SCIENCE ADVANCES | RESEARCH ARTICLE

IMMUNOLOGY

A hexavalent Coxsackievirus B vaccine is highly
immunogenic and has a strong protective capacity

in mice and nonhuman primates

V. M. Stone'?*, M. M. Hankaniemi®*, O. H. Laitinen? A. B. Sioofy-Khojinez, A. Lin3, I. M. Diaz Lozano’,
M. A. Mazur', V. Marjoméiki“, K. Loré>, H. Hy6ty2’5, V.P. Hytﬁnenz’s*, M. FIodstrtim-TuIIberg1'Z*Jr

Coxsackievirus B (CVB) enteroviruses are common human pathogens known to cause severe diseases including
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myocarditis, chronic dilated cardiomyopathy, and aseptic meningitis. CVBs are also hypothesized to be a causal
factor in type 1 diabetes. Vaccines against CVBs are not currently available, and here we describe the generation
and preclinical testing of a novel hexavalent vaccine targeting the six known CVB serotypes. We show that the
vaccine has an excellent safety profile in murine models and nonhuman primates and that it induces strong neu-
tralizing antibody responses to the six serotypes in both species without an adjuvant. We also demonstrate that
the vaccine provides immunity against acute CVB infections in mice, including CVB infections known to cause
virus-induced myocarditis. In addition, it blocks CVB-induced diabetes in a genetically permissive mouse model.
Our preclinical proof-of-concept studies demonstrate the successful generation of a promising hexavalent CVB
vaccine with high immunogenicity capable of preventing CVB-induced diseases.

INTRODUCTION

Coxsackievirus Bs (CVBs) are common human single-stranded RNA
viruses that belong to the enterovirus genus of Picornaviridae. In the
United States, CVB infections accounted for close to 10% of reported
enterovirus cases between 2014 and 2016 (I). The CVBs consist of
six serotypes, CVB1-6, and in most circumstances, infections with
these viruses are asymptomatic or result in mild symptoms that
present in a cold- or flu-like manner. However, CVBs are also known
to cause potentially life-threatening diseases, including encephalitis
and aseptic meningitis (2, 3), myocarditis and chronic dilated cardio-
myopathy (DCM) (4-6), pancreatitis (7), and hand-foot-and-mouth
disease [HFMD; (8, 9)]. Acute infections of neonates can be lethal
(10). DCM is the most frequent reason for heart transplantation in
children in the United States (6) and is the second leading cause of
heart transplantation worldwide (11). In addition to this, there are
strong associations between CVB infections and the chronic auto-
immune disease type 1 diabetes [T1D; (9, 12-14)], suggesting that
these viruses are an important causal factor in an increasing number
of diseases with high clinical and economic relevance. Specific CVB
serotypes have been associated with these different diseases. For
instance, it has been well documented that CVB3 causes viral myo-
carditis and DCM (4-6), CVB5 infections can result in encephalitis
and aseptic meningitis outbreaks (2, 8), and CVB1 was associated
with the induction of B-cell autoimmunity, which can lead to T1D
(15). Thus, a vaccine that targets CVBs would be highly desirable
for the prevention of CVB-induced diseases, which place a heavy
burden upon health care systems and could also serve to clarify
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the role of these viruses in initiating other debilitating diseases,
including T1D.

Despite the common nature of CVB infections and the possibility
of severe manifestations, there are currently no commercially avail-
able vaccines that target CVBs. The only enterovirus vaccines in
clinical use are those against polioviruses and two recently approved
enterovirus 71 vaccines that target HFMD (8). A few reports have
described the production and preclinical testing of CVB vaccines.
These have been limited to studies addressing the efficacy of a single
valence CVB vaccine in mouse models (16-21). Given that all of the
CVB serotypes are capable of causing severe diseases, a vaccine
targeting a single serotype is unlikely to be of high benefit, and it is
improbable that motivation would exist to initiate general vaccina-
tion strategies with such a vaccine.

The objective of our study was to explore the possibility of developing
a hexavalent vaccine that covers the six CVB serotypes and to test its
safety, immunogenicity, and functionality. For this purpose, we used
a nonhuman primate model and clinically relevant experimental
murine models for CVB-induced diseases. We demonstrate that an
inactivated hexavalent CVB vaccine is immunogenic in three com-
monly used mouse strains and in rhesus macaques, and that it
induces strong neutralizing antibody (nAB) responses against all
six CVB serotypes. The vaccine protected against acute CVB infec-
tions. It also prevented infection of the heart in an experimental
murine model for CVB3-induced myocarditis and provided immunity
against virus-induced diabetes in a genetically susceptible mouse strain.

RESULTS

Production and characterization of the hexavalent

CVB1-6 vaccine

In this study, our goal was to create a hexavalent CVB vaccine based
on formalin-inactivated CVB1-6 viruses and to test its immuno-
genicity in preclinical animal models. The individual CVB virus
components of the vaccine were produced in Vero cells and inactivated
using an optimized protocol. Briefly, the viruses were inactivated in
0.01% (v/v) formalin for 5 days at 37°C (as described in Materials

10f13



SCIENCE ADVANCES | RESEARCH ARTICLE

and Methods). After inactivation and before the mixing of the sero-
types, the concentration and integrity of the inactivated CVB1-6
serotypes were assessed. The concentrations of inactivated CVB1-5
were not altered when compared to the original CVB virus components,
but there was some decrease in the protein concentration of CVB6
(loss compared to samples before inactivation in percent: CVB1-5,
0 to 2.2%; CVB6, 50%). SDS—polyacrylamide gel electrophoresis
(SDS-PAGE) analysis with a stain-free detection system (Fig. 1A) and
Western blot analysis with the in-house produced antibody 3A6
(Fig. 1B) (22) directed to VP1 revealed correctly sized bands for the
viral capsid protein VP1 in the inactivated CVB1-6 serotypes. VP1
was the predominant band in Fig. 1A, and the other bands are likely
to represent other viral proteins and contaminants from the virus
propagation in Vero cells. The quality of the inactivated CVB1-6
viruses was determined with dynamic light scattering (DLS) analysis.
DLS analysis demonstrated that all CVB1-6 serotypes contained
intact virus particles (Fig. 1, C and D). The average particle sizes
were between 29 and 47 nm (Fig. 1C), and the proportion of the most
prominent particle sizes in the vaccine preparations are shown in
Fig. 1D. Inactivated CVB1-6 serotypes were also stored at —80°C
for 27 months and analyzed using the same methods, with similar
results as shown in fig. S1. Transmission electron microscopy (TEM)
analysis of the individual inactivated CVB1-6 viruses showed the
presence of intact virus particles that had the correct morphology
and were of the expected size (Fig. 1E). The quantities of DNA from
the Vero cell line used to produce the viruses were very low in the
vaccine preparations (1.5 ng per 6 ug vaccine dose). To further con-
firm that the virus was inactivated and unable to replicate, entero-
virus-specific reverse transcription quantitative polymerase chain
reaction (RT-qPCR) was carried out using primers that target the
highly conserved 5’ non-coding region (NCR). Green monkey kidney
(GMK) cell cultures were treated with vaccine (i.e., formalin-inactivated
CVB1-6 vaccine, 200 pl per well) and cultured for 5 days. As a control
for the RT-qPCR, additional GMK cells were infected in parallel with
CVBI (multiplicity of infection, 0.001). After this, the cells were lysed,
RNA was extracted, and RT-qPCR was performed. The amounts of
viral RNA in the vaccine before culture and in the GMK cells treated
with CVBI1-6 vaccine after culture were compared (fig. S2). No dif-
ferences in the quantities of viral RNA were detected by enterovirus-
specific RT-qPCR, confirming the inactivation of the CVB1-6 serotypes
(fig. S2). Collectively, these studies reveal the integrity of the indi-
vidual CVB1-6 vaccine components and confirm that the infectious
viruses were inactivated. Therefore, the hexavalent CVB1-6 vaccine
was created by mixing the individually inactivated CVB serotypes
to achieve a final dose of 1 ug per serotype in 150-ul vaccine volume.
TEM analysis of the mixed CVB1-6 vaccine is shown in Fig. 1E.

CVB1-6 vaccine has a good safety profile in mice

and is immunogenic

Initially, the safety of the hexavalent CVB1-6 vaccine was examined
in mice. It was assumed that the vaccine should be immunogenic in
any mouse strain, and therefore, initial studies were performed using
mice on the C57BL/6] background. Mice were vaccinated on days 0,
14, and 28 (the study setup is shown in Fig. 1F), and no changes in
weight (Fig. 1G) or other clinically relevant features (as described in
Materials and Methods) were seen. nAB titers against the six CVB
serotypes were measured at different time points after the prime vac-
cination (Fig. 1H). Neutralizing capacity of the sera against all CVB1-6
serotypes was absent before the prime vaccination (day 0) in all experi-
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ments. Two weeks after the prime vaccination, nABs were present
for all of the CVBs apart from CVB4 in one mouse. nAB titers
against CVB1-6 were augmented after the first boost vaccination
(on day 14) and were generally, and with only one exception (CVB4) in
one mouse, maintained up until 84 days after the prime vaccination
when the animals were sacrificed (Fig. 1H).

The immunogenicity and safety of the CVB1-6 vaccine were also
tested in mice with a different background, namely non-obese diabetic
(NOD) mice (23) (the experimental setup is shown in Fig. 2A). NOD
mice are the most common mouse strain used in research addressing
T1D (23), a disease highly associated with enterovirus infections (9, 12).
The CVBI1-6 vaccine had no adverse effects on either weight
(Fig. 2B) or blood glucose levels (Fig. 2C) of vaccinated mice when
compared to control animals. Strong nAB responses against the six
CVB serotypes were detected after the first boost vaccination, and
these were further augmented after the second boost vaccination
(Fig. 2D). The nABs titers remained high in most animals (between
1/64 and 1/16,384) throughout the time period after the final vaccination
until the experimental end point (day 41/42). To gain additional
insight into the duration and magnitude of the nAB response, three
additional NOD mice were vaccinated and nAB titers were measured
on days 0 and 42 and between 70 and 113 days after the initial vaccina-
tion. This experiment showed that all animals maintained nAB titers
>1/256 for CVB1, and CVB3-5 at the terminal time point, and two
of three mice had nAB titers >1/64 for CVB2 and CVB6 at the same
time point (fig. S3). Collectively, these data show that the CVB1-6
vaccine was safe in two murine strains and induced strong CVB nAB
responses against all six CVB serotypes in the vast majority of animals.

CVB1-6 hexavalent vaccine protects against

acute CVB infections in mice

To test the efficacy of the CVB1-6 vaccine against a selection of
CVBs in vivo, female NOD mice were buffer-treated or immunized
three times and then challenged with either CVB1 or CVB4 at a
dose known to cause systemic infections. We also included CVB1
and CVB4 monovalent vaccines in these studies. CVB1 was included
as a positive control, as we have previously documented that monovalent
CVBI vaccines are capable of preventing CVB1-induced viremia
(16, 19, 20). The CVB4 monovalent vaccine was tested, as the CVB4
nAB titers were low at later time points in some (Fig. 1H), but not all,
of the previous studies (Fig. 2D and fig. $3). The CVB1-6 vaccine,
as well as the CVB1 and CVB4 monovalent vaccines, had no adverse
effects on weight (figs. S4A and S5A) or on blood glucose values
(figs. S4B and S5B). Moreover, strong nAB responses were detected
against CVB1 (monovalent CVBI vaccine; fig. S4C), CVB4 (monovalent
CVB4 vaccine; fig. S5C), and the six CVB serotypes (figs. S4D and S5D).
Of the mock-vaccinated (buffer-treated) mice, 80% of those challenged
with CVB1 were viremic on day 3 after infection (Fig. 3B) and 100%
of the equivalent CVB4-challenged buffer-treated animals had rep-
licating virus in the blood at the same time point (Fig. 3F). Furthermore,
replicating virus was present in the pancreas of CVB1- and CVB4-
challenged buffer-treated mice (Fig. 3, C and G), and formalin-fixed
paraffin-embedded (FFPE) pancreas showed signs of pancreatitis
and was positive for viral VP1 protein in 75% of CVB1-infected
(Fig. 3, D and E) and 100% of CVB4-infected buffer-treated animals
(Fig. 3, H and I). In contrast, all of the CVB1-6-vaccinated mice
were protected from acute CVB1 and CVB4 infections. None of the
vaccinated mice had replicating virus in the blood on day 3 after
infection (Fig. 3, B and F), and CVB1 and CVB4 were not detected
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Fig. 1. Characterization of inactivated CVB1-6 viruses, experimental setup, and vaccine safety and immunogenicity in C57BL/6J mice. CVB1-6 viruses were propa-
gated in Vero cells, purified, inactivated with formalin, and then characterized as described in Materials and Methods. (A) Analysis of CVB1-6 total protein and virus protein
content (2 ug of virus per well) by SDS-PAGE followed by (B) Western blot analysis using the in-house produced rat monoclonal antibody 3A6, which binds to the CVB1-6
viral capsid protein VP1. (C) DLS analysis of the inactivated CVB1-6 serotypes. D.NM is the diameter in nm of the particles. (D) Volume distribution (percentages) of the most
prominent particle populations in the vaccine preparations as measured by DLS analysis. (E) TEM analysis of individual inactivated CVB1-6 vaccine components (serotypes
are indicated by the number in the top left-hand corner of each image) and the vaccine mix (CVB1-6). Scale bar, 50 nm. (F) Experimental setup for the C57BL/6J CVB1-6
vaccine studies. (G and H) Two female C57BL/6J mice (age 7.8 weeks), represented by individual lines, were vaccinated on days 0, 14, and 28 with CVB1-6 vaccine (1-ug
dose of each serotype, 150 pl, interscapularly). (G) Percentage body weight change from the first vaccination (day 0); the dotted line indicates the weight on day 0. (H) CVB
nAB titers in the serum of mice after vaccination. The dotted lines show the positivity cutoff for the method. C1, CVB1; C2, CVB2; C3, CVB3; C4, CVB4; C5, CVB5; C6, CVB6.

in the pancreas at the same time point by standard plaque assay
(Fig. 3, C and G, respectively). Pancreatitis and VP1 staining were
completely absent in the pancreas of 75% of CVB1-6-vaccinated
mice challenged with CVB1 (Fig. 3D), as represented by the image
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in Fig. 3E and in all of the CVB1-6-vaccinated CVB4-challenged
mice (Fig. 3, H and I). Similar results were seen for the CVB1 and
CVB4 monovalent vaccines, where both vaccines prevented either
CVBI1- or CVB4-induced viremia, respectively (figs. S4E and S5E).
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Fig. 2. Safety and immunogenicity of CVB1-6 vaccine in NOD mice. Male and
female NOD mice (5 to 9 weeks old) were mock-vaccinated with vaccine buffer
(150 pl, interscapularly; n = 6) or vaccinated with CVB1-6 vaccine (1 ug of each
serotype in 150 pl, interscapularly; n=8) on days 0, 14, and 28, as demonstrated in
the schematic shown in (A). (B) Percentage body weight change compared to the
weight on day 0 (indicated by dotted line). Buffer-treated animals are shown in
black, and CVB1-6-vaccinated mice are indicated in gray. The black arrows show
the vaccination time points. No statistically significant differences in percentage
weight change were detected between the buffer-treated and buffer-vaccinated
mice at each time point (Mann-Whitney U test). (C) Blood glucose readings of
buffer-treated (black) or CVB1-6-vaccinated (gray) mice. The dotted line indicates
the cutoff for diabetes. (D) Average CVB1-6 nAB titers in the serum of CVB1-6-
vaccinated mice at the indicated time points. Sera from mock-vaccinated animals
had no neutralizing capacity. nAB values for each individual mouse are shown by
single symbols, and the bars represent means + SD. The dotted line indicates the
positivity cutoff for serum samples. *P < 0.05, ***P < 0.001 compared to day 0 for
each respective serotype by two-way analysis of variance (ANOVA) with Bonferroni
multiple comparisons.

Moreover, the CVBI vaccine prevented the systemic spread of
CVBI1 to the pancreas in 75% of CVB1-infected mice (fig. S4, F to
H), while 100% of animals vaccinated with the CVB4 monovalent
vaccine were protected from CVB4 infection of the pancreas (fig. S5,
F to H).

Vaccination may temporarily lead to nonspecific activation of
innate antiviral immunity, which, in turn, can have a protective
effect against infection. These effects are mainly seen with adjuvanted
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Fig. 3. CVB1-6 vaccine protects mice from acute CVB1 and CVB4 infections.
Female NOD mice (4 to 6 weeks old) were mock-vaccinated (vaccine buffer; 150 pl,
interscapularly) or CVB1-6-vaccinated (1 ug of each serotype, interscapularly) on
days 0, 14, and 28 and then challenged with CVB1 [10° plaque-forming units (PFU)
per mouse, intraperitoneally] or CVB4 (10° PFU per mouse, intraperitoneally) on
days 42 and 38, respectively, as shown in the experimental schematic in (A). (B and
F) Percentage of mock-vaccinated (CVB1, n=5; CVB4, n =4) and CVB1-6-vaccinated
(CVB1, n=4; CVB4, n=4) mice with viremia on day 3 after infection (measured by
standard plaque assay). *P < 0.05, one-way Fisher’s exact test. (C and G) Replicating
virus in the pancreas on day 3 after infection of CVB1-infected (C) or CVB4-infected
(G) mice (measured by standard plaque assay). Virus titers for each mouse are
shown individually. Bars represent means + SD. The dotted line shows the limit
of detection for the assay. *P < 0.05 comparing the two groups by Mann-Whitney
U test. (D and H) Percentage of pancreas sections positive for VP1 by immuno-
histochemical staining on day 3 after infection in CVB1-infected (D) and CVB4-infected
(H) mice. *P < 0.05, one-way Fisher’s exact test. (E and I) Representative VP1 staining
in pancreas of mice infected with CVB1 (E) or CVB4 (I). Magnification, x16; scale
bars, 20 um. In (C) and (D), n=4in the buffer-treated group, as one NOD mouse
was kept for longer to ensure that SOCS-1-tg animals were not single-housed.
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vaccines and vaccines based on attenuated viruses (24). Therefore, to
assess whether the CVB1-6 vaccine led to activation of the host innate
immune response, which, in turn, could have affected the outcomes
of the acute CVB infections performed, we examined the expression
of genes that are known to modulate antiviral responses to CVBs in
pancreas and spleen collected 2 weeks after the final vaccination.
The genes examined were interferon-o (IFN-a), IFN-B, EIF2AK2/
protein kinase R (PKR), 2-5" oligoadenylate synthetase 1 (OASI),
and nitric oxide synthase (NOS2) (25-27). No differences were seen
when comparing the buffer-treated and CVB1-6-vaccinated mice
(fig. S6), suggesting that, at the time of virus challenge, nonspecific
activation of antiviral immunity was negligible. Together, these
results demonstrate the in vivo protective capacity of the hexavalent
CVB1-6 vaccine, as well as CVB1 and CVB4 monovalent vaccines,
against acute CVB infections.

CVB1-6 hexavalent vaccine is immunogenic

in rhesus macaques

Rhesus macaques (nonhuman primates) share up to 93% of their
genes with humans and provide one of the best human-like models
for the preclinical testing of vaccine immunogenicity and safety (28).
As far as we are aware, this was the first study performed in nonhuman
primates with any CVB vaccine. As such, some of the animals re-
ceived CVB1-6 vaccine with alum adjuvant to maximize the chances
of the vaccine inducing immunity. Animals were immunized on two
occasions (prime immunization on day 0 and boost immunization
on day 28) with nonadjuvanted (# = 2) or alum-adjuvanted (n = 3)
CVB1-6 vaccine (as shown in Fig. 4A). The weight of the animals
remained stable throughout the study (Fig. 4B), as did their body
temperatures (Fig. 4C) and blood glucose values (Fig. 4D).

The safety of the vaccine was further emphasized by results from
liver function tests performed with samples collected on day 0 and
on days 1 and 14 after the prime vaccination. No consistent alterations
were seen in the levels of various liver enzymes (fig. S7, A to D) on
days 1 and 14 compared with day 0, and all were in the normal
range for rhesus macaques (29, 30), indicating that no liver toxicity
was induced by the vaccine.

nAB titers were assessed on days 0, 1, 14, 28, 42, 56, and 71 or 72
after the prime immunization (Fig. 4E). At the early time points
(days 0 and 1), the serum from all animals lacked CVB1-6 neutralizing
capacity. By day 14 after the prime vaccination, serum from animals
immunized with the vaccine and adjuvant showed higher nABs titers
for all CVB1-6 serotypes than those from the nonadjuvanted vaccine
group (apart from CVB4, where the levels were similar between the
two groups; Fig. 4E). A similar trend was seen on day 28; however,
the nAB titers appeared to be more comparable between the two
groups after the boost vaccination (days 42, 56, and 71/72). More-
over, the nAB titers remained high up to 10 weeks after the prime
vaccination in both groups when monitoring of the animals was
discontinued. The data from these studies show that the CVB1-6
vaccine is safe and highly immunogenic in nonhuman primates, and
adjuvant is not required for a strong and sustained nAB response
after prime and boost immunizations.

CVB1-6 immunization prevents CVB infection

of the heart in a model for viral myocarditis

CVB infections have been associated with viruses-induced myocarditis
(4-6), and an important goal in the clinical use of CVB vaccines would
be the prevention of infections that disseminate to the heart and could
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lead to myocarditis and DCM. CVB3 infection of young (less than
6 weeks of age) male Balb/c mice provides a murine model for CVB-
induced heart disease (4, 5, 31). While our vaccine schedule pre-
cluded infection of young Balb/c mice (the last immunizations are
conducted when animals are 8 to 9 weeks of age), we instead exam-
ined whether the CVB1-6 vaccine can prevent CVB3 infection of the
heart (a prerequisite for myocarditis development) in Balb/c mice.
Due to the aforementioned reasons, and since previous studies have
shown that strong nAB responses develop following the first boost
immunization, animals as young as possible were mock-immunized
or immunized with CVB1-6 vaccine on two occasions (days 0 and
21) and then challenged with CVB3 on day 35 (Fig. 5A).

Immunization did not alter the weight of mice after the prime
and boost vaccinations (fig. S8, A and B), and nABs were present
against all six CVB serotypes on day 35 (fig. S8C). Mock-immunized
mice displayed drastic weight loss from day 3 after CVB3 challenge
(Fig. 5B), while animals immunized with CVB1-6 remained stable
in weight (Fig. 5C). Immunized mice also showed no signs of viremia
on day 3 after infection, whereas all buffer-treated mice had high
CVBS3 titers in the blood at the same time point (Fig. 5D). Blood
samples from all mice collected on day 5 after CVB3 infection were
free of replicating virus (no plaques were detected by standard plaque
assay). One buffer-treated mouse had succumbed to infection be-
fore the day 5 samples could be collected. At this same time point,
replicating virus was detected in both the heart (Fig. 5E) and the
pancreas (Fig. 5F) of the remaining (n = 2) buffer-treated animals.
The absence of viremia on day 5 after infection confirmed that
the replicating virus measured in the heart at the same time point
was present due to the systemic spread of CVB3 to heart tissue
rather than the presence of virus in the blood. In contrast, the
CVB1-6-immunized mice were completely protected from infec-
tion of the heart and pancreas (Fig. 5, E and F). These studies
demonstrate that the CVB1-6 vaccine is capable of protecting
mice from acute CVB3 infections in the heart, which can portend to
CVB-induced myocarditis.

CVB-induced diabetes is prevented by immunization
with the CVB1-6 hexavalent vaccine
It has been postulated that CVBs may be a causative agent in T1D
(9, 12, 13). To address whether the CVB vaccine also provides pro-
tection from enterovirus-induced diabetes, we used the SOCS-1-tg
mouse model. SOCS-1-tg mice are a murine model for virus-induced
T1D, where the B-cells are highly susceptible to CVB destruction, as
the expression of the suppressor of cytokine signaling-1 (SOCS-1)
under the control of the insulin promoter renders them unable to
respond to IFNs and mount a successful antiviral response (20, 27, 32).
Two vaccination experiments with either CVB1 or CVB3 chal-
lenge were performed (experimental setup is shown in Fig. 6A), and
the weights of the animals are shown in fig. S9 (A, B, D, and E). In
both cases, most of the mock-immunized mice were viremic by day
3 after infection, whereas no replicating virus was detected in the
blood of CVB1-6-vaccinated mice (Fig. 6, B and G). Mock-immunized
(buffer-treated) SOCS-1-tg mice challenged with either CVB1 (Fig. 6C)
or CVB3 (Fig. 6H) developed hyperglycemia as shown by sharp in-
creases in blood glucose values in 50 or 100% of animals, respectively,
whereas the CVB1- or CVB3-challenged CVB1-6-vaccinated
SOCS-1-tg mice were completely protected from virus-induced diabetes
(Fig. 6, D and I, respectively). This is further illustrated by the diabetes
incidence curves in Fig. 6 (E and J).
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Fig. 4. CVB1-6 vaccine is safe in rhesus macaques and induces strong immunity against all six CVB serotypes. Rhesus macaques were immunized with CVB1-6
vaccine (5 ng of each CVB serotype) without adjuvant (n =2, gray lines/bars) or CVB1-6 vaccine (5 ug of each CVB serotype) + alum adjuvant (0.2% final concentration;
n =3, black lines/bars) on days 0 and 28 by intramuscular injection, as shown in the schematic in (A). (B) Percentage weight changes compared to day 0 (prime vaccina-
tion), (C) body temperature, and (D) blood glucose values of animals [in (B), the dotted line shows the % weight at day 0, and in (C), the dotted line indicates the blood
glucose concentration threshold for overt diabetes in rhesus macaques after fasting]. No statistically significant differences in the weights, temperatures, or blood glucose
values were found when comparing the different time points to day 0 (two-way ANOVA with Bonferroni correction). (E) CVB1-6 nAB titers in the serum as measured by
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means + SD. Samples without an error bar are all equal in value. ***P <0.001 comparing the average nAB titer for both groups at each time point to day 0 by two-way

ANOVA with Bonferroni correction.

The exocrine pancreas tissue was also destroyed in the buffer-
treated CVB-challenged SOCS-1-tg mice, and this was accompanied
by aloss of insulin positivity in the islets, as shown in the represent-
ative images in Fig. 6F (CVB1) and Fig. 6K (CVB3). Glucagon stain-
ing remained strong in all animals (CVB1, Fig. 6F; CVB3, Fig. 6K).
Contrastingly, there was strong insulin and glucagon staining in the
islets of the CVB1-6-immunized animals and the exocrine tissue
remained healthy [representative images shown in Fig. 6F (CVBI1-
challenged) and Fig. 6K (CVB3-challenged)]. These data were
supported by the nAB titers seen in the CVB1-6-immunized mice
against all CVB serotypes (fig. S9, C and F). In summary, CVB1-6
immunization protected SOCS-1-tg mice against CVB1- and CVB3-
induced diabetes.

Stone et al., Sci. Adv. 2020; 6 : eaaz2433 6 May 2020

DISCUSSION

Our studies document the excellent immunogenicity of a novel
hexavalent CVB1-6 vaccine in several mouse strains and a non-
human primate model. We also report that this vaccine has the ability,
in relevant preclinical models, to protect against acute CVB infec-
tions, block CVB infection of the heart, and prevent CVB-induced
pancreatitis and diabetes.

Historically, there have been very few attempts to create a poly-
valent CVB vaccine. In 1994, See and Tilles (33) described the effi-
cacy of a CVB1-6 vaccine in mice; however, their vaccine did not
completely protect against challenge from different CVB serotypes,
only one mouse strain was used, and protection against CVB-induced
diseases was not explored. In our study, a strong nAB response to all
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Fig. 5. CVB1-6 vaccine protects against acute CVB3 infection in Balb/c mice.
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ANOVA with Dunnett’s multiple comparison test. Replicating virus in the blood
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prevented statistical analysis of (E) and (F).

CVB1-6 viruses was induced both in mice and in rhesus macaques.
Also, no unwanted side effects were seen in any of the species used.
Moreover, several different mouse strains immunized with the
hexavalent vaccine were protected from infection with the tested
serotypes (CVB1, CVB3, and CVB4) and the vaccine did not
affect the expression of genes involved in innate immunity
2 weeks after the final vaccination, suggesting that protection
is mediated via the nAB response rather than residual activation of
the innate immune system. Collectively, this demonstrates the ex-
cellent safety and strong efficacy of this newly developed experi-
mental vaccine.

Our CVB1-6 vaccine shares a number of similarities with the
inactivated poliovirus vaccine (IPV) that is being used worldwide
(alongside the oral poliovirus vaccine) in an attempt to eradicate
poliomyelitis. For instance, both vaccines are produced in Vero cells
and are inactivated by formalin treatment. According to the World
Health Organization (WHO) Practical Guide to IPV (2014), the
preferred delivery of IPV is via the intramuscular route, and two to

Stone et al., Sci. Adv. 2020; 6 : eaaz2433 6 May 2020

three basic immunizations are required early in life with a number
of boost vaccinations later on for maximum immunity (over 90% of
cases immunized after 8 weeks of age have sufficient immunological
responses against all three poliovirus serotypes present in the vaccine
after two immunizations; WHO Immunological Basis for Immuniza-
tion Series: Module 6 Poliomyelitis). The results obtained with the
CVBI1-6 vaccine in rhesus macaques mirror the IPV vaccine, where
intramuscular immunization of the CVB1-6 vaccine (with a boost
dose after 28 days) resulted in a strong serum immunity against all
six CVB serotypes, which lasted up to 10 weeks after the prime dose,
when monitoring of the animals finished. These data were further
supported by the murine studies, where the vast majority of mice
immunized with the CVB1-6 vaccine had high nAB titers at the
terminal time point (which varied between studies). In the initial
studies using C57BL/6] mice, the CVB4 neutralizing capacity was
lost by day 84 after the prime vaccination. This was not, however, a
consistent finding, and strong CVB4 nAB titers were seen in both
NOD and Balb/c mice. In NOD mice, CVB4 nAB titers were equal
to 1:256 up to a period of 70 to 113 days after the prime vaccination
(fig. S3).

The coadministration of an adjuvant at the time of immuniza-
tion was not necessary in either mice or rhesus macaques for strong
serum CVB immunity after CVB1-6 vaccination. Based on the
strategies used for IPV, the similarities between the two vaccines,
and the aforementioned results we have obtained (particularly in
the rhesus macaques), it would be reasonable to assume that an
immunization strategy with the CVB1-6 vaccine that followed a
similar approach to that used for IPV would induce sufficient serum
immunity in humans to protect against CVB infections. Although
other enterovirus vaccines are also known to provide long-term and
effective protection against infection (9), this must of course be es-
tablished in clinical trials before the ability of the vaccine to prevent
CVB-induced diseases can be established. Together, the CVB1-6
vaccine shows excellent promise with regard to the induction of
nABs and the duration of the response.

One of the most well-documented diseases caused by CVBs is
myocarditis, which can lead to DCM. Approximately 4 to 20% of
sudden cardiac deaths in young adults are attributed to myocarditis
and it also causes around 9% of DCM cases (4, 5). Moreover, in
children, more than 40% of DCMs are estimated to result from
myocarditis (34). In the United States alone, it was estimated that
cardiomyopathies place a burden on the U.S. health care system of
between $4 and $10 billion annually (6). Although CVBs are not
associated with every case, they are the most commonly identified
cause of the disease in developed countries (4) and are thought to
account for around 25% of viral myocarditis cases [approximately
70% of clinical myocarditis and/or pericarditis cases are associated
with specific viral infections (5)]. Various studies describe murine
models for CVB3 myocarditis, including the initial description by
Woodruff and Woodruff (35), and young male Balb/c mice are a
commonly used model (4, 35). Here, we show that our hexavalent
vaccine prevents acute CVB3 infections and the dissemination of virus
to the heart (and pancreas) in Balb/c mice, highlighting the clinical
relevance of such a vaccine for use in preventing CVB-induced dis-
eases such as myocarditis in humans.

T1D is another disease associated with enteroviruses, but there is
no definitive proof confirming the causal involvement of these viruses,
despite a large variety of existing data that implicates enteroviruses,
and more specifically CVBs, in the pathogenesis of the disease
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and 34, respectively, as indicated in the schematic shown in (A). (B and G) Percentage of mock and vaccinated mice with viremia on day 3 after infection. *P < 0.05 com-
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[as reviewed in (9, 10, 12, 13)]. Here we have demonstrated in a
proof-of-concept study that our hexavalent CVB vaccine is capable
of protecting SOCS-1-tg mice from virus-induced diabetes that
occurs due to the direct infection and destruction of the pancreatic
B-cells. Vaccination of children with genetic profiles that increase
their T1D disease susceptibility risk and the subsequent monitoring
of disease incidence would provide empirical evidence for a possible
role of these viruses in T1D. Similar randomized clinical trials, like
TRIGR (36) that examined the effects of dietary interventions on
T1D, provide an example of such an intervention study performed
to explore the causality of T1D-associated exposures. If T1D cases
dropped in number in immunized children, the causal role of CVBs
in T1D would be proven and the vaccine would provide a viable
preventative treatment. This would, however, require immuni-
zation early in life or potentially immunity gained via the immuni-
zation of expectant mothers.

Further research could look to increase the valency of the vaccine
to include, for instance, enterovirus A serotypes such as EV71 and
CVA16, which are known to cause HFMD (8), and EV-D68, an entero-
virus D serotype, that can result in severe respiratory illness (37)
and is associated with acute flaccid paralysis in many studies (38).
To this end, a study from 2016 documented the success of a 25-valent
rhinovirus vaccine in mice and a 50-valent rhinovirus vaccine in
rhesus macaques (39), suggesting the feasibility of such a vaccine. In
this study, the vaccines were adjuvanted, which was not required for
a strong immune response with our hexavalent vaccine. As such, this
could be used if necessary when the valency of the vaccine is in-
creased to include further enteroviruses. Virus-like particles (18, 21)
could also be considered as an option, especially in the case of viruses
that propagate poorly in cell culture.

A limitation of the study is that we have performed studies to
show that the vaccine protects against three, namely, CVB1, CVB3,
and CVB4, but not all six CVB serotypes in relevant preclinical murine
disease models. Another limitation of the study is that a single strain
of each CVB1-6 serotype was used to produce the individual vaccine
components of the CVB1-6 hexavalent vaccine. At any given time,
different CVB1-6 strains will be in circulation, which poses the
challenge of producing a vaccine with the ability to protect against
as many different strains as possible. It will be important in the future
to properly assess the extent of the CVB strain coverage provided by
the vaccine when it is produced for and tested in humans. Further
to this, it would be of relevance to perform studies that examine
whether and how formalin inactivation alters the antigenicity of the
virus particles, as this may modify the ability of the vaccine to elicit
protective nABs in humans.

To summarize, we have described the development and pre-
clinical testing of a novel experimental hexavalent CVB vaccine
with a high capacity to induce serum nABs in a number of animal
models. Moreover, we show in proof-of-concept studies that the
vaccine prevents acute CVB infections and CVB infections that
can lead to CVB-induced diseases such as myocarditis and poten-
tially T1D. Currently, there are no commercially available preven-
tative measures that provide protection against CVB-induced diseases
such as myocarditis, meningitis, and pancreatitis or for elucidating
the role of these viruses in diseases like T1D. The vaccine we
describe here provides a viable option for tackling CVB infections
and associated diseases. As such, it is a prime candidate for human
clinical trial and efforts to develop this type of polyvalent CVB
vaccine for human use have recently been initiated (14).

Stone et al., Sci. Adv. 2020; 6 : eaaz2433 6 May 2020

MATERIALS AND METHODS

Experimental design

The objectives of this study were to produce a new hexavalent CVB
vaccine candidate and to test its immunogenicity in mice and non-
human primates, and thereafter assess its ability to protect against
acute infections and clinically relevant CVB-induced diseases. We
hypothesized that the CVB1-6 vaccine would be immunogenic in
different murine models and nonhuman primates. Moreover, we
hypothesized that the vaccine would be able to prevent acute CVB
infections and infections that cause CVB-induced diseases in clinically
relevant murine models. The CVBI1-5 strains used for the vaccine
were derived from recent clinical isolates from Finland, and the
CVB6 reference strain from the American Type Culture Collection
(ATCC) was used, as recent clinical isolates were not as readily
available for this serotype. Inactivated CVB serotypes were assessed
for integrity and inactivation. All animal studies were performed in
accordance with national and institutional guidelines. Three murine
strains were used in the study (NOD, Balb/c, and C57BL/6]) along
with the SOCS-1-tg mouse model (NOD background) and the non-
human primate species rhesus macaques. Vaccination strategies were
based on previous studies (16, 20). Mice and rhesus macaques were
randomly assigned to treatment groups, and serum nAB responses
were assessed by standard neutralization assay. Replicating virus in
the blood, pancreas, and heart were measured by plaque assay.
Pancreatitis was assessed by histological analysis. Virus protein and
islet hormones were examined in the pancreas by immunobhisto-
chemical staining. A health monitoring system was followed, and if
mice lost more than 15% of their highest body weight or scored four
or more points after their health was assessed, they had to be removed
for ethical reasons. Blood glucose levels were regularly monitored in
NOD and SOCS-1-tg mice, and any animals with a single blood glucose
reading of 18 mM or over, or two consecutive readings between 13
and 18 mM were deemed diabetic and removed. The number of
animals included in each experimental group is indicated in the figure
legends and for mice in table S1.

Animal husbandry and monitoring of animal health
C57BL/6] mice, NOD mice, SOCS-1-tg mice, and Balb/c mice, all
obtained from in-house breeding, were housed in a specific pathogen-
free environment in the PKL animal facility at the Karolinska
University Hospital Huddinge, Sweden. All animal experiments
performed were approved by the Institutional Animal Care and Use
Committee and Link6pings Ethical Committee on Animal Experi-
ments and conducted in accordance with the National Institutes of
Health principles of laboratory animal care and national laws in
Sweden. Extended health monitoring of mice was performed
throughout the studies, and the following were monitored: general
condition, movement and posture, piloerection, skin, weight,
porphyrin staining, respiration, and appetite. Points were awarded
for the severity of the symptoms, and if an animal reached four
points or higher, they were euthanized. No mice were single-housed,
and a maximum of five mice were kept in the same ventilated cage.
Food and water were provided ad libitum.

SOCS-1-tg mice are generated on a NOD background, and their
generation and breeding have been described previously (20, 27, 32).
Briefly, SOCS-I-tg mice express the suppressor of cytokine signaling
(Socs1) under the control of the insulin promoter. As such, the B-cells
are unable to mount a successful antiviral IFN response, thereby
leaving the animals susceptible to CVB infection and virus-induced
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diabetes. This occurs around 5 to 12 days after infection with CVBI1,
CVB3, or CVB4 (20, 27, 32).

Indian rhesus macaques were housed in the Astrid Fagraeus lab-
oratory at the Karolinska Institute, Stockholm, Sweden according to
guidelines provided by the Association for Assessment and Accred-
itation of Laboratory Animal Care. Procedures were performed
according the Swedish Animal Welfare Agency’s provisions and gen-
eral guidelines. The study was approved by the Stockholm Ethical
Committee on Animal Experiments. Animal health was monitored
during the study.

Virus production, purification, and characterization
Wild CVB1-5 field isolates from Finland [provided by Vactech Ltd.;
(15)] and CVB6 ATCC strain Schmitt were propagated in Vero cells
(Vero, ECACC no. 84113001, mycoplasma negative) as described
previously (16). Viruses were recovered from the clarified Vero cell
culture supernatants by 30% sucrose cushion pelleting (175,000g,
6 to 16 hours at 4°C). The pellets were resuspended in phosphate-
buffered saline (PBS)-0.1% Tween 80 and further purified with gelatin
affinity chromatography resin (GE Healthcare), and the virus was
recovered from the flow-through. Last, samples were pelleted through
discontinuous 30/50% sucrose cushion ultracentrifugation (285,000,
14 hours at 4°C), and the pellet was dissolved in PBS-0.1% Tween 80.
Purified viruses were characterized for both their total protein
content by Pierce BCA Protein Assay kit (Thermo Fisher Scientific)
and their purity (virus protein content) by running the virus samples
on mini-protean TGX stain-free precast gradient gels (4 to 20%)
(Bio-Rad) and then visualization of the tryptophan-containing pro-
teins in SDS-PAGE gels by ultraviolet-induced fluorescence.
Subsequently, the CVB1-6 proteins were electroblotted on nitro-
cellulose membranes, and the viral capsid protein VP1 was detected
using an in-house produced rat polyclonal antibody 3A6 (22).
Hydrodynamic diameter of the purified viruses, Vero cell residual
DNA content, and infective titers were measured as described pre-
viously (16).

Vaccine formulation and characterization

CVBI1-6 viruses were inactivated in 0.01% (v/v) formalin for 5 days
at 37°C, and inactivation was confirmed by the lack of infective
virus (after culturing the inactivated viruses in GMK cells) (National
Institute for Health and Welfare, Finland, mycoplasma negative) in
TCIDsy (median tissue culture infectious dose) end-point dilution
assays [detection limit, 34 plaque-forming units (PFU)/ml] and in
enterovirus-specific real-time PCR (detection limit, 0.00067 PFU/ml),
as described earlier (16, 20). The vaccine was formulated in M199
medium (Gibco) containing 0.1% Tween 80 by mixing 1 ug of each
CVB serotype per vaccine dose. Individual CVB1 and CVB4 monova-
lent vaccines were also formulated in M199 Medium containing
0.1% Tween 80 (1 ug of protein in each vaccine). The individual
CVB1-6 vaccine components and the CVB1-6 vaccine were charac-
terized by TEM. Butwar-coated copper grids were made hydrophilic
via glow discharging using ESM/SC7620 Mini Sputter coater (Quorum).
Inactivated virus samples were added to the grid and incubated for
15 s, after which excess virus was removed by blotting with Whatman
3MM paper. The inactivated viruses were then negatively stained
through the addition of 1% phosphotungstic acid (in water, pH
adjusted to 7.4) to the grid for 1 min, before blotting to remove the
excess. Samples were dried overnight and imaged with a JEM-1400
(JEOL) TEM.

Stone et al., Sci. Adv. 2020; 6 : eaaz2433 6 May 2020

Murine immunizations

Male and female age-matched C57BL/6] mice, NOD mice, SOCS-1-tg
mice, and Balb/c mice (4 to 9 weeks old) were assigned to treatment
groups at random. Mice were vaccinated two to three times with
nonadjuvanted hexavalent CVB1-6 vaccine containing 1 pg of each
CVBI1-6 serotype, CVB1 monovalent vaccine (1 pg), and CVB4
monovalent vaccine (1 pg) or mock-vaccinated with vaccine buffer
alone (M199-0.1% Tween, v/v) in a total volume of 150 ul by inter-
scapular injection. Before each vaccination and before virus challenge,
a serum sample was collected from blood taken from the tail vein.
See Figs. 1F, 2A, 3A, 5A, and 6A for the experimental setups and see
table S1 for a summary of the mouse experiments (n numbers, immu-
nization and challenge dates, ages at start, challenge CVB sero-
types and concentrations, and respective figures).

Virus challenge

Mice were challenged with CVB3-Nancy, CVB4-E2 (both received
from G. Frisk, University of Uppsala, Sweden), or CVB1-10796 (40)
by intraperitoneal injection. Table S1 summarizes the CVB infection
doses and time of infection in the different experiments. The viruses
were diluted in serum-free RPMI to a final volume of 200 pl, and the
doses required to yield a productive infection had been optimized
previously. A blood sample was collected from the tail vein on day 3
after infection from all infected mice (1:1 ratio with 12 mmol EDTA
in PBS). NOD mice were removed on day 3 after infection, and the
pancreas was saved for histological analysis and measurements of
replicating virus. SOCS-1-tg mice were kept until day 21 after infec-
tion or until diabetes development and the pancreas were saved for
histological analysis. Balb/c mice were euthanized on day 5 after
infection, blood was collected on days 3 and 5 after infection, and
the pancreas and heart were saved for histological analysis and for
measuring replicating virus.

Rhesus macaque immunizations

Indian rhesus macaques (4 years of age, male) were allocated to two
groups and received hexavalent CVB1-6 vaccine alone (n = 2) or
hexavalent CVB1-6 vaccine + alum adjuvant (n = 3). Alhydrogel
(alum) adjuvant (2%) was purchased from InvivoGen (Toulouse,
France). The vaccines contained 5 ug of each CVB serotype (30 ug
of protein in total) in 150-ul vaccine buffer. Before immunization,
the vaccine was mixed with PBS (nonadjuvant group: 150 pl of
CVB1-6 vaccine +350 ul of PBS) or PBS and adjuvant (adjuvant
group: 150 pl of CVB1-6 vaccine + 50 pl of alum adjuvant + 300 ul
of PBS; 0.2% final concentration of alum adjuvant). Alum formula-
tion was designed according to the manufacturers’ instructions and
a previously published study (39). Animals were immunized with a
final volume of 500 pl by intramuscular injection in the arm on days
0 and 28. Peripheral venous blood was collected at selected time
points before or after vaccination and processed within 1 hour as
previously described (30). Liver function tests using whole-blood
samples were performed on days 0, 1, and 14 after the first immuni-
zation by Adlego Biomedical. Figure 4A shows the experimental
setup in rhesus macaques.

Monitoring of blood glucose and diabetes development

Blood glucose was monitored from blood obtained from the tail vein
of mice or from blood taken from rhesus macaques, with a Bayer
Contour XT blood glucose meter. Mice with a blood glucose reading
of 18 mM or over or two measurements on consecutive days between
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13 and 18 mM were deemed diabetic and euthanized. Rhesus
macaques were fasted before anesthetization, and a fasting blood
glucose reading of more than 5.6 mM was the cutoff for overt diabetes
in these animals (41).

nAB assays

Titers of CVB1-6 nABs were measured by standard virus plaque
reduction assay in GMK cells (15, 20, 42). Briefly, serial 1:4 dilutions
of sera were incubated with equal volumes of suspensions containing
50 PFU of the respective homotypic CVB serotypes that were used
to produce the vaccine for 1 hour at 37°C and then overnight at room
temperature. The virus-serum mixture was added to GMK cells
grown to 95% confluency in a 12-well plate for 1 hour at 37°C, then
removed and replaced with a semisolid medium (minimum essential
medium supplemented with 0.67% carboxymethylcellulose), and
incubated for 2 days at 37°C. Cells were then fixed and stained with
crystal violet, and plaque numbers were quantified. An 80% or more
reduction in plaque number compared to untreated virus suspen-
sions was deemed positive. The detection limit of the assay was a
fourfold dilution (1:4), and the positivity of serum samples was set
to >1:16 dilution.

RNA isolation, reverse transcription, and real-time
quantitative PCR

Pancreas and spleen were submerged in RNAlater immediately
after harvesting and then stored at —20°C. For RNA isolation,
approximately 30 mg of tissue was transferred to RLT buffer and
homogenized with a TissueLyser II system (5-mm metal beads; Qiagen)
according to the kit instructions. RNA was isolated using an RNeasy
kit (Qiagen) with deoxyribonuclease (DNase) I treatment and quan-
tified using a NanoDrop ND-1000 spectrophotometer (Thermo
Fisher Scientific). RNA was reverse-transcribed using a High-Capacity
cDNA Reverse Transcription kit (Applied Biosystems). Real-time
quantitative PCR for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), IFN-a, IFN-B, EIF2AK2 (PKR), OASI, and inducible
NOS (NOS2) was performed with TagMan Gene Expression As-
says (Applied Biosystems) using the QuantStudio 5 System (Thermo
Fisher Scientific). mRNA expression for each gene was normalized
to GAPDH using the 2~““Y method.

Blood and pancreas virus titration

Pancreas tissue was homogenized with sterile ceramic beads
(6%, ©2.8 mm; Qiagen) and the PowerLyzer 24 Bench Top Homo-
genizer (MBio Laboratories, Qiagen). Blood samples or pancreas
homogenates were serially diluted 1:10, and lytic virus was measured
by standard plaque assay in GMK cells (NOD and SOCS-1-tg mice,
assays performed at the University of Tampere) or assessed by
plaque titration in HeLa cells (Balb/c mice, assays performed at the
Karolinska Institutet) as described in (27). Viral titers are expressed
as PFU/ml of blood or PFU/mg tissue. In samples where no plaques
were detected, the samples were assumed to be negative and given a
value of 0. There is a detection limit of 3.3 PFU/mg for virus detec-
tion from tissue homogenates.

Histological analysis and immunohistochemistry

FFPE murine pancreas tissue cut into 5-um sections was used for
histological and immunohistochemical analysis. VP1 was detected with
a biotinylated anti-VP1 antibody (5D8/1, Dako; biotinylated by Capra
Bioscience, Angelholm, Sweden; final concentration, 0.07 pg/ml)

Stone et al., Sci. Adv. 2020; 6 : eaaz2433 6 May 2020

and tris-EDTA (pH 6) antigen retrieval. Biotin was then detected
using the Vectastain ABC Elite Biotin System (Vector Laboratories)
and stained using DAB (Vector Laboratories; both according to the
manufacturer’s instructions). As previously described, the antibody
was validated in mouse pancreas sections (20, 27, 32). The islet
hormones insulin and glucagon were detected with anti-insulin
(1:10,000; A0564, Dako) and anti-glucagon (1:12,000; AB92518,
Abcam) antibodies. Secondary antibodies alone were used as nega-
tive controls in the hormone staining (insulin: goat anti-guinea pig,
Vector Laboratories; glucagon: goat anti-rabbit, Dako) or 2%
normal goat serum the case of the VP1 staining. The images were
acquired on a Leica DM4000B light microscope using QWIN software.

Statistical analysis

Statistical analyses were performed using Prism 5 software (GraphPad,
La Jolla, CA, USA). Percentage body weight change of vaccinated
and buffer-treated mice at the same time points was compared by
Mann-Whitney U test, as were the weights, temperature, and blood
glucose of rhesus macaques (compared to day 0). nAB titers were
assessed by two-way analysis of variance (ANOVA) with Bonferroni
correction (CVB1-6 vaccine) or by one-way ANOVA with Bonferroni
correction (CVB1 and CVB4 vaccines). The percentage of animals with
viremia on day 3 after infection, the percentage of animals with VP1
positivity in the pancreas, and diabetes incidence were compared by one-
tailed y/* Fisher’s exact test. *P < 0.05, **P < 0.01, ***P < 0.001. nAB titers,
viremia, and virus titers in the pancreas and heart are shown in log;,.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/19/eaaz2433/DC1

View/request a protocol for this paper from Bio-protocol.
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