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ABSTRACT The impact of the Zika virus (ZIKV) epidemic highlights the need for
vaccines that reduce or prevent infection and reliably prevent teratogenic complica-
tions. The live-attenuated measles virus (MV) vaccine strains are a promising vaccine
platform, since they induce robust humoral and cellular immune responses against
additional antigens and have an excellent safety record. To explore its potential to
protect against ZIKV, we compared a recombinant Schwarz strain MV that encodes
ZIKV prM and soluble E proteins (MV-Zika-sE) with a prototypic alum-adjuvanted
whole inactivated ZIKV particle vaccine. Analysis of MV-Zika-sE-infected cells con-
firmed antigen expression, and the virus replicated with vaccine strain characteris-
tics. Immunized IFNAR—/~-CD46Ge mice developed E protein-specific and neutraliz-
ing antibodies, and ZIKV E-specific cellular immune responses were observed by
gamma interferon (IFN-y) enzyme-linked immunospot (ELISpot) and in vitro T cell
proliferation assays. To analyze protective efficacy, vaccinated female mice were
challenged with ZIKV after allogeneic mating. In MV-Zika-sE-vaccinated mice, weight
gain was similar to that in uninfected mice, while no plasma viremia was detectable
in the majority of the animals. In contrast, infected control animals gained less
weight and experienced about 100-fold higher viremia over at least 3 days. More-
over, vaccination with MV-Zika-sE reduced the ZIKV load in different organs and the
placentas and prevented infection of the fetus. Consequently, no fetal growth retar-
dation, anemia, or death due to ZIKV infection was seen in MV-Zika-sE-vaccinated
dams. In contrast, the inactivated ZIKV vaccine had little to no effect in our studies.
Therefore, the MV-derived ZIKV vaccine is a promising candidate for further preclini-
cal and clinical development.

IMPORTANCE Zika virus (ZIKV) is a mosquito-borne flavivirus that causes a variety of
neurological complications, including congenital birth defects. Despite the urgent
need, no ZIKV vaccine has yet been licensed. Recombinant vaccine strain-derived
measles viruses (MV) constitute a promising vector platform to induce immunity
against foreign pathogens by expressing antigens from additional transcription units
while at the same time possessing a remarkable safety profile. This concept has al-
ready been validated against different pathogens, including at least 3 other flavivi-
ruses, and our data show that vaccination with MV expressing soluble ZIKV E protein
significantly diminishes infection and prevents fetal loss or damage in an allogeneic
mouse pregnancy model. It can thus be regarded as a promising emergency vaccine
candidate with the potential for inclusion in routine vaccination settings in areas of
endemicity to prevent teratogenic effects of circulating ZIKV during pregnancy, com-
parable to standard rubella virus vaccination.
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Nurnberger et al.

ue to an ongoing epidemic in the Americas since 2015, Zika virus (ZIKV) has raised

worldwide concerns by causing congenital neurological abnormalities in babies of
ZIKV-infected mothers. Such fetal phenotypes have been described as congenital ZIKV
syndrome (1). A total of 26,000 suspected cases of ZIKV disease in pregnant women
were reported between January 2016 and June 2017 in Brazil, 11,500 of which were
confirmed in the laboratory. Moreover, 3,000 out of 14,500 suspected cases of micro-
cephaly and congenital ZIKV syndrome reported from August 2015 until July 2017 were
validated by clinical, radiological, or laboratory detection methods. Thus, more than
one-third of 582 fetal deaths after birth or during pregnancy and cases of microcephaly
or other fetal malformations of the central nervous system reported in 2016 in Brazil
were found to be associated with ZIKV infection of the mothers during pregnancy (2).
Therefore, the development of effective countermeasures is regarded as essential,
especially for women of reproductive age, and ZIKV has consequently been included as
a priority pathogen in the list of the World Health Organization (WHO) (3). While
antivirals may serve as fast emergency measures in a diagnosed infection, the devel-
opment of a prophylactic vaccine that also prevents fetal ZIKV infection during preg-
nancy is regarded as urgent. For this purpose, the WHO has assembled a ZIKV vaccine
target product profile (TPP) with desirable characteristics of an emergency ZIKV vaccine.
Accordingly, development of a prophylactic ZIKV vaccine is of highest priority for the
vaccination of women of childbearing age via an emergency vaccination scheme to
prevent congenital sequela of ZIKV infection. This approach potentially includes preg-
nant women, as well (4).

ZIKV is a mosquito-borne flavivirus and is mainly transmitted by Aedes aegypti
mosquitos, which also serve as vectors for related flaviviruses, such as Dengue virus
(DENV) or yellow fever virus (YFV) (5). In addition, ZIKV has been found to be efficiently
transmitted sexually, with the ability to persist in the vaginal epithelium and body fluids
like semen (6). ZIKV is named after the location of its first isolation in 1947, the Zika
Forest in Uganda (7). It initially drew little attention due to the historically generally
mild or asymptomatic course of infection (8, 9). However, the virus was detected during
an outbreak on Yap Island in Micronesia in 2007 (10) and was introduced into South
America in 2014 after a stopover in French Polynesia in 2013 (11, 12). By that time, the
pathology of ZIKV infections had changed quite dramatically, including the teratogenic
effects that have triggered worldwide research activities and declaration of ZIKV as a
global health emergency of international concern on 1 February 2016.

Inactivated whole-virus preparations, which especially induce antibody responses
but lack induction of cytotoxic T cells (13, 14), are the basis for several licensed flavivirus
vaccines (15, 16). As an alternative, DNA vaccines with a strong bias for induction of T
cell immunity (17, 18) have been tested as a quickly generated emergency vaccine
platform (19, 20). Both technologies can be considered safe because of the lack of
pathogen replication. However, such vaccine concepts are often less effective than
live-attenuated vaccines (LAVs), such as the highly effective YFV vaccine 17D (21), which
was obtained by serial passaging of the pathogenic YFV Asibi strain (22). LAVs present
the respective antigens in higher abundance; in their “physiological” localization; and
in the context of a real, albeit attenuated, infection, which still releases danger- and
pathogen-associated molecular patterns. Thus, LAVs usually induce higher-affinity an-
tibodies, more robust immune memory, and a stronger CD8* cytotoxic T cell response
than inactivated antigen preparations or subunit vaccines (23, 24).

Unfortunately, the development of a live-attenuated vaccine strain for a newly
emerging pathogen is time-consuming and has an inherent risk of failure due to lack
of proper and stable attenuation. To combine the efficacy of a LAV with the safety
profile of an inactivated or subunit/DNA vaccine, well-characterized safe and efficacious
vaccine strains can be genetically engineered to present critical antigens of the
emerging pathogen of interest. A recent example is the Ebola vaccine, which showed
efficacy in a phase lll trial (25) and is based on vesicular stomatitis virus (VSV). Among
others, measles virus (MV) vaccine strains have been developed as a platform technol-
ogy for vaccine development (26) and have shown immunogenicity and efficacy
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against flavivirus infections in animal models for DENV (27), West Nile virus (28), and
Japanese encephalitis virus (29). For ZIKV, an MV-based vaccine that encodes ZIKV
envelope antigens has been developed by Themis Bioscience and is currently being
tested in a phase | clinical trial (NCT02996890).

In this study, we aimed to compare this recombinant live-attenuated ZIKV vaccine
candidate, MV-Zika-sE, based on the MV Schwarz vaccine strain (MVs,,,), which addi-
tionally encodes a soluble version of ZIKV envelope protein E, to a preparation of Zika
purified formalin-inactivated virus (ZPIV) mimicking standard flavivirus vaccines. To
characterize this vaccine candidate, we first analyzed its replication efficiency and the
expression of the additional ZIKV antigens of two different clones (#4 and #11) in vitro.
After characterizing the humoral and cellular immune responses induced in vaccinated
MV receptor-transgenic IFNAR~/~-CD46Ge mice, we assessed the protection conferred
on vaccinated animals themselves, as well as their unborn, allogeneic offspring, in an
adapted allogeneic ZIKV challenge model in pregnant mice.

RESULTS

Characterization of recombinant MV encoding a soluble form of the ZIKV
envelope protein. To compare a bivalent MV/ZIKV vaccine that is tested in clinical
studies to a mimic of standard flaviviral vaccines, i.e., a preparation of purified inacti-
vated ZIKV (ZPIV), two vaccine clones of so-called MV-Zika-sE were purchased after
generation and sequence verification of the clones. For generation of the bivalent
MV/ZIKV vaccine, a truncated version of the ZIKV E protein was designed that lacks the
stem-anchor region of E and thus gives rise to a soluble E protein (sE). For proper
expression and folding of the flaviviral E proteins, the pre-membrane protein (prM)
is needed (30). In addition, the signal peptide (SP) at the carboxy-terminal end of
the capsid protein is necessary at the amino terminus of the recombinant antigen
for the desired exocytic trafficking via the secretory pathway. Therefore, a gene
encoding the fusion protein of ZIKV (strain BeH818995; GenBank accession no.
KU365777.1) prM-sE preceded by the respective SP-encoding sequence from the
carboxy-terminal end of the capsid (C) protein was codon optimized and generated by
gene synthesis (Fig. 1A). This recombinant gene was inserted into an additional
transcription unit (ATU) following the MV phosphoprotein (P) gene cassette of recom-
binant Schwarz vaccine strain measles virus MV,

The respective recombinant vaccine clones were generated using this plasmid, and
two vaccine clones (MV-Zika-sE#4 and MV-Zika-sE#11), here designated MV-sE#4 and
MV-sE#11, respectively, were obtained and used for further characterization, together
with MV,,,-GFP control vaccine virus (MV-GFP) encoding the green fluorescent pro-
tein (GFP) in the same genomic position.

Expression of E protein in MV-Zika-sE-infected Vero cells was demonstrated by
immunostaining (Fig. 1B) but was also detectable in the cell culture supernatant (data
not shown). Possible differences in expression levels were analyzed via immunoblot
analysis (Fig. 1C). While formation of syncytia indicative of MV infection was seen in all
infected samples, only Vero cells infected with MV-sE#4 and MV-sE#11 revealed specific
expression of ZIKV E protein in these areas (Fig. 1B), indicating homogeneity of the
vaccine virus population. Expression and processing of prM have not been separately
analyzed. However, the SP-prM-sE antigen can be translated only as a polyprotein and
must subsequently be cleaved during transport via the secretory pathway, presumably
by host signal peptidases, so that sk can be released by the infected cells, as observed.
Therefore, we concluded that SP-prM must be expressed and guides sE to the secretory
pathway, while at least M stays associated with infected cells’ membranes because of
its membrane-spanning segments even after potential furin cleavage of the pr peptide.
Expression of the ZIKV antigens had no effect on replication, as shown by a multistep
growth kinetic of cell-associated (Fig. 1E) and released (Fig. 1D) virus. Titers of both
MVgnw-SE clones and the control virus MV-GFP reached similar maximum values
exceeding 1 X 10° 50% tissue culture infective doses (TCID,)/ml at 4 days postinfec-
tion (dpi) in the supernatant. Cell-associated virus titers peaked at 3 dpi at approxi-
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FIG 1 Characterization of recombinant MV expressing a soluble form of the ZIKV E protein. (A) A truncated version of the ZIKV E protein gene
lacking the stem-anchor region, resulting in sE, was inserted together with the prM gene preceded by the C-terminal signal peptide of the capsid
(C) sequence, indicated by a black bar, into an additional transcription unit following the P gene cassette of the MV, genome. (B and C) ZIKV
E protein expression in Vero cells was verified via immunoperoxidase monolayer assay (IPMA) (B) or Western blot analysis (C) directly comparing
two clones of MV-Zika-sE encoding soluble E (MV-sE#4 and MV-sE#11) to control MV, virus encoding GFP (MV-GFP). The blots and fixed cells
were probed as indicated. The apparent molecular weight is also indicated. (D and E) Multistep growth kinetics of the indicated recombinant MV
(P4) on Vero cells at an MOI of 0.03. Shown are titers of cell-associated virus (E), as well as virus in the cell supernatant (D), of samples at the
indicated time points postinfection titrated on Vero cells. Means and standard deviations of the results of three independent experiments and
the lower limit of detection (LLD) (dotted lines) of 1 X 102 TCID,,/ml are depicted.

mately 1 X 10° TCID5o/ml. In conclusion, recombinant MV, encoding ZIKV prM-sE
mediated expression of a soluble form of the E protein in all infected cells and still
replicated with control virus characteristics.

Recombinant MV encoding soluble ZIKV prM-sE protein induces ZIKV E-specific
humoral immune responses. To analyze humoral immunity induced by MV-Zika-sE,
IFNAR~/~-CD46 mice (n = 4 to 6) were vaccinated with both clones, the control
MV-GFP, or medium (mock) in a prime-boost regimen at days 0 and 21, each time with
5 X 10* TCID,. Serum samples were taken at days 0, 21, and 42 (Fig. 2A). The induction
of ZIKV-specific humoral immune responses was analyzed using a ZIKV prM- or
E-specific enzyme-linked immunosorbent assay (ELISA). Twenty-one days after the first
immunization, MV-sE-vaccinated mice developed specific ZIKV E-binding IgG titers
ranging from 160 U/ml to 2,200 U/ml, with mean titers of approximately 1,000 U/ml for
both vaccine clones (Fig. 2B). Three weeks after the boost, anti-E IgG titers in the mice
had increased to 5,000 U/ml, with similar mean concentrations for both clones. Serum
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FIG 2 Humoral immunity induced by recombinant MV vaccines. (A) Schematic depiction of vaccination schedule
and subsequent analysis. IFNAR~/~-CD46Ge mice (n = 4 to 6) were immunized with 5 X 10* TCID,, of the ZIKV
vaccine clone MV-sE#4 or MV-sE#11, MV-GFP vaccine control virus, or medium (mock) on days 0 and 21. Before
immunization and 21 days after boost vaccination, blood was drawn for analysis of humoral immunity. (B) ZIKV
E-specific total IgG antibody titers were determined by ELISA (LLD = 100 U/ml). (C) Functional ZIKV neutralizing
antibodies (nAb) were determined in the postboost sera (day 42) via plaque reduction neutralization assay of ZIKV
plaques (PRNT,,) on Vero cells (LLD = 20 PRNT,,/ml). (D) VNT against MV in sera of mice after boost immunization
were calculated as reciprocals of the highest dilution abolishing infectivity of 50 PFU of MV. One-way analysis of
variance (ANOVA) with Tukey multiple comparison was used for statistics. ns, not significant; *, P < 0.05; **,
P < 0.01; ****, P < 0.0001. The horizontal lines indicate mean values. MV-sE#4 and MV-sE#11 are depicted as light-
and dark-blue triangles, and MV-GFP is depicted as green squares.

samples from control mice did not reveal any ZIKV E-specific IgG throughout the
experiment, and no prM-specific IgG was induced in any mice (data not shown). Next,
the functionality of the ZIKV-specific antibodies was assessed by a plaque reduction
neutralization test (PRNT). The neutralization capacities of anti-ZIKV antibodies induced
by MV-Zika-sE 21 days after boost immunization were comparable for both analyzed
vaccine clones, i.e., 50% plaque reduction neutralization titers (PRNT;,) of 40 to 1,280
in mice immunized with MV-sE#4 and 80 to 1,280 in mice immunized with MV-sE#11,
with mean titers of approximately 512 (Fig. 2C). In contrast, serum samples of unvac-
cinated or control-vaccinated mice did not neutralize ZIKV (PRNT,, < 20).

To assess coinduced anti-measles virus immunity, all sera were analyzed for neu-
tralizing activity against MV. For this purpose, MV-specific neutralizing antibodies (virus
neutralizing titers [VNT]) were quantified (Fig. 2D). After the boost immunization, all
sera of mice vaccinated with MV contained similar levels of neutralizing antibodies
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FIG 3 Cellular immune responses induced by recombinant MV. (A) IFNAR~/~-CD46Ge mice (n = 5 or 6) were immunized with 5 X 10% TCID,, of the ZIKV vaccine
clone MV-sE#4 or MV-sE#11, MV-GFP control virus, or medium (mock) on days 0 and 21. Seven days after the boost, splenocytes were isolated for analysis of
T cell responses. (B) Numbers of IFN-y-secreting T cells after antigen-specific restimulation were determined by ELISpot analysis using the indicated stimuli:
medium (sham), ConA, MV bulk antigen (MV bulk), recombinant ZIKV E protein (ZIKV E), or ovalbumin (Ova). The upper limit of detection (ULD) was 1,200 spots.
(Q) Proliferation of splenocytes upon restimulation was analyzed by proliferation assay. Individual mouse samples are shown, and the horizontal bars indicate
means within each treatment group. ZIKV E-specific responses are represented by open circles. The horizontal lines indicate mean values. Paired two-way

ANOVA with Tukey multiple comparison was used for statistics. ns, not significant; **, P < 0.01; ***, P < 0.001.

against MV of about 400 to 800 VNT. Mock-vaccinated mice did not show MV-specific
antibodies. Thus, immunization with both MV-sE vaccine clones robustly induced ZIKV
E protein-specific IgG that conferred neutralizing activity against ZIKV while still induc-
ing humoral anti-measles virus immunity similar to that induced by standard MV
vaccines.

ZIKV E protein-specific cellular immune responses are also induced by recom-
binant MV-Zika-sE. To analyze the extents of cellular immune responses, IFNAR™/~-
CD46Ge mice (n = 5 or 6) were vaccinated as described above. Seven days after the
boost, the vaccinated mice were euthanized to isolate splenocytes (Fig. 3A). The cells
were then restimulated with the specified antigens, and the number of gamma
interferon (IFN-vy)-releasing cells was monitored by enzyme-linked immunospot
(ELISpot) analysis. The splenocytes of all but two mice revealed similar general reac-
tivities exceeding 500 spots per 1 X 10 splenocytes after stimulation with concanava-
lin A (ConA), and cells from all but one MV-immunized animal exceeded 500 spots per
1 X 10° splenocytes after restimulation with MV bulk antigen, as well. In contrast, only
cells from mice vaccinated with MV-Zika-sE produced IFN-y upon restimulation with
ZIKV E protein, yielding means of 200 and 160 spots per 1 X 10° splenocytes for
MV-sE#4 and MV-sE#11, respectively, while no reactivity to control stimulation using
ovalbumin was observed.

To gain further evidence for functionality of the splenocytes, T cell proliferation was
assessed upon stimulation with the respective antigens (Fig. 3C). At least 50% of
splenocytes proliferated after general stimulation with ConA, whereas only 3 to 11%
proliferated after sham stimulation and 8 to 13% after control peptide restimulation. In
splenocytes isolated from MV-Zika-sE-vaccinated mice, around 40% of splenocytes
proliferated after stimulation with ZIKV E protein, while splenocytes of mock- or
MV-GFP-vaccinated mice showed no reactivity above unspecific control stimulation.
Restimulation with MV bulk antigen did not specifically induce proliferation, most likely
due to the inhibitory effect of MV F and H proteins, abundant in the MV bulk antigen
preparation, on lymphocyte proliferation (31). Taken together, the data show that
bivalent MV/ZIKV vaccine candidates induced not only the expected ZIKV E protein-
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specific antibodies with neutralizing activity, but also robust ZIKV E protein-specific
cellular immune responses. Moreover, cellular anti-MV responses were similar for
MV-Zika-sE and MV-GFP, indicating that robust anti-measles virus immunity was still
induced by the bivalent MV/ZIKV vaccine.

Mice are protected from ZIKV challenge. To compare the efficacy of the bivalent
MV/ZIKV vaccine candidate to mimic standard flavivirus vaccines with that of an
inactivated ZIKV prototype vaccine (i.e., ZPIV), female IFNAR~/~-CD46 mice (n = 16 or
17) were immunized twice with the respective vaccine, MV-sE#11; vector control,
MV-GFP; ZPIV (n = 6); or medium (mock) in a prime-boost setup as described above
(Fig. 4A). Due to similar immune responses induced by both MV/ZIKV vaccine candi-
dates in the previous experiments, additional inclusion of MV-sE#4 in this in vivo
experiment was considered redundant. ZIKV E protein-binding antibodies (Fig. 4B) and
MV-specific VNT (Fig. 4C) were quantified at 21 days postboost to confirm successful
immunization. Vaccination with the bivalent MV-sE induced ZIKV E protein-specific IgG
at levels around 1,400 U/ml, whereas vaccination with ZPIV resulted in titers around
270 U/ml (Fig. 4B). As expected, all but one MV-vaccinated mouse developed robust
MV-specific neutralizing antibodies (Fig. 4C).

Three weeks after the boost, the mice were mated with BALB/c males to generate
allogeneicity of pups in pregnant mice to better mimic the immune status of fetuses in
(only) haploidentical mothers. The pregnancy of plug-positive dams was monitored by
weight gain (Fig. 4D), and mice presumed to be pregnant were infected with 1 X 103
TCIDg, ZIKV (strain PF/2013/251013-18) 7 days after a positive plug check. ZIKV plasma
viremia was monitored every other day starting day 1 after infection until euthanasia on
day 8. Blood, brains, spleens, livers, uteri, or placentas and fetuses were collected,
evaluated for pathological changes, and analyzed for prevalence of ZIKV RNA.

Dams immunized with the bivalent MV/ZIKV vaccine candidate gained weight at the
same rate as noninfected pregnant control mice (Fig. 4D). In contrast, mock-immunized
animals or mice immunized with ZPIV or MV-GFP control showed a statistically signif-
icant delay in weight gain (Fig. 4D). At the end of the experiment, splenomegaly was
observed in mice vaccinated with MV-GFP or ZPIV or mock vaccinated animals, result-
ing in an approximately 3-fold higher spleen weight than in uninfected control mice or
animals vaccinated with the bivalent MV/ZIKV vaccine candidate (Fig. 4E). Thus, mice
vaccinated with MV-sE but not ZPIV had been protected against pathological changes
observed in ZIKV-infected, but naive or control-vaccinated mice.

Viremia in the plasma of ZIKV-infected mice was analyzed by quantitative PCR
(gPCR) (Fig. 4F and G) using the WHO international ZIKV RNA standard for normaliza-
tion. Among mock-vaccinated control animals, ZIKV genomes were detected in a single
animal 1 dpi (Fig. 4G), and other than a single animal that stayed negative throughout
the experiment, all the animals had detectable plasma viremia at 3 dpi, which peaked
at 5 dpi and was still above the limit of detection in half of the animals at 8 dpi, the day
of sacrifice. No impact of pregnancy on plasma viremia levels was observed in our
setting, when pregnant animals were compared to nonpregnant animals (Fig. 4G,
dashed lines). Mice immunized with MV-GFP and ZPIV-immunized mice showed com-
parable kinetics of plasma viremia in both timing and absolute genome copy numbers.
In contrast, 9 out of 17 mice immunized with the bivalent MV/ZIKV vaccine candidate
MV-sE stayed below the limit of detection. In most of the remaining animals, viral RNA
was detected only on day 5 postinfection, with peak ZIKV genome copy numbers about
1 or 2 log units lower than in the other groups. Interestingly, there was no obvious
inverse correlation among mice immunized with MV-sE between the levels of ZIKV E
protein-binding 1gG and the appearance of viremia (data not shown). Moreover, ZIKV
RNA was found in spleens, brains, livers, and uteri of the majority of mock- or
MV-GFP-vaccinated mice, but also in ZPIV-immunized animals (Fig. 4H to K), with a
mean of approximately 104 to 10° IU ZIKV RNA per 30 mg tissue in spleen or brain and
103> copies per 30 mg tissue in the liver. Absent or low ZIKV viremia in the tissues of
a few individual animals in these groups may be explained by the late time point at day
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FIG 4 Viremia and ZIKV organ load are reduced in MV-sE#11-vaccinated mice after ZIKV infection. (A) Schematic depiction of vaccination schedule and
subsequent steps of ZIKV challenge experiments. In three independent experiments, 16 or 17 female IFNAR~/~-CD46Ge mice per group were vaccinated with
medium (mock) as a negative control, with 5 X 10* TCID, of MV-sE#11 or MV-GFP, or with a purified inactivated ZIKV preparation (ZPIV; tested in a single
replicate experiment; n = 6) on days 0 and 21. E, embryonic day. (B and C) ZIKV E-specific IgG levels determined by ELISA (B) and MV VNT (C) were analyzed
after boost vaccination. (D and E) Weight curves (D) and spleen sizes (E) of pregnant mice mated at least 21 days postvaccination and challenged at E7.5 reveal
symptoms of ZIKV infection in naive mice. One naive control animal was excluded from analysis due to a hematological disorder. (F and G) Plasma viremia of
challenged animals determined by ZIKV serum RNA copy numbers of means of different groups (F) or individual animals (G) displayed in the spider blots on
days 0, 3, 5, 7, and 8 after ZIKV infection. The dashed lines in panel G indicate serum copy numbers in individual nonpregnant animals. (H to J) ZIKV RNA loads
in the indicated organs of challenged animals harvested 8 days after ZIKV challenge or from uninfected dams serving as healthy naive controls (uninf.). (K)
Analysis of uteri of nonpregnant mice. Animals vaccinated with MV-sE#11 are depicted in blue, MV-GFP in green, ZPIV in orange, mock-vaccinated animals in
black, and uninfected naive controls in gray. The horizontal lines indicate mean values; the error bars represent standard errors of the mean. Statistical analysis
was by two-way (B to D and F) or one-way (E and H to K) ANOVA with Tukey multiple comparison. ns, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001;
*xx P <0.0001.
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FIG 5 Fetuses from MV/ZIKV-vaccinated pregnant mice are protected during ZIKV challenge. Fetuses of challenged pregnant dams shown in Fig. 4 were
harvested and analyzed for phenotypic changes. (A) Representative images of two E15.5 fetuses each from different groups at time of harvest. (B to D) Fetus
weight (B) and size (determined as crown-to-rump length times the occipitofrontal diameter of the head) (C), as well as placental weight (D). (E and F) ZIKV
RNA copy numbers in a 30-mm? piece of placenta (E) and signals for ZIKV RNA above the limit of detection (1 X 102 copies) in fetus heads (F) determined by
quantitative PCR. (G) Resorption rates in dams after ZIKV challenge indicate fetal demise. Animals vaccinated with MV-sE are depicted in blue, MV-GFP in green,
ZPIV in orange, mock-vaccinated animals in black, and uninfected naive controls in gray. One uninfected animal (same as in Fig. 4) and her fetuses were
excluded from analysis due to a hematological disorder. (B to E) The horizontal lines indicate mean values. Statistical analysis was by one-way ANOVA with Tukey
multiple comparison. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

8 postinfection, when the samples were taken. At that time, blood viremia had also
dropped significantly, in some animals even below the limit of detection. However, in
mice vaccinated with the bivalent MV/ZIKV vaccine candidate MV-sE, ZIKV RNA was
found in the brains of only two animals (Fig. 41) and in the spleen and uterus of one
animal after challenge with ZIKV (Fig. 4H and K). No ZIKV RNA was detected in the liver
of any mouse vaccinated with MV-sE (Fig. 4J). In conclusion, vaccination with MV-sE
significantly reduced infection levels in mice challenged with ZIKV, in more than half of
the animals even below the limit of detection, while vaccination with ZPIV had no clear
beneficial effect.

Fetuses of dams vaccinated with the bivalent MV/ZIKV vaccine candidate
MV-sE are protected from ZIKV. Gross pathological examination of the fetuses from
the challenge experiment revealed different pathological changes. ZIKV infection of
pregnant mock- or MV-GFP-vaccinated dams resulted in fetuses smaller and paler (Fig.
5A) than fetuses of noninfected controls (Fig. 5A, uninf.), indicating intrauterine growth
retardation and possibly anemia. Fetuses from dams vaccinated with the bivalent
MV/ZIKV vaccine candidate MV-sE (Fig. 5A) looked comparable to uninfected controls,
whereas fetuses of dams vaccinated with ZPIV (Fig. 5A) were as pale and small as
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fetuses of infected, mock-vaccinated dams. In addition, a considerable number of
fetuses had died and were subsequently resorbed in control- or ZPIV-vaccinated
animals (Fig. 5G). In contrast, this was only rarely observed in uninfected controls or
animals vaccinated with the bivalent MV/ZIKV vaccine candidate MV-sE. To quantify
these observations, fetus weight and size were analyzed (Fig. 5B and C). Vaccination of
dams with the bivalent MV/ZIKV vaccine candidate MV-sE protected fetuses from the
growth retardation observed in control- and ZPIV-vaccinated animals. This effect
correlated with the weight of the associated placentas and inversely with their ZIKV
loads (Fig. 5D and E). ZIKV infection of mock-, MV-GFP-, and ZPIV-immunized dams
resulted in significantly reduced placenta weight and high viral loads, with the viral
load in the ZPIV group even reaching slightly higher titers. In contrast, placentas from
dams vaccinated with the bivalent MV/ZIKV vaccine candidate MV-sE were similar to
those of uninfected dams. Moreover, vaccination of dams with MV-sE strongly reduced
the viral load in the placenta, with only 14 out of 71 placentas becoming positive for
ZIKV RNA at all (Fig. 5E), and no viral RNA became detectable in any fetal heads (Fig. 5F).
On the other hand, all placentas of ZPIV-vaccinated dams and of the vast majority of
control group dams had detectable ZIKV RNA titers after challenge, also reflected in a
remarkable number of fetus heads with detectable ZIKV RNA, indicating transplacental
infection in these groups. Thus, while ZIKV infection was highly teratogenic in the
control groups, as well as the ZPIV-immunized animals, vaccination of dams with the
bivalent MV/ZIKV vaccine candidate MV-sE resulted in robust protection of fetuses.

DISCUSSION

In this study, we aimed to compare the efficacies of an MV-derived vaccine candi-
date, MV-Zika-sE, and a prototypic inactivated flavivirus vaccine preparation to protect
against the teratogenic sequelae of ZIKV infection. We showed that MV-Zika-sE repli-
cated with MV vaccine strain-like characteristics, induced robust humoral and cellular
immune responses directed against the ZIKV envelope (E) protein, and was protective
in an in vivo challenge model of pregnant mice. MV-Zika-sE-immunized mice experi-
enced significantly milder or no clinical signs, such as reduced weight gain or spleno-
megaly, after ZIKV challenge. We also observed significantly lower peak titers and
shorter duration of systemic viremia, as well as reduced or no virus loads in brain,
spleen, liver, and placenta/uterus. More than half of the immunized mice were com-
pletely protected from ZIKV infection, as illustrated by absence of viremia. In utero
transmission of ZIKV from MV-Zika-sE-immunized dams to their fetuses remained below
the limit of detection, and fetuses showed normal growth with no evidence of other
teratogenic effects. In contrast, inactivated alum-adjuvanted ZIKV vaccine resulted in
antibody induction in vaccinated animals but did not confer protection after challenge.

The protective MV Schwarz strain-derived recombinant vaccine MV-Zika-sE is a
live-attenuated vaccine that encodes a soluble version of the ZIKV E protein as the main
target for functional antibodies, but potentially also T cell responses. Vero cells revealed
homogeneous expression of the ZIKV E antigen by Western blot analysis and positive
immunostaining of syncytia after infection by MV-Zika-sE (Fig. 1B and C). Stable antigen
expression by the recombinant vaccine is prerequisite, as the immune system must
encounter this antigen to mount robust specific immune responses (32), and has been
described previously for a considerable number of similarly constructed MV vaccine
strain-derived candidates targeting additional pathogens (26). Also, a number of anti-
gens from other pathogens, including flaviviruses (27-29) and even Helicobacter pylori
(33), have been among the targets, revealing the broad applicability of MV as a vaccine
platform. Thus, MV-derived vaccines take advantage of the live-attenuated nature of
the MV-derived backbone, which is a powerful immune stimulator triggering both
humoral and cellular responses against homologous, as well as heterologous, antigens
(34). Moreover, the natural tropism of vaccine strain MV for lymphatic cells, including
professional antigen-presenting cells (35), most likely acts as a boost.

The ZIKV vaccine candidates under investigation are based on either direct vacci-
nation with E protein, expression of E protein, or viral particles (36). Among them, ZPIV
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(37) has already demonstrated its efficacy. The failure of ZPIV observed in our experi-
ments was likely due to the overall very low IgG titers induced. In the former study (37),
only titers above a certain threshold (ZIKV E IgG > 103 U/ml) were found to be
protective, whereas animals with 10-fold lower titers, similar to those observed here,
were not protected against infection (37). However, in MV-Zika-sE-vaccinated mice with
similarly low antibody titers, viremia in plasma and several organs was consistently
lower than in ZPIV-vaccinated animals. Other factors, possibly cellular immune re-
sponses induced by the MV-Zika-sE vaccine, likely account for these differences,
thereby contributing to protection against ZIKV challenge.

This protective effect of MV-Zika-sE, especially during pregnancy, was demonstrated
after a standard prime-boost vaccination in an adapted allogeneic mouse model. From
our data, we can neither exclude nor conclude that there were already protective
effects after the prime vaccination, when we could detect antibody responses that were
boosted about 5-fold after the second vaccination. These analyses require further
investigations in a dedicated experimental setting, since the implications for the
practical use of the vaccine candidate will be considerable, but these are beyond the
scope of our current study. For the challenge model, we used MV receptor-transgenic
IFNAR~/~-CD46Ge mice in a C57/BL6 background, the long-accepted small animal
model for MV vaccines (38), as dams. One potential limitation of this mouse strain for
analyzing immunity induced by MV-derived vaccines may be found in the deficiency of
the mice, and especially their immune cells, in reacting to type | interferons. Usually,
type | interferons are regarded as quite crucial for cross-linking innate and adaptive
immune responses and for effective induction of the latter. Consequently, use of these
mice may result in an underestimation of the immunogenicity of MV-derived vaccines,
but that would not affect our general conclusions. Interestingly, the presence of human
CD46 (hCD46) has recently been shown to be dispensable in overcoming the host
restriction of MV in mice (39), and thus, use of IFNAR knockout mice alone would have
been sufficient for testing the recombinant MV/ZIKV vaccine candidates, while deficient
IFN reactivity is also needed for the ZIKV challenge model.

After vaccination in the standard regimen (32), immunized females were mated with
BALB/c males to mimic the natural genetic heterozygosity between mothers and
fetuses. A similar system has been successfully applied to assess the effects of influenza
A virus infection on unborn offspring (40) and most recently also for the effects of
intrauterine ZIKV infection on newborn animals and their development (41). Challeng-
ing these pregnant mice revealed the teratogenic effects of ZIKV infection, including
the intrauterine growth retardation observed previously in a model that also takes
advantage of the heterozygous IFN-a/B receptor status of pups in IFNAR-deficient
dams and a closely related challenge virus, ZIKV strain H/PF/2013 (42). Besides growth
retardation, we observed two other effects of ZIKV infection in our model: splenomeg-
aly and a putative anemic phenotype of fetuses. The latter has been reported before
and was described as “pallor” (42). In addition, recent analyses of fetal blood samples
from ZIKV-infected mothers also revealed anemia (43), warranting further investigation
of the underlying mechanisms.

In this study, we took advantage of the recently developed WHO reference standard
(44), allowing us to quantify viral RNA copy numbers in standardized units. This method
of standardization enables direct cross-comparison of our model and results to other
studies using the same readily available standard. Although it was intentionally devel-
oped for the most desirable worldwide standardization of outcomes of clinical studies
and trials, the standard is also of value for preclinical studies and ZIKV research in
general.

In conclusion, the bivalent MV/ZIKV vaccine candidate has a number of desirable
properties with respect to its immunogenicity and protective capacity against ZIKV infec-
tion. Furthermore, the concurrent induction of anti-MV immunity would allow its use in the
context of routine measles immunization schedules. Such an MV-based ZIKV vaccine could
be included in the currently applied MMR (measles, mumps, rubella) vaccine, providing
protection against two teratogenic infections, ZIKV and rubella. Children and adolescents
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would be vaccinated before puberty, and women would develop robust immunity before
pregnancy, as already accomplished for rubella. Therefore, MV-Zika-sE is a promising
vaccine candidate that warrants further investigation.

MATERIALS AND METHODS

Cells. Vero (African green monkey kidney; ATCC CCL-81) cells were purchased from the ATCC
(Manassas, VA, USA). Vero cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) (Biochrom, Berlin, Germany) and 2 mM L-glutamine (Bio-
chrom) at 37°C in a humidified atmosphere with 6% CO, for no longer than 6 months after thawing of
the original stock.

Recombinant MV-Zika-sE vaccine clones. A prototypic MV-based vaccine targeting ZIKV and
consisting of recombinant Schwarz strain-derived MV encoding soluble E protein of ZIKV was purchased
from Themis Biosciences GmbH (Vienna, Austria), who cloned and generated the vaccine clones. In short,
the gene encoding the sequence of ZIKV E protein (strain BeH818995; GenBank accession no.
KU365777.1) was modified to be expressed in a soluble form by deleting the whole stem-anchor region
via truncation of the open reading frame at nucleotide 2184 of the viral genome. The ZIKV genes
encoding prM, including the preceding SP, encompassed by the last 18 amino acids of C and the
modified sE, were codon optimized (Eurofins Genomics, Ebersberg, Germany), and a Kozak sequence was
added in front of the SP-prM genes. The whole sequence was generated by gene synthesis (Eurofins
Genomics). The synthetic gene was inserted into the recombinant measles virus Schwarz strain backbone
plasmid (45) in an additional transcription cassette following the P gene cassette using restriction
enzymes BsiWI and BssHIl. Recombinant MV was rescued as previously described (46). 293-3-46 cells
stably expressing T7 polymerase and the MV proteins N and P were transfected with the recombinant MV
genomes and a plasmid encoding MV polymerase L. Vero 10-87 cells were overlaid with transfected
293-3-46 cells, and single syncytia were picked and further passaged up to passage 8. The GFP-encoding
control vaccine MV,,,-GFP has been described previously (45).

Virus. To amplify ZIKV isolate PF13/251013-18 (47), Vero cells were seeded in T175 flasks and infected at
a confluence of 70% and an MOI of 0.001 in 10 ml serum-free DMEM containing 2 mM L-glutamine for 2 h at
37°C. After removal of the inoculum, 40 ml of DMEM containing 2 mM L-glutamine and 2% FBS was added,
and the culture was incubated at 37°C, 6% CO, in a humidified atmosphere. ZIKV-containing cell supernatant
was harvested when 70% of the cells were detached due to the viral cytopathic effect. Cellular debris was
removed by centrifugation, and the virus was subsequently stored at —80°C in aliquots.

Virus titration. The titers of recombinant MV and ZIKV were determined by the TCID,, method of
Kaerber and Spearman (48, 49). Vero cells were infected with 10-fold serially diluted virus suspensions
and cultivated for 3 to 5 days to determine wells showing syncytia derived from MV infection or 6 days
for determination of wells containing Vero cells showing cytopathic effect due to ZIKV infection.

Preparation of formalin-inactivated ZIKV vaccine. For preparation of the formalin-inactivated ZIKV
particle vaccine (ZPIV), a virus suspension was loaded onto a 20% sucrose cushion and pelleted at
25,000 rpm for 2 h at 4°C (SW28 rotor; Beckmann Coulter, Pasadena, CA). Serum proteins were removed
from the virus pellet resuspended in 150 ul phosphate-buffered saline (PBS) as described previously (50)
using Capto Core 700 slurry (GE Healthcare, Chicago, IL). In short, Capto Core 700 slurry was washed 3
times with PBS; 1 ml washed slurry was mixed with 1 ml PBS, and 250 ul of this suspension was mixed
with 900 ul virus suspension for 1h at room temperature. After incubation, the suspension was
centrifuged at 800 X g for 5min, and supernatant containing purified virus was used for formalin
inactivation. Purified ZIKV was inactivated with 0.05% formalin (37%) for 24 h at 37°C. To remove excess
formalin from inactivated ZIKV, a two-step dialysis against PBS was performed at 4°C for 7 h and 20 h
using Slide-A-Lyzer dialysis cassettes (Thermo Fisher Scientific, Bremen, Germany) with a 10-kDa cutoff
loaded with 100 ul inactivated virus suspension. Before vaccination, formalin-inactivated ZIKV particles
normalized to 1 ug ZIKV E protein per mouse were extensively mixed with 500 ug Al(OH); (Alhydrogel
adjuvant 2%; catalog no. mvac-alu-250; Invivogen) by pipetting for 5min in 150 ul (total volume)
Opti-MEM. This mixture was incubated for approximately 30 min at room temperature before application.

Western blot analysis. For Western blot analysis, Vero cells cultured in 6-well dishes were lysed 2
days postinfection (MOl = 0.1) and immunoblotted as previously described (51). A polyclonal rabbit
anti-ZIKV envelope protein antibody (1:10,000; GTX133314; GeneTex, Irvine, CA) was used as the primary
antibody for ZIKV E protein and a rabbit anti-MV N polyclonal antibody (1:25,000; Abcam, Cambridge,
United Kingdom) for MV N. A horseradish peroxidase (HRP)-coupled donkey anti-rabbit IgG(H+L)
polyclonal antibody (1:10,000; Rockland, Gilbertsville, PA) served as the secondary antibody. Peroxidase
activity was visualized with an enhanced chemiluminescence detection kit (Thermo Scientific) with the
detection system MicroChemi 4.2 (DNR Bio Imaging System, Neve Yamin, Israel).

Immunoperoxidase monolayer assay. For immunoperoxidase monolayer assay analysis, Vero cells
cultured in flat-bottom 96-well plates were fixed overnight with ethanol (—20°C) 2 days postinfection
(MOI = 0.05). For staining, the fixed cells were washed 3 times with 1 ml PBS and subsequently blocked
with PBS plus 2% bovine serum albumin (BSA) (Roth, Karlsruhe, Germany) for 30 min at 37°C. The cells
were then probed for 1h with a polyclonal rabbit anti-ZIKV envelope protein antibody (1:1,000;
GTX133314; GeneTex) or a rabbit anti-MV N polyclonal antibody (1:1,000) in PBS plus 2% BSA. The cells
were washed 3 times with 1 ml PBS and subsequently probed with the secondary HRP-coupled donkey
anti-rabbit IgG(H+L) polyclonal antibody (1:1,000; Rockland) for 1 h at 37°C. Then, the cells were washed
3 times again. For detection, the cells were stained with TrueBlue peroxidase substrate solution
(SeraCare, Milford, MA, USA).
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Animal experiments. All animal experiments were carried out in compliance with the regulations of
the German animal protection law and were authorized by the RP Darmstadt, Hesse, Germany. Six- to
12-week-old IFNAR~/~-CD46Ge mice with knockout of the type | interferon receptor and heterozygous
for human CD46 (38) were immunized in a prime-boost setup on days 0 and 28. The mice were
vaccinated via the intraperitoneal (i.p.) route with either 5 X 10* TCID, of recombinant MV (in a 200-ul
total volume), 200 ul Opti-MEM (mock), or subcutaneously (s.c.) with formalin-inactivated ZPIV normal-
ized to 1 ug ZIKV E protein in a total volume of 150 wl. Blood was collected from the tail or the
submandibular vein on days 0 and 28, and the serum was stored at —20°C. For antibody analysis, mice
were euthanized on day 49, and serum samples were prepared and stored at —20°C. For analysis of
cellular immune responses, mice were vaccinated as described above, and spleens were isolated on day
35. For challenge experiments, female IFNAR~/~-CD46Ge mice were vaccinated as described above, and
21 days after the boost vaccination, the vaccinated mice were mated allogeneically with male BALB/c
mice in a 1:2 or 1:1 scheme for one night (40). Successful mating was verified by plug check on the
following day. Plug-positive mice were infected 8 days postmating with 1 X 103 TCID,, of ZIKV strain
PF/2013/251013-18 applied s.c. in 100 ul Opti-MEM. The mice were checked daily for appearance of
symptoms, and 20 ul blood was drawn 1, 3, 5, and 7 days postinfection from the submandibular vein.
Serum was stored at —20°C. On day 8 postinfection, the mice were euthanized and blood was sampled.
Furthermore, selected organs (brain, spleen, liver, uterus, and placentas) and fetuses were prepared,
documented, weighed, shock frozen in liquid nitrogen, and stored at —80°C.

Antibody ELISA. A Recombivirus mouse a-Zika virus envelope protein IgG ELISA kit was purchased
(Alpha Diagnostic International, San Antonio, TX) and used according to the manufacturer’s instructions
at room temperature. In brief, serum samples diluted 1:100 or 1:500 in low-NSB sample diluent (LNSD)
buffer provided within the ELISA kit from mice euthanized 3 weeks after boost and controls were added
in duplicate to the provided prewashed 96-well plates coated with immobilized ZIKV E protein. After 1
h of incubation, the plates were washed 4 times, and anti-mouse IgG HRP-coupled antibody was added
for 30 min, followed by 5 washing steps. Then, 100 ul of 3,3",5,5'-tetramethylbenzidine (TMB) substrate
solution provided within the kit was added for 15 min, followed by addition of 100 ul stop solution. The
optical density (OD) was measured at 450 nm with a reference wavelength of 630 nm (Tecan Sunrise,
Méannedorf, Switzerland).

Determination of neutralizing antibody titers. The quantification of VNT targeting MV was done
as previously described (52). Duplicates of mouse sera were serially diluted in 2-fold dilutions in DMEM,
and 50 PFU of MV,,,-GFP(P) (53) were added to the serum dilutions and incubated for 1 h at 37°C. The
virus-serum suspensions were added to 1 X 10* Vero cells seeded 4 h prior to the assay in 96-well plates,
and the infected cultures were incubated for 4 days at 37°C. VNT were calculated as the reciprocal of the
highest serum dilution completely abolishing infection. For determination of ZIKV neutralizing antibod-
ies, PRNTs were determined. Duplicates of mouse sera were 2-fold serially diluted in Opti-MEM, and 50 ul
DMEM containing 100 TCID, ZIKV was added per well and incubated at 37°C for 1h. Then, the
virus-serum mixture was added to 2 X 10° Vero cells seeded per 10-cm dish on the previous day and
incubated for another 2 h at 37°C, after which the inoculum was removed and the cells were overlaid with a
final concentration of 0.8% low-melting-point agarose in 10 ml complete DMEM. For assay readout, the
agarose overlay was carefully removed 6 days after infection, and the cells were fixed with 4% formalin in PBS
and then stained with 0.1% crystal violet to visualize plaques in the confluent cell layer. The PRNT,, was
determined as the reciprocal of the serum dilution leading to at least 50% reduction in plaque numbers
relative to a plate incubated with ZIKV without addition of neutralizing serum.

ELISpot analysis. Murine IFN-vy ELISpot assays were purchased (eBioscience, Frankfurt, Germany) and
performed according to the manufacturer’s instructions. Splenocytes (5 X 10%) isolated 7 days postinfec-
tion were cocultured for specific restimulation for 36 h in 200 ul RPMI 1640 medium (10% FBS, 2 mM L-GIn,
1% penicillin-streptomycin) containing the antigen(s) of interest in Multiscreen-IP ELISPOT polyvinylidene
difluoride (PVDF) 96-well plates (Millipore, Darmstadt, Germany). The splenocytes were restimulated with
either 10 ug/ml ZIKV E protein (Creative Diagnostics, Shirley, NY) or 10 ug/ml ovalbumin as the protein
control. Medium served as a mock control; 10 ug/ml ConA (Sigma-Aldrich, St. Louis, MO) was used to ensure
the splenocytes’ general reactivity, and 10 ug/ml recombinant MV bulk antigens (Virion Serion, Wiirzburg,
Germany) was used to determine MV-specific cellular immune responses. Afterward, the stimulated spleno-
cytes were removed, and the plates were incubated with biotin-conjugated anti-IFN-y antibodies and
subsequently with avidin-HRP according to the manufacturer’s instructions. AEC (3-amino-9-ethyl-carbazole)
substrate solution was prepared according to the manufacturer’s instructions using 3-amino-9-ethyl-carbazole
(Sigma-Aldrich) dissolved in N,N-dimethylformamide (Merck Millipore, Burlington, MA) and used for signal
detection. Spots were counted using an Eli.Scan ELISpot scanner (A.EL.VIS, Hamburg, Germany) and ELISpot
analysis software (A.ELVIS). Wells with too many spots to be separated were set to >1,200 spots (the
maximum spot count reliably determined).

T cell proliferation assay. Splenocytes isolated 1 week after the boost were labeled with 0.5 uM
carboxyfluorescein succinimidyl ester (CFSE) (eBioscience) as previously described (54). Labeled cells
(5 X 10%) were seeded in RPMI 1640 supplemented with 10% mouse serum, 2 nM L-glutamine, 1 mM
HEPES, 1% penicillin-streptomycin, and 100 uM 2-mercaptoethanol in 96-well plates and restimulated as
described previously (52) with ConA (10 ug/ml), MV bulk antigens (10 ug/ml), or Zika E protein (10 ng/
ml), and the cells were cultured for 6 days. Medium or ovalbumin (10 ug/ml) served as controls. The cells
were fixed with 1% paraformaldehyde in PBS and analyzed by flow cytometry using an LSR Il flow
cytometer (BD) and FACSDiva software (BD).

RNA preparation. For purification of viral RNA from mouse serum, the QlAamp viral RNA Mini kit
(Qiagen, Hilden, Germany) was used, and for purification of RNA from organ tissue, an RNeasy Plus Mini kit
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(Qiagen) was used according to the manufacturer’s instructions. In brief, 10 ul of serum sample was diluted
in a total volume of 140 ul PBS, and RNA was eluted from the column with 60 ul AVE buffer. About 30 ug of
frozen tissue samples was homogenized in 600 ul RLT Plus buffer in 2ml Lysing Matrix D tubes (MP
Bioscience, Hilton, UK) containing 1.4-mm ceramic spheres using a Precellys 24 homogenizer (MP Bioscience)
for 10s at 5,000 rpm. As an RNA preparation control, tissue and serum samples were spiked before RNA
extraction with the external equine arteritis virus (EAV) RNA provided in the LightMix Modular EAV RNA
extraction control 660 kit (TIB Molbiol, Berlin, Germany) for codetection during quantitative multiplex PCR.

Determination of virus genome copy numbers by qPCR. ZIKV RNA, as well as external EAV RNA,
was detected in serum samples and tissues via multiplex quantitative reverse transcription-PCR (qRT-
PCR) using LightMix modular ZikaV (FAM [6-carboxyfluorescein]) (TIB Molbiol) and a LightMix modular
EAV RNA extraction control kit 660 (TIB Molbiol) in combination with a LightCycler multiplex RNA Virus
Master (Roche, Basel, Switzerland). qPCRs were performed in a 96-well format with 5 ul of RNA in a total
volume of 20 ul run in triplicate on a CFX 96 qPCR cycler (Bio-Rad Laboratories, Hercules, CA). The WHO
reference standard (11468/16) of Zika virus RNA (44) was purified similarly to serum samples and was
used as an absolute ZIKV RNA standard (in international units per milliliter) during each gPCR (linear
range, 103 to 107 [lU/ml). The amount of ZIKV RNA in each sample (in international units per milliliter) was
then determined according to the threshold cycle (C;) value in respect to the standard curve. The cycling
conditions were as follows: reverse transcription for 300 s at 55°C, followed by denaturation for 300 s at
95°C, and 45 cycles of 55 at 95°C, 15 s at 60°C, and 15 s at 72°C. The final cooling step was 30 s at 40°C.
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