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A DNA vaccine encoding prM and E protein has been shown to induce protection against Zika virus (ZIKV) infec-
tion in mice and monkeys. However, its effectiveness in humans remains undefined. Moreover, identification of
which immune cell types are specifically infected in humans is unclear.We show that humanmyeloid cells and B
cells are primary targets of ZIKV in humanized mice. We also show that a DNA vaccine encoding full length prM
and E protein protects humanized mice from ZIKV infection. Following administration of the DNA vaccine, hu-
manized DRAGmice developed antibodies targeting ZIKV asmeasured by ELISA and neutralization assays.More-
over, following ZIKV challenge, vaccinated animals presented virtually no detectable virus in human cells and in
serum, whereas unvaccinated animals displayed robust infection, as measured by qRT-PCR. Our results utilizing
humanized mice show potential efficacy for a targeted DNA vaccine against ZIKV in humans.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Zika virus (ZIKV), amember of the flavivirus familywas first isolated
from a rhesus monkey in Uganda in 1947 (Dick et al., 1952). Although
the first human case was described in 1952 in Nigeria (Macnamara,
1954), the virus is not known to have causedmajor epidemics until rel-
atively recently. In 2007, ZIKV re-emerged to cause an epidemic in Mi-
cronesia (Duffy et al., 2009) and more recently an outbreak occurred
in French Polynesia in 2013. ZIKV infection reached an almost a pan-
demic level in 2016 following its introduction to Brazil in 2015
(Zanluca et al., 2015). On February 1, 2016, the Zika virus was officially
declared as public health emergency of international concern by the
World Health Organization (WHO).

The primary mode of ZIKV transmission is through the bite of Aedes
mosquitos, although recent studies suggest that sexual transmission is
also a possibility (Foy et al., 2011; Musso et al., 2015). In fact, recent
studies suggest that the virus can persist for long periods in the testes
of infected mice leading to destruction of tissue resulting in sterility
(Govero et al., 2016; Ma et al., 2016). What made the recent ZIKV epi-
demic alarming is its association with neurological illness such as
00@gmail.com (N. Manjunath).

Research, Drug Development,

. This is an open access article under
Guillain-Barré syndrome in the French Polynesia and microcephaly in
fetus andnewborns (reviewed in (Retallack et al., 2016)) in the epidem-
ic in Brazil and USA.

The implication of birth defects in infectedpregnantmothers, neuro-
logical illness in adults as well as the possibility of sexual transmission
has intensified efforts to develop a vaccine for ZIKV, as currently there
is no approved vaccine for the virus. Great strides have already been
made and several recent reports have demonstrated the efficacy of
both inactivated ZIKV vaccine as well as of prM/E proteins expressed
viaDNAor adenoviral vectors inmice andmonkeymodels, andmost re-
cently, a single dose of nanoparticle-encapsulated mRNA vaccine
encoding prM-E protein also induced strong and durable protection in
mice and monkeys (Abbink et al., 2016; Dowd et al., 2016; Larocca et
al., 2016; Pardi et al., 2017). Moreover, human neutralizing antibodies
have been shown to protect mice against ZIKV infection (Sapparapu et
al., 2016). Although these results are encouraging, efficacy has so far
not been demonstrated against human subjects or human cells in vivo.

Zika virus can infect multiple cell lines of different species in vitro.
Primary humandermal fibroblasts, epidermal keratinocytes, and imma-
ture dendritic cells have been shown to be susceptible to ZIKV infection
in vitro (Hamel et al., 2015). DC-SIGN (Dendritic Cell-Specific Intercellu-
lar adhesion molecule-3-Grabbing Non-integrin) and members of TIM
and TAM family of receptors, particularly AXL and Tyro3 have been
also shown to facilitate infection and blocking antibodies to these recep-
tors prevent infection, suggesting that they might serve as entry recep-
tors (Hamel et al., 2015). Primary human neuronal stem cells and
astrocytes, oligodendrocyte precursor cells, and microglia cells have
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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also been shown to be susceptible to infection in vitro (Retallack et al.,
2016). Other in vitro studies have shown that primary human placental
cells and explants-cytotrophoblasts, endothelial cells, fibroblasts,
Hofbauer cells in chorionic villi, amniotic epithelial cells and trophoblast
progenitors can also be infected (Quicke et al., 2016; Tabata et al., 2016).
However, which human cells are infected in human patients is not
known.

We show that humanmyeloid cells and B cells are the major targets
of ZIKV and that a DNA vaccine encoding the viral prM and E proteins
elicits robust protection against ZIKV infection in humanized DRAG
mice.

2. Materials and Methods

2.1. Antibodies, Cell Lines and Viruses

Mouse anti-flavivirus antibody (clone D1-4G2-4-15 (4G2), RRID:
Ab00230-2.0) and anti-ZIKV E protein DIII (LR) ZV-67 (RRID:
Ab00812-2.0)was purchased from absolute antibody Inc., UK. FITC-con-
jugated goat anti-mouse polyclonal antibody was obtained from Sigma
Inc. (MO, USA). Fluorescence-labeled anti-human CD45, CD4, CD19,
CD14 and CD11c antibodies were purchased from BD Biosciences (CA,
USA). Vero cells (strain Vero 76, clone E6, RRID: CVCL_0603) were ob-
tained from ATCC and grown in Dulbecco's Modified Eagle medium
(DMEM) containing Glutamax and supplementedwith 10% fetal bovine
serum (FBS) and 100 U/mL penicillin-streptomycin (PS) (Invitrogen)
and maintained at 37 °C in the presence of 5% CO2. ZIKV (strain
PRVABC59) was obtained from ATCC. The viral stocks were produced
by infecting Vero cells in the laboratory using anMOI (Multiplicity of in-
fection) of 0.01. The supernatants were collected at day 4–5, then clari-
fied, filtered, aliquoted and stored at −80 °C. These viral stocks were
used for FRNT (focus reduction neutralization test) neutralization as-
says and mice challenge.

2.2. DNA Vector Constructs

ZIKV strain PRVABC59 (Genbank Accession number: KU501215.1)
was used to design the DNA vaccine plasmid. Full-length pre-mem-
brane and envelope gene (PrM-E, defined as amino acids 126–794 of
the ZIKV polyprotein) or short version of PrM-E (216–794), as described
in Larocca et al., 2016 were mammalian codon optimized, synthesized
(Genscript, NJ) and cloned intomammalian expression vector pTTVH8G
driven by the CMV immediate early promoter for mammalian expres-
sion. A Kozak sequence and a Japanese encephalitis (JE) signaling se-
quence were also included. The plasmid constructs were confirmed by
DNA sequencing and amplified in E.coli DH5α, and theplasmidwaspre-
pared with Qiagen endo-free Maxi-prep kit.

2.3. Humanized DRAGMice, Immunization and ZIKV Challenge of the Mice

Humanized DRAGmice (NSGmice transgenic for human DR4, RRID:
IMSR_JAX:017914) were obtained from Jackson Laboratories and bred
in TTUHSC animal facility. To increase scientific rigor where ever possi-
ble, experiments have been done in a blinded manner and to exclude
sex bias, each experiment contains equal number of male and female
mice. To generate humanized DRAG mice, animals were irradiated
with a dose of 350 cGy and injected intravenously with 0.2 million of
DR4 positive HSCs isolate from the fetal liver (Advanced Bioscience
Inc.). After 10–12 weeks, the reconstitution will be confirmed by flow
cytometry by staining the PBMCs with human CD45, CD3, CD4 and
CD8. After confirming successful reconstitution, the DRAG mice were
immunized intramuscularly (IM) by injection of 100 μg of plasmid
DNA twice at week 0 and week 3. Sera collected at weeks 0, 3 and 6
were used for ELISA and Microneutralization assay. For ZIKV challenge,
both unimmunized and immunized male and female DRAG mice were
intraperitoneally administrated with 1 × 104 PFU of ZIKV strain
PRVABC59. Three days after challenge, the animals were sacrificed,
and the blood aswell as spleen cells were collected for immunostaining
assay. Also, the blood cells and sera were used to extract RNA for quan-
titative RT-PCR to determine the viral loads.

2.4. Quantitative RT-PCR

ZIKV viral loads were determined by quantitative RT-PCR assay
using RNA extracted from cells or serum. Briefly, cellular RNA was ex-
tracted with RNAeasy Mini kit (Qiagen, Germany) and the serum RNA
was extracted using QIAamp viral RNA mini kit (Qiagen, Germany) ac-
cording to the manufacturer's instructions and the RNA concentration
were determined by Nanodrop. The Zika virus RT-PCR detection kit
was purchased from Primerdesign Ltd., UK and quantitative RT-PCR as-
says were performed according the manufacturer's instructions. The
viral loads were calculated as copy numbers per ml according to the
standard curve.

2.5. Negative Strand RT-PCR

Human B cells were isolated from human PBMCs using CD19 posi-
tive selection kit, then were activated and expanded with B cell expan-
sion kit for 4 days. The activated B cells (1 × 106 cells) were infected 1
× 104 pfu of ZIKV for 4 h, following which the cells were extensively
washed to remove free virus and cultured with fresh medium. The su-
pernatants and aliquots of B cells were collected at days 0, 1, 3, 5 and
8. A two-step RT-PCR was used to detect the negative strand RNA. Cel-
lular RNA was extracted as described earlier, and reverse transcribed
using the forward primer complementary to the viral negative strand.
The RT primer sequence is as follows: ggaggattccggattgtcaat. Reverse
transcription was performed according the protocol of SuperScript III
first-strand synthesis kit (Thermo Fisher Scientific, CA). The RT reactions
were then treated at 95 °C for 10mins to inactivate the enzyme. The PCR
was then performed using the following primer pair: forward primer
“ggaggattccggattgtcaat” and reverse primer “tgccgtgaatctcaaaaaggc”,
which target a 150-bp-long fragment at the conserved region of capsid
gene negative strand.

2.6. ELISA

The antibody titers in the DRAG mouse sera were determined by
ELISA. To determine the ZIKV-specific IgG from human cells, the
Human ZIKV Envelope ELISA kits were used, while mouse ZIKV Enve-
lope ELISA kits were used for test the mouse ZIKV-specific IgG. Both
ELISA kits were purchased from Alpha Diagnostic International, TX,
USA. 96-well plates coatedwith ZIKVEnvproteinwere first equilibrated
at room temperature with 300 μL of kit working wash buffer for 5 min,
then 1:20 dilution of DRAGmouse sera were added to the wells and in-
cubated at room temperature for 1 h. After washing 4 times with wash
buffer, 100 μL of HRP-conjugated anti-human IgG (or anti-mouse IgG if
testing themouse antibody)was then added to eachwell and the plates
incubated for 1 h at room temperature. Plates were then washed 6
times, developed with 100 μL of TMB substrate for 15min at room tem-
perature then stopped by adding 100 μL of stop solution. OD450 mea-
surements were then recorded on a FLUOstar Omega microplate
reader. Antibody titers were expressed as thresholds of OD of 1 U/mL
calibrator (N1 threshold was considered as positive) and calculated ac-
cording to the Manufacturer's instructions, and all data are reported as
the average of three measurements.

To determine ZIKV protein E specificity of the vaccine constructs, 2
μg of full or short versions of DNA constructs were transfected into
293 T cells cultured in 12-well plates. After 3 days, the culture superna-
tants were collected and 100 μL of each (triplicate)were coated into 96-
well immune plate overnight. After blocking with 5% non-fat milk (in
PBS) for 2 h, the primary antibody ZV-67 (ZIKV E protein DIII region-
specific, purchased from absolute antibody Inc., UK) were added for

http://absoluteantibody.com/ababs/Ab00230-2-0-Anti-Flavivirus-group-antigen-D1-4G2-4-15-4G2/
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1 h, followed by HRP-labeled anti-mouse IgG antibody. The color was
then developed with TMB substrate, and OD450 were recorded as de-
scribed earlier.

2.7. Western Blot

To assess the PrM-E expression of the vaccine constructs and the E
protein specificity, cell lysates were collected after 72 h from PEI-
transfected 293 T cells. The lysateswere treatedwith lysis buffer, heated
for 10 min at 100 °C, and then run on a precast 4–12% SDS-PAGE gel
(BioRad, CA, USA). The gel was then transferred onto a PVDFmembrane
and then blocked overnight with 5% skim milk in PBS. The membrane
was incubated with the primary antibody ZV-67 (1:2000) for 2 h,
followed by washing 4 times using PBS-T buffer. Then, the membrane
was incubated with secondary antibody anti-mouse IgG (HRP-labeled,
1:5000) for 1 h. After washing away the unbound secondary antibody
with PBS-T for 5 times, the color was developed by using Pierce ECL
Western Blotting Substrate (ThermoFisher, CA, USA).

2.8. Microneutralization Assay

Neutralizing activity of mouse sera was determined using a ZIKV
microneutralization (MN) assay as described previously (Abbink et al.,
2016; Larocca et al., 2016) with small modifications. In brief, serial dilu-
tions of mouse sera were incubated with 100 μL of ZIKV PRVABC59
(containing 100 PFU of viruses) at 35 °C for 2 h. Next, the antibody-
virus mixtures were added to overnight-cultured Vero cell monolayers
in 96-well plates and incubated for 4–5 days until the CPE developed.
The cells were fixed with ethanol/methanol (1:1), then stained with
mouse-anti flavivirus antibody, followed by HRP-conjugated goat anti-
mouse polyclonal antibody, and then developed by adding TMB sub-
strate. The absorbance at 450 nm was recorded. The neutralizing titers
were calculated as the average of mouse sera (triplicates for each
serum) and presented as the reciprocal of serum dilution yielding 50%
inhibition of the OD450 (compared with preimmune mouse serum
values) after plotting the data with Sigmaplot software using a polyno-
mial regression (quadratic) curve-fittingmodel (Hioe et al., 2010). Sero-
positivity was defined as a titer of ≥20.

2.9. Isolation and Staining of Immune Cells

The spleens harvested from DRAG mice were mashed and filtered
through a 40 μm strainer twice. Then the human cells (CD45+ cells)
were isolated using mouse/human chimera isolation kit (StemCell
Technologies). Next, the human cells were used to isolate B cells using
CD19 positive selection kit (StemCell Technologies), the rest of cells
were used to further isolate CD3+ T cells with CD3 positive selection
kit, and the final subpool of the cells were considered as myeloid cells.
After isolation, the cells were checked for purity by staining with
CD19, CD3 and CD14 antibodies respectively (The purities of the three
cell types range from 95 to 99%, data not shown).

The above-purified immune cells were treated with fixation/perme-
abilization kit (BD Biosciences) for 30 min, then intracellularly stained
with mouse anti-Flavivirus mAb for 1 h, followed by FITC-conjugated
goat anti-mouse secondary antibody for 30 min. Then, the cells were
washed once with FACS buffer (PBS + 2% FBS), then respectively
stained with fluorescence-labeled human CD19, CD3 and CD14 anti-
body, and the cells were counted by flow cytometry.

2.10. In Vitro Infection of Human B Cells

HumanB cellswere isolated fromhuman PBMCs purchased fromAs-
tarte Biologics (Bothell, WA) using CD19 positive selection kit (Stemcell
Technologies, Canada). The purities of the isolated CD19+ cells are 95–
100%. Human B cells were then activated using the B cell expansion kit
(R&D System, Minneapolis, MN) according the manufacturers'
instructions, immediately after isolation. For ZIKV in vitro infection, 1
× 106 of B cells were infected with a dose of 1 × 104 pfu of ZIKV for
4 h, then the cells were extensively washed (3–4 times), and cultured
in medium supplemented with B cells expansion buffer. The day 0 sam-
ples were taken from this time.

2.11. Statistical Analysis

Statistical analyses were performed with GraphPad Prism version 6.
Data between groups were compared using Unpaired Student t-tests
withWelch's correction, orMann-Whitney test. P b 0.05was considered
significant and P b 0.01 was considered extremely significant. Power
analysis was used to determine animal size according to previous pub-
lications to assure significances.

3. Results

While routinely used humanizedmouse models, including BLTmice
are good models to test for efficacy of drugs and gene therapy, they do
not permit testing of vaccination approaches due to poor antibody re-
sponse including class-switching. However, in recently described
DRAG mice, which lack murine class II, but transgenically express
human HLA-DR4, antibody response including class switching is robust
(Allam et al., 2015). Therefore we tested the efficacy of the DNA vaccine
in DRAG mice.

To generate humanized mice, DRAG mice were irradiated (350 gy)
and intravenously injected with human DR4+ CD34+ hematopoietic
stem cells (HSCs) isolated from fetal liver (obtained fromAdvanced Bio-
sciences Inc.). Twelve weeks later, PBMCs (peripheral blood mononu-
clear cell) obtained from retro orbital bleeding were tested for human
immune cell reconstitution by flow cytometry using human-specific an-
tibodies. Human CD45+ cells in the spleen constituted ~50% and in-
cluded CD4 and CD8 T cells, B cells, monocytes and dendritic cells (Fig.
1A). To characterize if ZIKV could be efficiently replicated in DRAG
mice, a group of 4micewere challengedwith ZIKV (1× 104 PFU (Plaque
forming units) per mouse), disease progression was monitored daily
and sera collected at days 0, 1, 3, 5 and 8 for viral load detection. ZIKV
infection did not cause any significant symptoms or weight changes in
infected mice when compared with uninfected mice (n= 2), however,
infected mice did present with detectable viremia during an 8-day-fol-
low-up period with peak viral load averaging 8 × 104 viral copies/ml
at day 3, indicating effective viral replication in these mice (Fig. 1B).

Both partial prM-E (AAs 216–794) (Larocca et al., 2016) and full-
length prM-E (AAs 126–794) coding sequence were used for DNA vac-
cines. We therefore tested both of these forms for E protein expression.
We synthesized the prM-E of ZIKV (strain PRVABC59) and cloned it into
a mammalian expression vector pTTVH8G. These constructs were
transfected into 293 T cells and after 48 h, cells were stained with
ZIKV-E protein specific antibody and examined by flow cytometry. As
shown in Fig. 2A, both partial prM-E and full-length prM-E containing
plasmid-transfected cells expressed E protein, although full-length
prM-E expression was somewhat higher. We also tested the superna-
tants from transfected cell culture for antigenicity by ELISA (enzyme-
linked immunosorbent assay). We found no significant difference be-
tween the partial and full-length constructs in terms of protein E speci-
ficity (Supplementary Fig. 1.). We further confirmed PrM-E protein
expression by Western Blot (Supplementary Fig. 2). Therefore, we
used the full-length plasmid for further studies.

DRAGmicewere then immunizedwith a control plasmid (pTTVH8G
vector only) or ZIKV DNA vaccine (100 μg per mouse) intramuscularly.
The vaccination was repeated 3 weeks later. Sera collected 3 weeks
after the first and second immunization was tested for ZIKV E protein-
specific human IgG antibodies by ELISA using Alpha Diagnostic human
ZIKV Envelope ELISA kit (with IgG-specific secondary antibody). As
shown in Fig. 2B, humanE protein-specific antibodieswere detected fol-
lowing the second immunization. The sera were then tested for ZIKV



Fig. 1. Characterization of humanized DRAGmice and ZIKV infection. (A) Irradiated DRAGmice were intravenously injected with DR4-matched human CD34+ hematopoietic stem cells
(HSCs). Twelve week later, PBMCs were stained with indicated human antibodies to verify reconstitution of T (human CD3 and CD4/or CD8 positive) and B cells (human CD19 positive),
monocytes (humanCD14 positive) anddendritic cells (humanCD11c positive). (B)DRAGmicewere intramuscularly administratedwith 1×104 pfu of ZIKV (strain PRVABC59, n=4), and
the uninfectedmice (n=2)were used as negative control. The serawere collected at days 0, 1, 3, 5 and 8 to extract viral RNA and ZIKV RT-PCRwas performed to determine the viral load.
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neutralizing antibodies using previously described microneutralization
assay (Abbink et al., 2016; Larocca et al., 2016). Significant titers of neu-
tralizing antibodies were also detected after the second immunization
(Fig. 2C). We further determined specific antibody isotypes develop-
ment in DRAG mice after ZIKV vaccine immunization using Iso-gold
rapid human antibody isotyping kit (Bioassay Works LLC, Ijamsville,
MD) in pooled sera from twice immunized animals. The results demon-
strated that all isotypes, including IgG (subclasses IgG 1, 2, 3), Ig A and
IgM were present in the sera (Supplementary Fig. 3).

DRAG mice are devoid of murine T, B and NK cells (Danner et al.,
2011), and thus presumably, non-humanized DRAG mice should not
be able to elicit any antibody response. To confirm that mouse IgG did
not contribute to the antibody response against Zika virus, we immu-
nized non-humanized DRAG mice (without HSC (hematopoietic stem
cells) injection) with full-length DNA vaccine, and 4 weeks later, tested
the sera for murine antibody response by ELISA using non-immunized
DRAG mouse sera as negative control. No ZIKV-specific antibody re-
sponse was found in these mice (Supplemental Fig. 4). We also tested
if any isotype of Ig is present in these mice using Iso-gold rapid mouse
antibody isotyping kit (Bioassay Works LLC, Ijamsville, MD). We were
unable to detect Ig of any isotype in these mice sera (Supplemental
Fig. 5). Therefore, our data further confirms that ZIKV-specific antibody
response is solely contributed by the engrafted human cells.

Control and vaccinated animals were then challenged with ZIKV
(1 × 104 PFU) and sacrificed 3 days after challenge. First, sera and
blood cells were tested for the presence of ZIKV by RT PCR. While high
levels of ZIKV were present in the control mice, virus was almost unde-
tectable in the sera and blood cells in immunized mice (Fig. 3).

To evaluate human cell types that support infection, spleens of con-
trol and vaccinated mice were pooled into 3 groups (5 mice each treat-
ment, 2 mice each were pooled into 2 groups, and 1 mice for third
group). The CD45+ human cells were first isolated, followed by isola-
tion of human T cells and B cells were further isolated using Miltenyi
beads. The T and B cell-depleted cell population was considered to be
mostly myeloid cells. The purities of the three cell types range from 95
to 99% (data not shown). All three populations were intracellularly
stained for ZIKV E protein and examined by flow cytometry. The mye-
loid cells and surprisingly, B cell population from controlmicewere pos-
itive for E protein, whereas all cell types from the vaccinated mice were
negative (Fig. 4 A, B, C). No infectionwas found for T cells in both vector
and vaccine immunizedmice. Similar resultswere also seen by qRT-PCR
(Fig. 4D).

Human myeloid cells especially macrophages were reported to be
infected with ZIKV (Quicke et al., 2016), but we find that B cells are
also infected. To further confirm B cell infection, we infected another
set of DRAG mice (n = 4) and collected blood at day 0, 1, 3, 5 and 8.
The PBMCs were then stained with ZIKV E and B cell-specific antibody.
As shown in Fig. 5A and Supplementary Fig. 6, the ZIKV E stained B
cells were strongest at day 3, similar to the viral load curve in the sera
as described in Fig. 1C. To investigate whether human B cells could be
infected by ZIKV in vitro, CD19+ B cells were isolated from human pe-
ripheral blood mononuclear cells (PBMCs), and then activated using



Fig. 2. ZIKV DNA vaccine induces antibody response in humanized DRAGmice. (A) DNA vaccines encoding either a full-length or a short form of PrM-E gene were transfected into 293 T
cells and the cells stained with ZIKV E antibody after 48 h. Representative flow cytometric data (left) and cumulative data on MFI from 3 independent experiments (right) are shown.
Histograms from left to right represent vector control, partial PrM-E, and full length PrM-E respectively. Red histograms represent isotype control and blue histograms represent
staining with E protein antibody. (B) DRAG mice were intraperitoneally administrated with 100 μg of full- length PrM-E DNA vaccine and boosted at week 3. Sera obtained at week 0
(preimmune), 3 and 6, were tested in triplicate for E-specific antibody response by ELISA. Each symbol represents mean of triplicate from individual mouse. (C) Pre-immune and
vaccine boosted sera were tested for ZIKV neutralizing antibodies by microneutralization assay. The neutralizing titers were presented as the reciprocal of serum dilution yielding 50%
inhibition of the OD450 (compared with preimmune mouse serum values).
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human B cell expansion kit. One million activated B cells were then in-
fected with ZIKV at a dose of 1 × 104 pfu for 4 h, followed by extensive
washing to remove free virus, at which time cells were cultured in fresh
Fig. 3. Immunization with DNA vaccine induces protection against ZIKV challenge. Vector
control and DNA vaccine-immunized mice were challenged with 1 × 104 PFU of ZIKV
6 weeks later and after 3 days of challenge, viral load in the serum (A) and blood cells
(B) tested by qRT-PCR. Each symbol represents an individual mouse.
medium. Supernatants were collected at days 0, 1, 3, 5, 8 and were test-
ed for viral load by RT-PCR. As shown in Fig. 5B, the viral RNA in the su-
pernatants steadily increased with time, peaking at day 3–5, and then
began to decline. To test for replicating virus, we examined B cells for
ZIKV negative strand RNA by a two-step RT PCR. For this, 1 × 105 B
cells were collected at different days after infection and cellular RNA
was tested for ZIKV negative strand RNA. As shown in Fig. 5C, a
150 bp PCR product amplified from the ZIKV negative strand RNA
could be seen at days 1, 3, 5 and 8 after infection but not in uninfected
cells. It is worth noting that viral RNA was undetectable after 3 days of
ZIKV infection in vitro in resting (non-activated) B cells (Supplementary
Fig. 7), implicating that activation of B cells may promote expression of
cellular receptors for ZIKV infection.

4. Discussion

Taken together, we have shown that a DNA vaccine encoding prM
and E protein elicits protective antibody response in humanized DRAG
mice, and thus, it is very likely to induce similar protection in humans.
In addition, by using a humanized DRAG mouse model, we found that
among the human immune cells, human myeloid cells and B cells are
the major targets of Zika virus.

A number of Zika vaccine candidates have been tested in various an-
imal models from mouse to monkey as has been previously described
(Kublin andWhitney, 2017;Ming et al., 2016).Monkeymodels have ex-
perimental limitations such as high cost and difficulty in obtaining a
large number of animals for a significant study, while the commonly
used immunodeficient AG129 mice do not generate sufficient cellular
and humoral immunity due to lack of IFN α/β/γ receptors. Moreover,
they do not allow testing the human immune response. Humanized
BLT mice have been used to test vaccine efficacy (Lavender et al.,
2013), but in the commonly used BLT and similar models, the antibody
response is weak and fails to switch class to IgG isotypes. Here we have
shown that in the humanized DRAG mice, all kinds of immune cells in-
cluding T cells, B cells, macrophages and DCs develop normally, and
after vaccination, human ZIKV E-protein-specific antibodies of different



Fig. 4. Susceptibility of different human immune cells to ZIKV infection. Control andDNAvaccine-immunizedmicewere challengedwith ZIKV and after 3 days, human cells (CD45+)were
first isolated from the pooled spleens as described in the text (5mice each treatment, 2mice eachwere pooled into 2 groups, and 1mice for third group). B cells (panel B), T cells (panel A)
and myeloid cells (panel C) were further isolated and respectively stained with fluoro-labeled anti-E antibody (intracellular staining) together with fluoro-labeled anti-CD20, CD3 and
CD14 (surface staining), and analyzed by flow cytometry. A representative flow cytometric data from each of 3 pools (left) and cumulative data from all mice tested (right) is shown.
(D) The indicated isolated immune cell pools were tested in triplicate for ZIK viral load by qRT-PCR. Each symbol represents mean of triplicates from individual pools.
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Ig isotypes could be detected. Therefore, our results showed that DRAG
is a potentially attractive animal model for testing human immune re-
sponse to vaccine candidates.

We used PrM-E (AA 126–794) as an immunogen in our DNA vaccine
construct, differing from the ones used by either Dowd et al., (2016) (AA
123–794) or Larocca et al. (2016) (AA 216–794). It has been reported
that flaviviral PrM-E proteins can assemble together to form subviral
particles, though such virus like particles are non-infectious, they are
structurally similar to infectious virions (Chang et al., 2001; Ferlenghi
et al., 2001), and are potentially important for eliciting a potent neutral-
izing antibody response. By careful examination of the PrM-E protein
sequence, we found that there is a potential Golgi proteolytic cleavage
site (Normally contains RR, KK or RK, as found in other flaviviruses
(Stocks and Lobigs, 1998)) at R127 and R128, thus it is highly likely
that the start amino acid of propeptide is from R128, suggesting that
AA 123–127 may not be necessary for propeptide generation (although
this remains untested). Nevertheless, our construct expressed ZIKV E
protein— themajor immunogenic component of the vaccine— as dem-
onstrated by flow cytometry, ELISA, as well asWestern blot after trans-
fection of 293 T cells. Thus, we believe that our construct does not
disturb correct expression and folding of the immunogen. It is worth
noting that proteins of full length (which encoding AA 126–794) and



Fig. 5.Confirmation of B cell infection in vivo and in vitro. DRAGmicewere infectedwith 1× 104 pfu of ZIKV and blood collected at days 0, 1, 3, 5 and 8. The PBMCswere stainedwithfluoro-
labeled anti-humnan-CD45, CD20 and anti-ZIKV E antibodies. (A) A representative flow cytometric data of ZIKV infected B cells (CD20 and ZIKV E double positive cells) at indicated time
points are shown. (B, C) Human B cells were isolated from human PBMCs using CD19 positive selection kit, then were activated and expanded with B cell expansion kit for 4 days. The
activated B cells (1 × 106 cells) were infected 1 × 104 pfu of ZIKV for 4 h, following which the cells were extensively washed to remove free virus and cultured in fresh medium. The
supernatants and aliquots of B cells were collected at days 0, 1, 3, 5 and 8. RNA extracted from the supernatants at indicated time points were tested for ZIKV by RT-PCR (B) and the
cellular RNAs were tested for the presence of ZIKV negative strand RNA by two step RT-PCR to test for replicating virus (C). Lane 1: RNA from uninfected B cells; Lane 2–6: RNA from
infected B cells sampled at days 0, 1, 3, 5 and 8; Lane 7: RNA from infected humanized DRAG mouse sera served as negative control; Lane 8: RNA from infected humanized DRAG
mouse myeloid cells served as positive control.
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shorter version (which encoding AA 216–794) constructs have the
same size (around 60 kDa), indicating the successful cleavage at the
furin cleavage site (AA 212–215, residues RSRR) after expression.

Among cells of the immune system, we have shown that in addition
to myeloid cells, B cells also potentially support ZIKV infection. Even
though we showed evidences of B cell infection in cell culture and
humanized mouse model, it must be cautioned, however, that there is
always a possibility that studies in experimentalmodels may not neces-
sarily reflect the situation in humans. Particularly, we cannot exclude
the possibility that in the scenarios of either cell culture or humanized
mouse model, the susceptible human cell types for Zika infection is
highly restricted, thus distinct from the clinical situation in ZIKV
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infection. Therefore, the relevance of B cell infection as it pertains to
clinical ZIKV infection remains to be further dissected. In addition, if
the B cell infection indeed occurs in humans, whether the virus remains
in memory B cells and seeds other tissues such as testis remains to be
tested in future experiments.
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