and DNA-f/ DNA-f and 10 (A) and 53 (B) days
after the last immunization ZIKV-neutralizing antibody titters were analysed. Data represent the reciprocal of the serum dilution
that inhibited plaque formation by 50% (PRNT50), relative to samples incubated with negative control sera. Dashed line indicates
the limit of detection (LOD) of the neutralization assay (1/20 dilution).
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elicitation of ZIKV-specific neutralizing antibodies
and long-term maintenance of antibody response
[37], pivotal for an efficacious vaccine. In concordance
with this important role of Tfh on ZIKV infection, we
describe here that the MVA-ZIKV vaccine candidate
is able to induce potent levels of ZIKV-specific Tfh
cells, either when used in a homologous MVA-
ZIKV/MVA-ZIKV immunization protocol or when
used in a heterologous DNA-ZIKV/MVA-ZIKV
immunization regimen. Again, similarly to what we
observed with ZIKV-specific CD4+ and CD8+ T cell
responses, the heterologous DNA-ZIKV/MVA-ZIKV
immunization protocol was the most immunogenic
regimen inducing significant higher magnitudes of
ZIKV-specific Tfh cells, expressing IFN-γ, IL-4 and/
or CD40L than the other regimens used.

The most relevant correlate established in mice
and rhesus monkeys was between the level of neu-
tralizing antibodies induced upon ZIKV vaccination
and the immune protection against ZIKV challenge
[5,41]. Our previous results demonstrated that
MVA-ZIKV induced neutralizing antibodies against
ZIKV and was able to significantly reduce ZIKV vir-
emia after a challenge with ZIKV in IFNAR-/- mice
(non-lethal challenge mouse model) [12]. In fact,
the higher reduction in ZIKV viremia was observed
in animals immunized with a two-dose MVA-ZIKV
regimen that was the immunization protocol elicit-
ing higher levels of neutralizing antibodies compared
to a one-dose regimen, reflecting a correlation with
levels of neutralizing antibodies and protection
[12]. Here, we report that immunization with a het-
erologous DNA-ZIKV/MVA-ZIKV regimen induced
a trend to higher neutralizing antibody titers against
ZIKV, compared with the previously described and
efficacious MVA-ZIKV/MVA-ZIKV homologous
immunization protocol. A recombinant VSV-based
ZIKV vaccine candidate expressing ZIKV genes for
the prM and E proteins (from ZIKV strain
ZikaSPH2015) was able to generate a high titer of
neutralization Ab, in a similar range as our MVA-
ZIKV/MVA-ZIKV and DNA-ZIKV/MVA-ZIKV
immunization protocols did, and also demonstrated
that progeny of vaccinated females are largely pro-
tected from lethal ZIKV infection [43]. Later in
2018, Bullard and colleagues stated that prime/
boost strategies utilizing Adenovirus-based vaccines
candidates expressing ZIKV prM and E proteins as
the prime induced a strong anti-ZIKV humoral
immune response, with neutralization titters
measured as PRNT50 reached 400. Nonetheless,
the study showed that vaccination strategies with
these kind of recombinant vaccines that elicited
lower neutralization titters, in a similar range that
the ones elicited by our MVA-ZIKV/MVA-ZIKV
and DNA-ZIKV/MVA-ZIKV immunization proto-
cols, were as efficacious as higher neutralizing titters

protecting anti-Ifnar1 mAb-treated C57BL/6 mice
challenged with ZIKV against weight loss and
death [56].

The analysis of correlates of protection in ZIKV
infection is important to define what immune par-
ameters are linked with protection, and are vital to
design and produce better vaccines or immunization
protocols. In general, it is considered in the vaccine
field that a vaccine should trigger both B and T cell
immune responses to accomplish the elimination of
the pathogen, with T cells playing a more important
role in the long-term efficacy. Depending on the
nature of the vaccine, leading to activation of B over
T cells, vice versa or more balanced, these parameters
might contribute differentially to the protective
responses. We have previously demonstrated full
efficacy of the homologous prime/boost immunization
with MVA-ZIKV, and even with a single dose of
MVA-ZIKV [12]. In the current study, we could
assume the same efficacy of the heterologous DNA-
ZIKV/MVA-ZIKV prime/boost immunization, as we
achieved better immune responses in all immune par-
ameters analysed. Efficacy experiments to extend cor-
relates of protection (antibodies and CD4+ or CD8+ T
cells) of the DNA-ZIKV and MVA-ZIKV vaccine can-
didates, used in homologous or heterologous prime/
boost immunization protocols, will be tested in the
future.

Lastly, a ZIKV vaccine should ideally elicit long-
lasting immunogenicity [57]. Thus, long-term fol-
low-up experiments of memory T cell analysis would
help to further examine the protection property of
our different immunization schedules with DNA-
ZIKV and MVA-ZIKV. To date, there are limited
information about the possible relationship between
memory T cell responses and the longevity of vaccine
efficacy against ZIKV, but it is known that ZIKV can
infect individuals for long periods, indicating that
the generation of effective memory T lymphocytes
activity may be important in helping to protect against
ZIKV infection [51]. Besides, different recombinant
MVA vaccine candidates have proved in clinical assays
to be able to induce long-lasting immune responses
[58,59]. Our results showed that immunizing with a
heterologous DNA-ZIKV/MVA-ZIKV regimen
increased the magnitude of the memory ZIKV-specific
CD4+ and CD8+ T cell responses compared with hom-
ologous regimens MVA-ZIKV/MVA-ZIKV and
DNA-ZIKV/DNA-ZIKV, which is one of the most
commonly vaccination strategies in the ongoing clini-
cal trials performed for ZIKV [52,60]. Moreover, we
have described the presence of neutralizing antibodies
against ZIKV at the memory phase, showing that this
heterologous DNA-ZIKV/MVA-ZIKV regimen is able
to induce also durable humoral immune responses.
Thus, the ability of the DNA-ZIKV/MVA-ZIKV
immunization regimen to elicit high memory ZIKV-
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specific T cell responses and neutralizing antibodies
adds more value to this regimen in potentiating dur-
able responses that might extend vaccine protection.

Overall, in this investigation we have established an
immunization regimen based on DNA-ZIKV as a
prime followed by MVA-ZIKV as a boost, that elicited
potent and durable ZIKV-specific CD4+ and CD8+ T
cells, Tfh cells, and neutralizing antibodies. This
more balanced T and B cell activation represents a
promising outcome of this combined vaccination
strategy for clinical studies on ZIKV. Currently, the
heterologous combination of SARS-CoV-2 vaccines
is gaining support to further enhance the immuno-
genicity over the homologous vaccine administration
that is being applied as a mass vaccination campaign
to the human population. Understanding the B and
T cell immune responses triggered by combined vac-
cines is needed for better implementation of world-
wide vaccination programs.
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