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ABSTRACT Mayaro virus (MAYV) is a mosquito-transmitted alphavirus that causes
often debilitating rheumatic disease in tropical Central and South America. There are
currently no licensed vaccines or antiviral drugs available for MAYV disease. Here, we
generated Mayaro virus-like particles (VLPs) using the scalable baculovirus-insect cell
expression system. High-level secretion of MAYV VLPs in the culture fluid of Sf9 insect
cells was achieved, and particles with a diameter of 64 to 70 nm were obtained after
purification. We characterize a C57BL/6J adult wild-type mouse model of MAYV infec-
tion and disease and used this model to compare the immunogenicity of VLPs from
insect cells with that of VLPs produced in mammalian cells. Mice received two intramus-
cular immunizations with 1 ©g of nonadjuvanted MAYV VLPs. Potent neutralizing anti-
body responses were generated against the vaccine strain, BeH407, with comparable
activity seen against a contemporary 2018 isolate from Brazil (BR-18), whereas neutraliz-
ing activity against chikungunya virus was marginal. Sequencing of BR-18 illustrated
that this virus segregates with genotype D isolates, whereas MAYV BeH407 belongs to
genotype L. The mammalian cell-derived VLPs induced higher mean neutralizing anti-
body titers than those produced in insect cells. Both VLP vaccines completely protected
adult wild-type mice against viremia, myositis, tendonitis, and joint inflammation after
MAYYV challenge.

IMPORTANCE Mayaro virus (MAYV) is associated with acute rheumatic disease that
can be debilitating and can evolve into months of chronic arthralgia. MAYV is believed
to have the potential to emerge as a tropical public health threat, especially if it devel-
ops the ability to be efficiently transmitted by urban mosquito vectors, such as Aedes
aegypti and/or Aedes albopictus. Here, we describe a scalable virus-like particle vaccine
against MAYV that induced neutralizing antibodies against a historical and a contem-
porary isolate of MAYV and protected mice against infection and disease, providing a
potential new intervention for MAYV epidemic preparedness.
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Zika virus (ZIKV) spread from Africa via Asia and the Pacific Islands to Latin America, A
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where, in 2015 and 2016, it was associated with a series of congenital, primarily neuro- Published 8 March 2023
logical, malformations collectively known as congenital Zika syndrome (3, 4). These
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two viruses moved from a primarily sylvatic environment and entered into urban trans-
mission cycles involving humans and anthropophilic mosquito species, such as the yel-
low fever mosquito Aedes aegypti. Mayaro virus (MAYV) may also have this potential
and thereby could emerge as a more important threat to public health (5). In tropical
rainforests, MAYV is maintained in an enzootic transmission cycle between nonhuman
primates and forest-dwelling Haemagogus mosquito species (6, 7). A key step toward
urban spread would be acquisition by MAYV of the ability to be efficiently transmitted
by urban vectors, such as the aforementioned Aedes species (8-11). Laboratory trans-
mission studies using these mosquitoes suggest that, although MAYV can replicate, at
realistic blood meal titers dissemination into the salivary glands is limited (10, 12-14).

MAYV is associated with an increasing number of reports of human infections in
Central and South America (6, 15, 16), with imported cases in several European countries
(8, 17) and the United States (18). In 2015, a child with no travel history from rural or
semirural areas of Haiti was diagnosed with a coinfection of MAYV and dengue virus,
suggesting transmission outside tropical rainforest settings (19). MAYV is a member of
the arthritogenic group of alphaviruses that show broadly similar patterns of rheumatic
disease in humans (20, 21) and also collectively belong to the Semliki Forest antigenic
complex (22). Symptomatic MAYV infection in humans is associated with acute rheumatic
disease comprising primarily fever, myalgia, rash, and polyarthralgia, with the latter per-
sisting for months in some patients (6, 15, 20). Rare severe forms of MAYV disease can
include encephalitis or meningoencephalitis and hemorrhagic manifestations, although
fatality is extremely rare (15, 23).

Like all alphaviruses, MAYV has an ~11.5-kb, single-stranded, positive-sense RNA ge-
nome that encodes four nonstructural proteins (nsP1 to nsP4) in a single open reading
frame (ORF), and immediately downstream is a second ORF coding for the structural pro-
teins. The structural proteins include the capsid protein or C and the two envelope gly-
coproteins E2 and E1, with their associated proteins E3 and 6K, respectively, and the
transframe protein TF (resulting from a —1 ribosomal frameshift in 6K) (24, 25). The non-
structural proteins are involved in replication of the RNA genome, whereas the structural
proteins form a spherical virus particle of ~70 nm in diameter with a T = 4 icosahedral
symmetry (24). C binds the viral RNA and forms the internal core of ~40 nm in diameter
(24), which is enveloped by a host-derived lipid bilayer containing the envelope glycopro-
teins (26). The 240 E2-E1 heterodimers found on the surface of the virion form 80 trimeric
spikes (26), which have important functions in virus assembly, receptor recognition, and
entry into cells (27) and are the antigens of choice for vaccine development (22, 28-32).

There are currently no licensed vaccines or antiviral drugs for MAYV (23), although
alphaviral arthritides are widely treated with nonsteroidal anti-inflammatory drugs (20,
21). Several effective preclinical MAYV vaccines have been developed, including a live-
attenuated vaccine (28, 29), a DNA vaccine (30), and two adenoviral-vectored vaccines
(31, 32). Induction of arthralgia by TSI-GSD-218, a live-attenuated CHIKV vaccine (33),
has slowed the development of live-attenuated vaccines for arthritogenic alphaviruses;
however, a rationally attenuated CHIKV vaccine has demonstrated an acceptable safety
profile and has entered late-phase clinical trials. DNA vaccines are an attractive candi-
date due to their efficient production process and long shelf-life, but they often show
poor immunogenicity in humans (34). Efficacy of adenoviral-vectored vaccines can be
compromised by the existence and/or development of antivector immunity (35).

Here, we report the development of an enveloped MAYV virus-like particle (VLP)
from insect cells. Self-assembly of the envelope and capsid proteins results in forma-
tion of enveloped VLPs, which are structurally similar to the virus particle but do not
contain a viral genome and are thus unable to cause a spreading infection (36-38). The
size of VLPs (20 to 200 nm) is optimal for uptake by antigen-presenting cells and cross-
presentation (39). The highly repetitive surface structures on the VLPs also lead to the
activation of innate immunity and ultimately increased antibody production, often
without the need for adjuvants (40). Here, we compare insect cell-derived MAYV VLPs
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FIG 1 MAYV VLP production using insect cells and recombinant baculoviruses. (A) Schematic overview of the MAYV structural
cassette expressed in insect cells. The molecular weight of each protein is shown in kilodaltons. Autocatalytic, host furin, and host
signalase cleavage sites are indicated. (B) BACe56/MAYV-infected Sf9 insect cells and mock-infected Sf9 insect cells at 4 days
postinfection. Black arrow indicates dense nuclear body, which presumably consisted of accumulated MAYV core-like particles. (C and
D) MAYV structural protein expression in Sf9 cells was analyzed at 4 days postinfection by western blotting using antiserum derived
from a MAYV-infected mouse (C) or anti-CHIKV capsid antibody 5.5D11 (D). (E) Detection of MAYV structural proteins in purified WUR
VLP fraction from Sf9 insect cells and dilution series of TNAC MAYV VLPs from HEK293 human cells. (F) Transmission electron
microscopy photo of purified WUR MAYV VLPs. Black arrows indicate MAYV VLPs; white arrow indicates baculovirus. (G) Size
distribution of WUR MAYV VLPs based on diameter measurements of 107 VLPs.

with those expressed in mammalian cell culture and evaluate these vaccine candidates
in an adult wild-type mouse model of MAYV infection and disease.

RESULTS

Production of MAYV VLPs in insect cells. To produce MAYV VLPs in Sf9 insect
cells, a recombinant baculovirus, BACe56/MAYV, expressing the structural cassette of
MAYV (Fig. 1A) was generated. At 4 days postinfection, accumulation of alphavirus cap-
sid proteins was observed in the nuclei (Fig. 1B, arrowhead), as seen previously for
CHIKV and salmonid alphavirus structural protein expression (41, 42). MAYV protein
expression was confirmed by western blotting. Detection with mouse polyclonal anti-
serum (from a MAYV-infected mouse) resulted in two bands of ~55 kDa (Fig. 1C), cor-
responding to the predicted molecular weights of precursor E3-E2 (54 kDa) and E2
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and/or E1 (47 kDa each), and one band corresponding to the predicted molecular
weight of capsid (34 kDa) (Fig. 1C). The presence of MAYV capsid was confirmed with
monoclonal antibody 5.5D11, which recognizes capsid from multiple alphaviruses in
the Semliki Forest serogroup (43) (Fig. 1D).

For large-scale MAYV VLP production, Sf9 suspension cells were infected with
recombinant baculovirus at a low multiplicity of infection (MOI). At 4 days postinfection,
the VLPs in the culture fluid were precipitated with polyethylene glycol (PEG) and puri-
fied on a sucrose gradient. VLPs were quantified by western blot analysis using a dilution
series of commercially available VLPs from The Native Antigen Company (TNAC), which
were produced in the human HEK293 cell line (Fig. 1E). VLPs were analyzed by transmis-
sion electron microscopy, and enveloped spherical particles were observed (Fig. 1F, black
arrowheads). Some baculovirus particles could also be seen (Fig. 1F, white arrowhead);
complete removal of baculoviruses from the final vaccine preparation presented a chal-
lenge, as physical properties, structures, and sizes of the VLPs and the baculovirus virions
are similar (38, 44). MAYV VLPs were between 64 and 70 nm in diameter (Fig. 1G), which
conformed to the reported size of alphavirus virions (24, 45).

MAYV BeH407 replication and pathogenesis in C57BL/6J adult mice. To evalu-
ate the MAYV VLPs for use in vaccine development, an adult wild-type mouse model
of MAYV infection and disease was first established and characterized, based on previ-
ously described adult mouse models (29, 46). Adult 6- to 24-week-old female C57BL/6J
mice were infected subcutaneously in the hind feet with MAYV BeH407 at doses of 104,
10°, or 10° 50% tissue culture infectious doses (TCID,). Viremia for mice infected with
10* TCIDs, and 10° TCID,, peaked on day 2 postinfection, compared to that in mice
infected with 10° TCID,,, which peaked on day 1 postinfection (Fig. 2A). Peak foot swel-
ling, an indicator of arthritic disease, was observed on day 6 postinfection for all doses
(Fig. 2B), with a dose of 10° TCID,, resulting in an increase in foot swelling of ~20%.
Hematoxylin and eosin (H&E) staining of these arthritic feet illustrated the characteris-
tic mononuclear cellular infiltrates (20, 22, 47), which were evident in muscle tissue
(black ovals), tendons, synovial spaces, and in regions of subcutaneous edema (Fig.
2C). Quantitation using purple (nuclear) versus red (cytoplasmic) staining ratios, a mea-
sure of leukocyte infiltration (48), demonstrated significant differences between MAYV-
infected mice compared to mock-infected mice (Fig. 2D). Thus, infection of C57BL/6J
mice with the human isolate, MAYV BeH407, provided an adult wild-type MAYV mouse
model that recapitulated viremia and histological features characteristic of alphaviral
arthritides (20, 21).

Immunogenicity of MAYV VLP vaccines and neutralizing antibody responses
against MAYYV isolates and CHIKV. To determine whether MAYV VLPs could induce a
protective immune response against MAYV infection, groups of adult 6- to 8-week-old
female C57BL/6J mice were immunized with one or two doses of 1 ug insect cell-
derived “Wageningen University & Research” (WUR) VLPs (with or without adjuvant)
(49), and antibody responses and protection against disease were determined (Fig.
3A). For comparison, another group of mice was vaccinated with 1 ug of HEK293 cell-
derived “The Native Antigen Company” (TNAC) VLPs without adjuvant. As a negative
control, mice were mock vaccinated with RPMI 1640 medium. After one vaccination,
MAYV-specific antibodies were observed by enzyme-linked immunosorbent assay
(ELISA) for both WUR VLPs and TNAC VLPs. TNAC VLPs induced significantly higher
ELISA responses than WUR VLPs (Fig. 3B) and also higher levels of neutralizing antibod-
ies (Fig. 3C). No significant effect of the adjuvant on the immunogenicity of WUR VLPs
was observed (Fig. 3B and C). Next, mice were boosted with 1 ug of the respective
VLPs, except for the group WUR VLP with adjuvant. Vaccination with 2 x 1 ug of WUR
VLP or TNAC VLP generated high ELISA responses (Fig. 3B) and neutralizing antibody
responses (Fig. 3C). Again, TNAC VLPs induced significantly higher ELISA and mean
neutralization titers than WUR VLPs (Fig. 3B and C). Vaccination with one dose of 1 ug
of WUR VLP with adjuvant also generated ELISA and neutralizing responses after
8 weeks, but these were significantly lower than responses in the group with two
doses of nonadjuvanted WUR VLPs at 8 weeks (Fig. 3B and C).

March 2023 Volume 97 Issue 3

Journal of Virology

10.1128/jvi.01601-22

4


https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01601-22

Mayaro Virus-Like Particle Vaccines Journal of Virology

>
w
o

» p=0.048
% 10, - Mock-inle‘cted 30 p=0.026
® MAYV 10 L
+ 8 ® A 10° o 3 o5 22
SE ® MAYV 10 @ + 358
£ 6 $ 320 e+
o 0 = S o
=] e x o £0.10
SO 4 = 5 £
i X510 2%
- o b
o 2 i
S o= ¢ 0.05
09 o
01 2 3 456 012 3 456 7 8 14
. ; " . Mock- 10e4 10e5 10e6
Day post infection Day post infection inf::ted ¢ ¢

C Mock-infected 108

o
o
©
j=3
2]
.
>
o
c
>
@

Subcutaneous
Oedema

S

FIG 2 MAYV BeH407 in adult wild-type C57BL/6J mice. (A) Viremia in adult female C57BL/6J mice (6 to
24 weeks old) infected with 10%, 10°, or 10° TCIDy, or mock-infected with PBS, with n = 4 to 6 mice per group.
(B) Percentage increase in foot height x width (relative to day 0) for mice infected as described for panel A,
with n = 8 to 12 feet from 4 to 6 mice per group per time point. (C) Photographs showing examples of feet on
day 6 postinfection, illustrating foot swelling in MAYV-infected groups compared to the mock-infected control
group. H&E staining of muscle (M), tendon (T), synovial space (SS), and subcutaneous edema (*) in foot sections
from 6- to 24-week-old C57BL/6J wild-type female mice infected as described for panel A. Black ovals indicate
some of the areas containing inflammatory infiltrates in the muscles. Inflammatory infiltrates near and in
tendon areas are visible, as well as inflammatory infiltrates near joint tissues. (D) Ratio of nuclear (purple) to
nonnuclear (red) staining of H&E-stained foot sections (a measure of leukocyte infiltration). Data from 4 to 6
feet from 2 to 3 mice per group, with 3 sections scanned per foot and values averaged to produce one value
for each foot. Statistical analysis used the Kolmogorov-Smirnov test. Multiple test correction was not applied.
Error bars indicate one standard error of the mean.

Neutralization titers were also determined for a contemporary MAYV isolate, the BR-18
strain (50), as well as for CHIKV (Reunion Island isolate). Neutralizing antibody titers against
MAYV BeH407 (Fig. 3D) were comparable to those seen for MAYV BR-18 (Fig. 3E). However,
these sera showed poor or no detectable neutralizing activity against CHIKV (Fig. 3F).

Evaluation of VLP vaccines against MAYV infection and disease in C57BL/6J
mice. To evaluate protection against disease, mice were challenged with MAYV BeH407
6 weeks after the second vaccination. A challenge dose of 10° TCID5, was used, as this
dose induced ~20% foot swelling, with the lower dose inducing less foot swelling and
no increase in foot swelling seen with the higher dose (Fig. 2B). Two doses of 1 ug of
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FIG 3 MAYV VLP vaccination and challenge with MAYV BeH407 in adult C57BL/6J mice. (A) Timeline of vaccination with two 1-ug doses of
nonadjuvanted MAYV VLPs, with a single 1-ug dose of adjuvanted MAYV VLPs, or with two doses of RPMI 1640 medium (negative control),
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WUR VLP or TNAC VLP provided statistically significant protection against viremia, with
no virus detected in the sera of any vaccinated mice (P < 0.01 for days 1 to 4 postchal-
lenge) (Fig. 3G). One dose of 1 g of WUR VLP with adjuvant also showed a significant
reduction in viremia, although complete protection in all mice was not observed (Fig.
3G). In addition, two doses of 1 ug of WUR VLP or TNAC VLP were sufficient to provide
protection against MAYV-induced foot swelling (both P < 0.001 compared to mock-vac-
cinated) (Fig. 3H), while one dose of 1 ug of WUR VLP with adjuvant demonstrated only
partial protection against foot swelling. Thus, two doses of 1 xg nonadjuvanted MAYV
VLPs generated ELISA responses and neutralization antibodies sufficient for complete
protection against viremia and arthritic disease. Future studies could focus on selecting
adjuvants allowing single-shot administration with a long duration of immunity.

Histopathology of vaccinated C57BL/6J mice after MAYV challenge. H&E stain-
ing of feet from mice at 6 days postchallenge illustrated the characteristic mononuclear
cellular infiltrates (22, 47, 51) evident in muscle tissues (black ovals), in tendons, in sur-
rounding joint areas, and in regions of subcutaneous edema in the mock-vaccinated
RPMI control group and in the group that had received one shot of WUR VLP with adju-
vant (Fig. 4A; full-size images are provided in Fig. S1 in the supplemental material).
Hemorrhage was also observed in the mock-vaccinated RPMI control group (Fig. 4A,
arrows). Mice vaccinated with two shots of VLPs (either WUR or TNAC) showed healthy
tissues without cellular infiltrates. Quantitation using purple (nuclear) versus red (cyto-
plasmic) staining ratios (Fig. 4B) demonstrated no statistically significant differences
between mice that had received two doses of the WUR VLP compared to those that
received two doses of the TNAC VLP. Significant differences were observed between
mice which had received two doses of the WUR VLP or two doses of the TNAC VLP com-
pared to the mock RPMI-vaccinated, infected mice. Two doses of the WUR VLP or TNAC
VLP thus provided protection against myositis, tendonitis, arthritis and hemorrhage.

Sequencing of MAYV BR-18. We undertook full-genome sequencing for MAYV BR-
18, a 2018 isolate from Brazil (50), that was used here in neutralization assays (Fig. 3E).
This isolate showed no changes in the receptor (MXRA8) binding residues (52) compared
with the 1955 MAYV BeH407 isolate, with both MAYV isolates showing only a 60% amino
acid identity with CHIKV at these positions (Fig. 5A). These sequence data were consist-
ent with our neutralization data (Fig. 3D to F), as well as previous MAYV-CHIKV cross-neu-
tralization studies (22). A series of amino acid changes in the structural proteins (that are
not involved in receptor binding) were evident, but more than half (58.5%) were con-
served substitutions (53), with most of the nonconserved amino acid changes falling
near the contact zone between E1 and E2 (Fig. 5B). The results suggested that changes
in the sequence of MAYV over time are not accompanied by major changes in key deter-
minants, and ensuing escape from vaccines based on earlier sequences.

Three genotypes have been described for MAYV: D (widely disperse), L (limited),
and N (new) (54). A dendrogram of complete genome nucleotide sequences suggests
that BR-18 segregates with genotype D viruses, although it sits alone and somewhat
apart from other genotype D isolates (Fig. S2). BR-18 also segregates with genotype D
viruses in a dendrogram of E2-E1 amino acid sequences, clustering with a much older

FIG 3 Legend (Continued)

then antibody measurements after bleeds, and disease determinations of viremia and foot swelling following MAYV BeH407 challenge. (B)
MAYV BeH407 endpoint IgG ELISA titers after 1 or 2 vaccinations of female 6 -to 8-week-old C57BL/6J mice with nonadjuvanted MAYV VLPs
or RPMI control, or 1 vaccination with MAYV VLPs with adjuvant. Lines among the dots indicate the mean ELISA titers, and error bars show
the standard errors of the means. Dashed line represents the limit of detection (1:30 serum dilution). Statistical analysis used the
Kolmogorov-Smirnov test. Multiple test correction was not applied. (C) MAYV BeH407 50% neutralization titers after 1 or 2 vaccinations with
nonadjuvanted MAYV VLPs or RPMI control, or 1 vaccination with MAYV VLPs with adjuvant. Lines among the dots indicate the mean
neutralization titers, and error bars show the standard errors of the means. Dashed line represents the limit of detection (1:10 serum
dilution). Statistical analysis was with the Kolmogorov-Smirnov test. Multiple test correction was not applied. (D to F) Comparison of
neutralization titers at week 8 against MAYV BeH407 (D), MAYV BR-18 (E), and CHIKV (Reunion isolate) (F). (G) MAYV BeH407 viremia
postchallenge in mice vaccinated twice with nonadjuvanted MAYV VLPs or RPMI, or vaccinated once with MAYV VLPs with adjuvant (n = 5
to 6 per group). The limit of detection for each mouse was 10 TCIDy,/mL, with means from 5/6 mice plotted. Statistical analysis was with
the Kolmogorov-Smirnov test. Multiple test correction was not applied. (H) Percentage increase in foot height x width (relative to day 0) for
C57BL/6J mice vaccinated as described for panel G, with n = 6 to 12 feet from 3 to 6 mice per group per time point. Statistical analysis was
with the t test.
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group of viruses isolated in the 1950s in Trinidad Tobago and the United States (Fig.
S3). MAYV BeH407 clusters with genotype L (Fig. S2 and 3).

DISCUSSION

In this study, we developed a scalable MAYV VLP vaccine produced in insect cells
which protected mice against viremia and arthritic disease in an adult wild-type mouse
model of MAYV disease. Due to their phylogenetic proximity, with CHIKV and MAYV also
belonging to the same serogroup (55, 56), it has been suggested that CHIKV vaccines
(several are currently in human clinical trials [1, 57-59]) may confer some level of cross-
protection against MAYV. However, a vaccinia-based CHIKV vaccine and an adenovirus
vector-based CHIKV vaccine showed no or only partial cross-protection against MAYV (22,
31). Furthermore, a live-attenuated CHIKV vaccine and an insect-specific alphavirus-based
CHIKV vaccine similarly failed to cross-protect against MAYV. Interestingly, wild-type
CHIKV infection did confer cross-protection against MAYV, suggesting that high levels of
natural CHIKV herd immunity in the neotropics may reduce the risk of MAYV emergence
(56). In our study, sera from mice vaccinated with MAYV VLPs also showed no (or barely
detectable) levels of cross-neutralization activity with CHIKV. We thus contend that reli-
ance on a CHIKV vaccine in the event of a MAYV epidemic is not a viable strategy (22).

Two shots of 1 g WUR VLPs from insect cells were needed to induce high neutralizing
antibody levels and to protect mice against MAYV disease. In contrast, high neutralizing
antibody titers were already observed after a single vaccination with TNAC VLPs. Differences
in protein glycosylation may explain these differences in immunogenicity (60-62). CHIKV
VLPs from HEK293 cells contain oligomannose, hybrid, and complex glycans, whereas VLPs
from insect cells mostly contain oligomannose glycans (63). Our recent glycosylation analysis
of CHIKV spikes generated in Sf9 cells revealed that the majority of N-glycans were of the
mannose or hybrid type, with <2% being complex glycans (64). Despite these notable dif-
ferences in glycosylation, immunization of guinea pigs with CHIKV VLPs from either HEK293
or Sf cells yielded very similar neutralizing antibody responses (44), suggesting that the
effect of different glycans may be dependent on vaccine dose and/or antigen. Conceivably,
glycans may be more important for correct antigen folding and stability (62) of MAYV VLPs
than for CHIKV VLPs. A structural comparison of WUR with TNAC VLPs, e.g., by cryo-electron
microscopy, would be interesting to tease out potential differences in protein folding, but
this would be best approached in a follow-up study. Another difference is that the VLPs
from insect cells contain some residual baculovirus. For use in humans, VLP vaccines need
to be highly purified and should not contain these contaminants. This can be accomplished
by optimizing the VLP purification process or development of a baculovirus-based produc-
tion system free of contaminating progeny baculovirus particles (38, 65).

In the MAYV mouse model described here, 10° TCID,, of MAYV BeH407 induced
mean arthritic foot swelling of ~20%, whereas for 10* TCID,, this dropped to ~12%. In
contrast, 10* TCID,, CHIKV (Reunion isolate) in the same C57BL/6J mouse strain induced
foot swelling of >60% (66, 67), although foot swelling was less pronounced for Asian
and Caribbean isolates of CHIKV (68, 69). Different isolates of the same alphavirus can
thus induce different levels of arthritic disease in these mouse models (22, 46). However,
the MAYV mouse model may be recapitulating human disease, where MAYV is generally
less severe (very few cases of mortality [23]) than CHIKV (=~0.1% mortality [1]), but it
should be kept in mind that there may be differences in diagnosis and obtaining of epi-
demiological data.

FIG 4 Legend (Continued)

infected, and WUR VLP with adjuvant groups. H&E staining of tissues in foot sections from RPMI-vaccinated
or VLP-vaccinated, uninfected, and MAYV-infected adult C57BL/6J mice is shown. Black ovals indicate some
of the areas containing inflammatory infiltrates in the muscles (M). Inflammatory infiltrates near tendons (T)
as well as inflammatory infiltrates near joint tissues (#) were also seen. Subcutaneous edema is shown with
an asterisk. Hemorrhage is indicated by black arrows. These images are representative of a larger number
analyzed. (B) Ratio of nuclear (purple) to nonnuclear (red) staining of H&E-stained foot sections (n = 2 to 3
mice, 4 to 6 feet per group, 3 sections per foot; values were averaged to produce one value for each foot).

Statistical analysis used the Kolmogorov-Smirnov test. Multiple test correction was not applied.
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FIG 5 Sequencing of the contemporary isolate, BR-18. (A, top) The E1/E2 amino acids that make contact with the receptor MXRA8 are
identical for the two MAYV isolates, showing 60% amino acid identity with CHIKV (Reunion Island isolate). (Bottom) The crystal structure of
CHIKV E1/E2 dimer, with the receptor contact residues that differed between MAYV and CHIKV colored as above. (B, top) Differences
between the two MAYV isolates in E1/E2 (these amino acids are believed not to be involved in interaction with the receptor). (Bottom) The
crystal structure of CHIKV E1/E2 dimer, with the residues that differed between the two isolates colored as above.
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Sequencing of the BR-18 isolate indicated that MAYV continues to evolve, although
BR-18 did not contain the E2-T179N substitution recently suggested as an adaptation
toward Aedes aegypti transmission (8). BR-18 segregated with genotype D isolates (Fig.
S2), and taken together with the neutralization data, this argues a genotype L vaccine
should cross-protect against genotype D viruses. A similar “single-serogroup conten-
tion” has been made for CHIKV, despite the existence of different genotypes and line-
ages (70, 71). Nevertheless, BR-18 shows significant divergence from other genotype D
viruses, sitting between genotype D and L viruses, perhaps arguing that MAYV geno-
type classifications may need reevaluation as more sequences become available.

The baculovirus-insect cell expression system has already proven to be a suitable
large-scale platform for the production of licensed human vaccines, including an influ-
enza virus hemagglutinin subunit vaccine (Flublok, Sanofi) (72), a human papillomavi-
rus VLP vaccine (Cervarix, GlaxoSmithKline) (73), and a registered vaccine against 2019
coronavirus disease (Nuvaxovid, Novavax) (74), demonstrating the utility of the plat-
form. However, a MAYV vaccine would currently not be commercially viable due to the
small market size (22), although this could rapidly change if MAYV follows in the foot-
steps of CHIKV and ZIKV to become a virus of international concern (23, 75).

MATERIALS AND METHODS

Ethics statement. All mouse work was conducted in accordance with the Australian code for the
care and use of animals for scientific purposes as defined by the National Health and Medical Research
Council of Australia. Mouse work was approved by the QIMR Berghofer Medical Research Institute ani-
mal ethics committee (P2235 A1606-618M).

Cell culture. The Spodoptera frugiperda-derived cell lines Sf21 (Gibco, Carlsbad, CA, USA), Sf9 (Gibco),
and Sf9-ET (76) were grown at 27°C. Monolayers of Sf21 cells were grown in Grace’s medium (Gibco) sup-
plemented with 10% fetal bovine serum (FBS; Gibco). Monolayers of Sf9-ET cells were grown in Sf900Il me-
dium (Gibco) supplemented with 5% FBS and 100 wg/mL Geneticin (Gibco). Monolayers and suspension
cultures of Sf9 cells were grown in Sf900Il serum-free medium supplemented with 50 wg/mL gentamicin
(Gibco). The Aedes albopictus-derived cell line C6/36 was cultured in RPMI 1640 medium (Thermo Fisher
Scientific, Scoresby, VIC, Australia) with 10% FBS (Sigma-Aldrich, Castle Hill, NSW, Australia) at 28°C and 5%
CO.,. The African green monkey kidney Vero cell line was maintained in RPMI 1640 medium supplemented
with 10% FBS at 37°C and 5% CO.,.

Viruses. The 1955 MAYV isolate BeH407 (GenBank accession number MK573238.1) was a generous
gift from M. S. Diamond (Washington University School of Medicine, St. Louis, MO, USA). The contempo-
rary MAYV isolate BR-18 (Brazil 2018) was a generous gift from Renato Resende (University of Brasilia,
Brazil; originally from Instituto Oswaldo Cruz, Rio de Janeiro, Brazil; strain Campos-RJ) (50). MAYV isolates
and CHIKV strain Reunion (LR2006-OPY1; GenBank accession number DQ443544) were propagated on
C6/36 cells and titrated by TCID,, assays using C6/36 and Vero cell lines as described elsewhere (22, 68).
Virus preparations were tested for endotoxin (77) and mycoplasma (MycoAlert, Lonza) (78).

Generation of recombinant baculovirus. Total RNA was isolated from MAYV BeH407-infected cells
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). cDNA was generated using SuperScript Il reverse
transcriptase (Invitrogen). The complete structural cassette of MAYV (C-E3-E2-6K-E1; 3,729 bp; GenBank
accession number MK573238.1) was then amplified and provided with BamHI and Hindlll restriction sites
by PCR using Phusion high-fidelity DNA polymerase (New England Biolabs, Ipswich, MA, USA) and a
2720 thermal cycler (Applied Biosystems, Foster City, CA, USA). Next, the Bac-to-Bac baculovirus-insect
cell expression system (Invitrogen) was used to insert the structural cassette of MAYV into the improved
Autographa californica multiple capsid nucleopolyhedrovirus backbone BACe56 (79). The MAYV struc-
tural cassette was first ligated into pFastBac Dual (Invitrogen) behind the polyhedrin promoter and then
transposed into BACe56. Transfection of Sf21 cells with purified recombinant bacmid DNA using ExpreS?
TR (ExpreS?ion Biotechnologies, Harsholm, Denmark) resulted in the recovery of recombinant baculovi-
rus. Virus titers (in TCID, per milliliter) were measured using Sf9-ET cells.

MAYV VLP production and purification. For small-scale MAYV VLP production, 8 x 10° Sf9 cells
were seeded as a monolayer in a 75-cm? flask. Cells were infected with recombinant baculovirus contain-
ing the MAYV structural cassette (BACe56/MAYV) at an MOI of 2 TCID,, units per cell. After infection, cells
were incubated for 4 h at 27°C, and medium was replaced by fresh Sf900Il serum-free medium. For
large-scale MAYV VLP production, 10 Sf9 suspension cultures of 50 mL each containing 2.6 x 10° cells/
mL were infected with BACe56/MAYV at an MOI of ~0.2 TCID,, units per cell. Cells were incubated at
27°C for 4 days, and cells and medium were then separated by centrifugation at 1,700 rpm for 5 min.
The cell pellet was dissolved in phosphate-buffered saline (PBS). The supernatant containing the MAYV
VLPs was first filtered through a filter with a pore size of 0.45 um, and then 7% (wt/vol) PEG-6000 and
0.5 M NaCl were added to the filtered medium to precipitate the VLPs. After 2 h at room temperature
(RT) and subsequent centrifugation at 4,700 rpm for 15 min, the pellet was dissolved in GTNE buffer
(200 mM glycine, 50 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA; pH 7.3). VLPs were then purified on a dis-
continuous sucrose gradient (40% to 70% [wt/vol]) as described previously (36, 41).
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MAYYV protein analysis. MAYV proteins from infected cell fractions and pure VLP fractions were
detected using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and subsequent
western blotting. Loading buffer containing SDS and B-mercaptoethanol was added to the samples fol-
lowed by incubations for 10 min at 95°C. After centrifugation for 1T min at 14,000 rpm, samples were run
on a Mini-Protean TGX gel (Bio-Rad, Veenendaal, the Netherlands). Proteins were transferred to an
Immobilon-P membrane (Merck Millipore, Darmstadt, Germany) using a trans-blot semidry transfer cell
(Bio-Rad). The membrane was blocked at 4°C overnight using 1% skimmed milk powder in PBS contain-
ing 0.05% Tween (PBS-T). The membrane was incubated with either convalescent polyclonal antiserum
from a MAYV-infected mouse, diluted 1:250 in 1% skimmed milk, or the anti-CHIKV capsid 5.5D11 mono-
clonal antibody (43), diluted 1:500 in 1% skimmed milk. After 1 h, the membrane was washed three
times with PBS-T. The membrane was incubated with alkaline phosphatase-conjugated goat anti-mouse
IgG secondary antibody (Sigma-Aldrich, Darmstadt, Germany) for 1 h. Secondary antibody was diluted
1:2,500 in PBS-T. After washing three times with PBS-T, the membrane was incubated with alkaline phos-
phatase buffer as described previously (36) for 10 min. The membrane was then developed using nitro-
blue tetrazolium-5-bromo-4-chloro-3-indolylphosphate (Roche Diagnostics, Almere, the Netherlands).

MAYYV VLP quantification. The purified MAYV VLPs produced in Sf9 insect cells (hamed WUR MAYV
VLPs) were quantified using a dilution series of pure MAYV VLPs from HEK293 human cells purchased at
The Native Antigen Company (Oxford, UK). TNAC recombinant MAYV VLPs (strain Acre27) comprised E1
and E2, and capsid proteins (NCBI accession numbers AJA37502.1 and KM400591.1) and were expressed
in HEK293 cells. The VLPs included a mouse Fc tag and were buffered in Dulbecco’s PBS at pH 7.4.
Samples containing serial 2-fold dilutions of 0.5 g TNAC MAYV VLPs were prepared. These samples and
the purified fraction containing WUR MAYV VLPs were analyzed using SDS-PAGE and western blotting
with antiserum from a MAYV-infected mouse, as described above. Comparison of the band intensity for
MAYV E2/E1 resulted in an estimated concentration of WUR MAYV VLPs in the purified fraction.

Transmission electron microscopy. Purified MAYV VLPs in GTNE buffer were loaded onto 200-mesh
carbon-coated copper grids (Electron Microscopy Sciences, Hatfield, PA, USA). After 2 min at RT, the excess
of liquid was removed and 2% ammonium molybdate (pH 6.8) was added to the grids for 30 s at RT. Next,
the excess of liquid was removed and the grids were air dried. Grids were analyzed using a JEOL JEM-
1400Plus transmission electron microscope. VLP diameters were measured using ImageJ (National Institutes
of Health, Bethesda, MD, USA) in combination with in-house macros.

Mice, infection, virus titration, and disease evaluation. Mice were kept under the following condi-
tions: 12:12 light-dark cycle; 7:45 a.m. sunrise and 7:45 pm sunset; 15-min light-dark dark-light ramping
times. Enclosures were M..C.E cages (Animal Care Systems, Centennial, CO, USA). Ventilation was with
100% fresh air, 8 complete air exchanges/h/room. Temperature was 22 = 1°C. In-house enrichment used
paper cups, tissue paper, and cardboard rolls. Bedding was PuraChips (Able Scientific, Perth, WA, Australia)
(aspen fine). Food was double-bagged Norco rat and mouse pellet (AIRR, Darra, QLD, Australia). Water was
deionized water acidified with HCI (pH = 3.2).

To establish the model, female C57BL/6J mice (6 to 24 weeks old) were purchased from the Animal
Resources Centre (Canning Vale, WA, Australia). Mice were infected with 10* to 10° TCID,, of MAYV
BeH407 subcutaneously into the top or side of each hind foot as described previously (22, 48, 68).
Serum viremia, foot swelling, and histology were evaluated as described previously (22, 48, 51, 68, 80).

MAYYV VLP vaccination and virus challenge. The WUR MAYV VLP, derived from Sf9 insect cells, and
the TNAC MAYV VLP, derived from HEK293 human cells, were used to vaccinate mice (female C57BL/6J,
6 to 8 weeks old). The adjuvant comprised QS-21 (50 ng/mL; Creative Biolabs, Shirley, NY, USA), 3-O-
desacyl-4’-monophosphoryl lipid A (MPLA; 50 wg/mL), cholesterol (250 wg/mL), and dioleoyl phosphati-
dylcholine (1 mg/mL; Sigma-Aldrich) constituted in PBS by sonication as described elsewhere (49). The
WUR MAYV VLP was mixed with adjuvant (1:1 [vol/vol]) for a total dose of 1 ug of VLP and 1 g of adju-
vant per mouse. The vaccines (with or without adjuvant) were mixed with RPMI 1640 medium and
administered intramuscularly as described elsewhere (22), with the dose split equally into both quadri-
ceps muscles of restrained mice with 50 uL per muscle using an insulin syringe (Becton, Dickinson, NJ,
USA). Vaccinated mice were challenged with 10° TCID,, of MAYV BeH407 into each hind foot, and vire-
mia, foot swelling, and histology were evaluated as described above.

Antibody ELISA and neutralization assays. IgG responses were determined by standard ELISA
using whole MAYV BeH407 as antigen. The antigen was purified from infected C6/36 cell supernatants
by 40% PEG-6000 precipitation (Sigma-Aldrich) and ultracentrifugation (Beckman floor standing ultra,
Beckman Coulter, CA, USA) at ~134,000 rcf at 4°C for 2 h through a 20% sucrose (Sigma-Aldrich) cush-
ion. Endpoint ELISA titers were determined as described previously (22, 81, 82). Briefly, serum samples,
starting at a 1:30 dilution, were serially diluted 1:3 in duplicate and bound antibody detected using bio-
tin-labeled rat anti-mouse-IlgG (Thermo Fisher Scientific), streptavidin HRP (Biosource, Camarillo, CA,
USA), and 2,2’-azinobis(3-ethylbenzothiazolinesulfonic acid) substrate (Sigma-Aldrich). Endpoint titers
were interpolated when optical density at 450 nm (OD,,) values reached the mean OD,, + 3 standard
errors of the mean for naive serum. Neutralization assays were performed as described elsewhere (22,
81). Briefly, mouse serum samples were heat-inactivated (56°C for 30 min) and incubated in duplicate
with 150 TCID,, of MAYV BeH407, MAYV BR-18, or CHIKV at 37°C for 1 h before Vero cells were added at
a concentration of 10° cells/well. The initial serum dilution was 1:10, with serial dilutions of 1:2 in dupli-
cate. After 5 days, cells were fixed and stained with formaldehyde and crystal violet, and the 50% (and
80% [Fig. S4]) neutralizing titers were interpolated from optical density (OD,,,) values versus serum dilu-
tion plots, as described elsewhere (22, 82).

Histology. Histology and quantitation of staining were undertaken as described previously (22, 48, 51,
68, 80). In brief, feet were fixed in 10% formalin, decalcified with EDTA (Sigma-Aldrich), and embedded in
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paraffin (Sigma-Aldrich), and sections were stained with H&E (Sigma-Aldrich). Slides were scanned using
Aperio AT Turbo (Aperio, Vista, CA, USA) and analyzed using Aperio ImageScope v10 software (Leica
Biosystems, Waverley, Australia) and the Positive Pixel Count v9 algorithm.

Sequencing and structure visualizations. TRIzol (Invitrogen) was added to BR-18-infected C6/36
cells, and RNA was purified as per the manufacturer’s instructions. RNA sequencing (RNA-Seq) and subse-
quent analyses were undertaken essentially as described before (83). Briefly, RNA-Seq used an in-house
lllumina Nextseq 550 platform to generate 75-bp paired-end reads. The per base sequence quality for
>90% bases was above Q30. The quality of raw sequencing reads was assessed using FastQC (v0.11.80),
and trimmed using Cutadapt (v2.3) to remove adapter sequences and low-quality bases. Trimmed reads
were aligned using STAR (v2.7.1a) to a combined reference of Aedes albopictus (NW_021837045.1) and
MAYV (AF237947.1) genomes. SAMtools mpileup was used to produce a consensus sequence from mapped
viral reads (GenBank accession number OP628214).

Phylogenetic trees were constructed as described previously (82) using MEGA-X (Molecular Evolutionary
Genetics Analysis 10, Penn State University, State College, PA, USA) and the ClustalW plugin with default pa-
rameters. Phylogenetic trees were constructed using the maximum-likelihood method, for nucleotide
sequences with the General Time Reversible model and for amino acid sequences using the JTT matrix-based
model. The trees were rooted using the CHIKV Reunion Island isolate. E1/E2 dimer structure visualizations
were generated using PyMOL Molecular Graphics System (version 2.3.3; Schrodinger, NY, USA) using the
structure of PDB 7K08 (84).

Statistics. Statistical analyses were performed using IBM SPSS Statistics for Windows v19.0 (IBM
Corp., Armonk, NY, USA). The t test was used when the difference in variances was <4, skewness was
>—2, and kurtosis was <2. Otherwise, the nonparametric Kolmogorov-Smirnov test was used.

Data availability. Raw viral RNA-seq data have been uploaded to NCBI SRA under BioProject acces-
sion number PRJNA935483.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 3 MB.
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