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VIROLOGY

Displaying and delivering viral membrane antigens via
WW domain-activated extracellular vesicles

Sengjin Choi’, Zhiping Yang', Qiyu Wang’, Zhi Qiao’, Maoyun Sun’, Joshua Wiggins?,
Shi-Hua Xiang?, Quan Lu*

Membrane proteins expressed on the surface of enveloped viruses are conformational antigens readily recog-
nized by B cells of the immune system. An effective vaccine would require the synthesis and delivery of these
native conformational antigens in lipid membranes that preserve specific epitope structures. We have created an
extracellular vesicle-based technology that allows viral membrane antigens to be selectively recruited onto the
surface of WW domain—activated extracellular vesicles (WAEVs). Budding of WAEVs requires secretory carrier-
associated membrane protein 3, which through its proline-proline-alanine-tyrosine motif interacts with WW
domains to recruit fused viral membrane antigens onto WAEVs. Immunization with influenza and HIV viral mem-
brane proteins displayed on WAEVs elicits production of virus-specific neutralizing antibodies and, in the case of
influenza antigens, protects mice from the lethal viral infection. WAEVs thus represent a versatile platform for
presenting and delivering membrane antigens as vaccines against influenza, HIV, and potentially many other

Copyright © 2023 The
Authors, some

rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
License 4.0 (CC BY).

viral pathogens.

INTRODUCTION

Viral pathogens pose grave threats to public health as evidenced by
the reoccurring flu epidemics, the HIV epidemic, and the current
coronavirus disease 2019 (COVID-19) pandemic. The most effec-
tive way to stop viral infections and their ensuing ravages is vacci-
nation (1, 2). While there are a variety of ways to vaccinate, a
common approach involves the use of viral proteins as antigens to
stimulate the immune system to develop protection against the in-
fection (3, 4). Because membrane proteins expressed on the surface
of an enveloped virus are readily recognized by B cells of the
immune system that produce neutralizing antibodies, they are
often the preferred antigens in vaccine development (3, 4). These
viral membrane proteins include the hemagglutinin (HA) and
Matrix 2 (M2) ion channel proteins of influenza virus (5), the en-
velope protein of HIV (6, 7), and the spike protein of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) (8, 9).

Viral membrane proteins often contain extracellular and cyto-
solic regions that are linked together by a transmembrane domain
(TM). The TM anchors the viral protein on the host cell membrane
before viral egress and then on the viral membrane after egress.
While the extracellular region generally contains most antigenic
epitopes, it often needs to be expressed along with the TM within
the lipid membrane to assume its correct conformation for optimal
epitope presentation and immune response. For example, much
effort has been focused on coaxing the HIV envelope protein into
a prefusion trimer conformation; yet, such effort has not been suc-
cessful partly because of the relative instability of the trimer in the
absence of lipid membrane (10). A smaller region known as the
membrane-proximal external region (MPER) in the HIV envelope
protein is half-embedded within the lipid bilayer and has been used
to develop HIV vaccine (10, 11); however, synthetic MPER peptide
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needs to be mixed with lipid to improve its immunogenicity (12).
Similarly, recombinant flu M2 protein requires the lipid membrane
to elicit effective antibody response (13, 14). Thus, delivering these
viral membrane antigens in their native conformation associated
with lipid membrane remains a challenge in vaccine development.

Extracellular vesicles (EVs) are small nanoscale vesicles secreted
by almost all mammalian cells (15, 16). Some EVs such as arrestin
domain containing 1 (ARRDCIl)-mediated microvesicles
(ARMMs) bud directly from the plasma membrane (17, 18).
Budding of ARMMs requires the recruitment of cellular proteins
such as TSG101 and other endosomal sorting complexes required
for transport (ESCRT) components (17), which are also often the
host proteins used by viruses such as HIV and Ebola for their
egress from the host cell (19-21). ARMMs and potentially other
EVs thus can be considered endogenous viral-like particles—they
bud similar to viruses from the plasma membrane, are generally
in the same size range as most viruses, and are encapsulated by
host cell membrane with transmembrane proteins on the surface.
While EV's such as ARMMs are often considered less immunogenic
(22, 23), their structural and functional analogy with budding
viruses suggests a possibility that viral antigens may be engineered
onto the surface of these EVs to elicit immune response.

Here, we explored EV's as a way to present viral membrane anti-
gens for vaccine development. Our work unexpectedly found a way
of making EVs, whose budding is driven by interaction of WW
domains with a membrane protein SCAMP3 (secretory carrier-as-
sociated membrane protein 3). Using WW domain—activated EV's
(WAEVs), we presented and delivered a variety of viral membrane
proteins, including two flu viral proteins and the MPER peptide of
HIV. Administration of these viral membrane antigens via WAEV's
elicited production of specific viral antibodies and, in the case of flu,
protected mice from lethal challenges of influenza infection. Our
study established WAEVs as a versatile platform for delivering
membrane protein antigens as vaccines for flu, HIV, and likely
other human viral pathogens.
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RESULTS
Fusion to WW domain promotes budding of EVs
We first tested the ability of ARMM:s to recruit and load the M2
protein of influenza A virus. M2 is a transmembrane protein that
forms a proton channel on the viral envelope (24). Because of its
relatively high conservation among different flu strains, M2 is con-
sidered a potential target for the development of a universal flu
vaccine (25, 26). Our previous studies have shown that protein
cargos can be recruited into ARMM:s via either direct fusion to
the ARRDCI protein or to the WW domains that interact with
the PPXY motifs of ARRDCI1 (27). To test whether ARRDCI1 or
WW domains could be used to present M2 protein onto the
surface of ARMMs, we made two fusion constructs: one containing
the extracellular domain (ECD) and TM of the M2 protein fused to
ARRDCI1 and the other with M2 fused to the four WW domains
from the ITCH protein (Fig. 1A). We then transfected the con-
structs into human embryonic kidney (HEK) 293T cells and collect-
ed both cell lysates and EV's for Western blotting. To our surprise,
while well-expressed in the transfected cells, M2-ARRDCI fusion
protein was not detected in EVs, suggesting that fusion to
ARRDCI failed to recruit M2 into ARMM:s (Fig. 1, B and C). Nano-
Sight particle analysis confirmed this result as expression of M2-
ARRDCI in HEK293T cells did not result in an increase in EV pro-
duction as compared to the control M2 expression alone (Fig. 1D).
It is possible that direct fusion to a transmembrane protein such as
M2 immobilizes ARRDCI and, thus, inhibits its budding activity.
In contrast to the ARRDCI fusion, M2 fusion to WW domains
resulted in secretion of the M2-WW protein into EV's as detected by
the Western blotting (Fig. 1, B and C). Moreover, M2-WW fusion

led to a robust increase in the number of EVs produced (Fig. 1D).
We further characterized M2-WW EVs using OptiPrep-based
density gradient fractionation. M2-WW EVs were fractionated
into 10 fractions on the density gradient. The peak of M2-WW
EVs as indicated by M2 (FLAG-tagged) Western blotting occurred
in the same fraction as that of ARMMs as indicated by ARRDCI and
that of exosomes (indicated by the exosomal marker CD9) (Fig. 1E),
suggesting that M2-WW EVs are of similar size as ARMMs and
exosomes. To confirm that M2 protein is presented on the surface
of the EVs, we performed immunogold staining of unpermeabilized
M2-WW EVs using an M2-specific antibody that recognizes the
ECD of the protein. Electron microscopy of immunogold-stained
EVs showed the presence of gold particles on the surface of M2-
WW EVs but not on control EVs (Fig. 1F). Together, these
results indicate that fusion to WW domains allow M2 protein to
be recruited and displayed onto the surface of EVs.

M2-WW EV budding is independent of ARRDC1

Because WW domains of the ITCH protein interact with ARRDC1
(18), we reasoned that overexpression of ARRDCI1 may increase the
recruitment of M2-WW fusion protein into EVs. We thus cotrans-
fected M2-WW with either ARRDCl-green fluorescent protein
(GFP) or control GFP into HEK293T cells and collected EVs for
Western blotting and NanoSight analysis. While, as expected,
ARRDCI1-GFP robustly budded into EVs and increased EV produc-
tion, to our surprise, it did not markedly increase the amount of
M2-WW protein in the EVs (fig. S1), suggesting that M2-WW
did not bud into ARMMs. To further confirm this, we tested M2-
WW budding in ARRDCI-knockout (ARRDCI1-KO) HEK293T
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Fig. 1. Budding of M2-WW fusion protein into EVs. (A) Schematic drawings of EVs with influenza viral M2 and of various constructs. (B) Western blotting showing
budding of M2-WW fusion proteins into EVs in HEK293T cells. EVs were isolated via ultracentrifugation. Western blotting was done on the EVs along with whole-cell
lysates with indicated antibodies. MW, molecular weight. (C) Western blotting data were analyzed via image quantification using ImageJ software. Each band intensity of
EV was normalized with the band intensity of cell lysate of same amount. Western blotting was repeated three times to obtain the data for each band. ***P < 0.001. (D)
NanoSight particle analysis of EVs. Data in the NanoSight particle analysis were obtained from triplicates for each condition. ***P < 0.001. (E) Fractionation of M2-WW EVs
by OptiPrep-based density gradient ultracentrifugation. EVs from M2-WW-transfected HEK293T cells were isolated via ultracentrifugation and subject to OptiPrep density
gradient ultracentrifugation. Ten fractions were obtained, followed by ultracentrifugation. Western blotting was done on the EV fractions along with whole-cell lysates
with indicated antibodies. The density for each of the fractions is indicated. (F) Inmunogold labeling and electron microscopy of control and M2-WW EVs. Scale bars, 100
nm. (G to I) M2-WW budding does not require ARRDC1. Control vector or M2-WW was transfected into either wild-type or ARRDC1—knockout (KO) HEK293T cells. EVs
isolated from the cells were analyzed by both Western blotting (G) and NanoSight particle analysis (I). (H) Analysis of Western blotting viaimage quantification. Data in the
Western blotting analysis were obtained from triplicates for each condition. Each band intensity of EV was normalized with intensity of cell respectively. n.s., not signifi-
cant. (I) NanoSight particle analysis of EVs. Data were obtained from triplicates for each condition. n.s., not significant; ***P < 0.001.
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cells in which ARRDCI was knocked out via CRISPR-Cas9. As
shown in Fig. 1 (G and H), M2-WW fusion protein budded out
into EVs in the ARRDCI-KO cells as efficiently as in the wild-
type cells. NanoSight analysis showed that although there was a re-
duction in the overall EV population in ARRDCI-KO cells, M2-
WW produced similar EV production in both ARRDCI-KO and
wild-type cells (Fig. 1I). These results clearly indicate that
ARRDCI is not required for the budding of M2-WW into EVs.
Because budding of M2-WW EVs is primarily driven by the
fusion to WW domains, we named these EVs as WAEVs.

WAEV budding is mediated by SCAMP3

To further understand the nature of WAEVs and its budding, we
next performed proteomics to identify the protein components of
the vesicles. Using the OptiPrep-based density gradient ultracentri-
fugation method, we fractionated the EVs from M2-WW or the
empty vector—transfected HEK293T cells. Peak fractions containing
M2-WAEV:s or the control EVs (three replicates each) were collect-
ed, and proteins in the EVs were resolved by SDS—polyacrylamide
gel electrophoresis (PAGE) (Fig. 2A) and subjected to liquid chro-
matography—tandem mass spectrometry (LC-MS/MS). Compari-
son of the MS results from M2-WAEVs and control EVs
identified 362 proteins that occur in all three WAEV replicates
but not in any of the control EV samples (Fig. 2B and table S1).
As expected, ITCH-WW peptides were only found in WAEVs.
We also identified over 164 proteins, whose presence is increased
(>2-fold) in the WAEV's (Fig. 2B and table S2). Further comparison
of WAEV proteomic dataset with known exosomal protein database
showed that, while most proteins in control EVs and WAEV's were
found in exosomes (fig. S2), 12 proteins enriched in WAEV's were
not previously found in exosomes (fig. S2C and table S3).

We reasoned that one or more of the enriched or specific WAEV
proteins may mediate the biogenesis of the vesicles. Because WAEV
budding is driven by WW domains, a potential candidate protein
that can carry out WAEV budding function would likely contain
PPXY motif(s) to allow for interaction with WW domains. Further-
more, the protein ideally would localize to or associate with cell
membrane, where WAEV budding occurs. Analysis of the WAEV
proteomic dataset identified SCAMP3 as such a potential candidate.
SCAMP3, an integral membrane protein with four TMs, contains a
proline-proline-alanine-tyrosine (PPAY) motif at its N-terminal cy-
tosolic segment, which has been previously shown to interact with
WW domains (28). Consistent with the MS result, Western blotting
showed an increased amount of SCAMP3 in M2-WAEVs as com-
pared to the control EV's (Fig. 2C). Density gradient fractionation of
M2-WAEVs showed that SCAMP3 protein cosegregated well with
M2-WW (Fig. 2D). The peak WAEV signal matched with that of
CD9 (Fig. 2D), suggesting that SCAMP3-containing WAEVs are
of similar size as classical CD9-positive exosomes. To confirm the
interaction between SCAMP3 and the M2-WW fusion protein, we
performed coimmunoprecipitation (co-IP) experiment. We co-
transfected cells with FLAG-tagged M2-WW along with wild-type
SCAMP3 or a mutant SCAMP3 that has its PPAY motif mutated to
PPAA. We then used anti-FLAG antibody to pull down M2-WW
protein and its associated proteins. As shown in Fig. 2E, while
both wild-type and mutant SCAMP3 proteins were well expressed
in cells, we detected only wild-type but not the PPAA mutant
SCAMP3 protein in co-IP lysates. This result indicates that M2-
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WW interacts with SCAMP3 and that this interaction requires the
PPAY motif in SCAMP3.

We next determined whether SCAMP3 is required for M2-
WAEYV budding. CRISPR targeting with two of the guide RNAs
(gRNAs) led to significant reduction in SCAMP3 protein expres-
sion and consequently decreased the amount of M2-WW protein
in EVs (fig. S3, A and B). Consistent with this result, NanoSight
analysis showed significantly reduced number of EVs in the
SCMAP3-knockdown cells as compared to wild-type or scramble
control cells (fig. S3C). To further confirm the effect of SCAMP3-
KO on WAEV budding, we isolated individual cell clones with clean
SCAMP3-KO (fig. S4). In two of the sequence-confirmed, indepen-
dent SCAMP3-KO cell clones (#8 and #13 in fig. S4B), M2-WAEV
budding was almost completely abolished as evidenced by the
absence of M2-WW protein in EVs (Fig. 2F) and the significant re-
duction of EV amount as compared to the control cells (Fig. 2G). To
further establish the role of SCAMP3 in WAEV budding, we reex-
pressed wild-type SCAMP3, which was made resistant to CRISPR
gRNA with silent mutations, in a complete SCAMP3-KO single
clone. This reexpression increased M2-WW protein in WAEV's
(Fig. 2H) and restored M2-WAEV budding (Fig. 2I). In contrast,
reexpression of the PPAA SCAMP3 mutant that does not interact
with the WW domains failed to increase M2-WW in EVs or to
restore M2-WAEV budding (Fig. 2, H and I). These data demon-
strate the essential role of SCAMP3 in WAEV budding.

A previous study has shown that SCAMP3 interacts, through its
PSAP motif, with TSG101 (28), the ESCRT-I complex protein re-
quired for budding of ARMMs and multivesicular body (MVB) for-
mation in late endosomes. We next tested whether TSG101 is
required for WAEV budding. As shown in Fig. 2] and quantified
in Fig. 2K, small interfering RNA (siRNA)-mediated knockdown
of TSG101 significantly reduced the amount of M2-WW in EVs.
Consistent with this result, expression of M2-WW failed to increase
EV production in TSG101-knockdown cells (Fig. 2L). Together, our
data strongly support a model in which SCAMP3 mediates M2-
WAEV budding via its interactions with the WW domains and
TSG101 (Fig. 2M).

Immunization with M2-WAEVs protected mice from lethal
flu virus challenge

We next tested the effect of M2-WAEVs as a vaccine using a mouse
model of flu infection. CD-1 mice susceptible to influenza viral in-
fection were immunized (via intraperitoneal injection) with M2-
WAEVs three times during a 4-week period in the presence or
absence of adjuvant aluminum hydroxide (Alum) (Fig. 3A). Con-
trols included mice injected with phosphate-buffered saline (PBS)
with Alum or empty EVs that did not contain M2. The dose of
WAEVs we used was 5 x 10° per mouse per injection. This corre-
sponds to about 200 ng of M2 peptide on WAEVs (fig. S5). During
the immunization process, we did not observe any toxic effects in
immunized mice as evidenced by no change in body temperature,
no change in weight, and no significant change in serum inflamma-
tory cytokines (fig. S6, B and C). We also did not observe any tissue
toxicity in the liver or kidney (fig. S6, G and H). Three days after
final immunization, mouse sera were collected and checked for an-
tibody production by enzyme-linked immunosorbent assay
(ELISA). A week after the final immunization, all mice were intra-
nasally infected with HIN1 influenza virus (mouse-adapted, Puerto
Rico 8 strain). Infected mice were monitored for morbidity and
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Fig. 2. Budding of WAEVs is mediated by SCAMP3. (A) SDS-PAGE gel with Coomassie blue staining of proteins from control and M2-WAEVs. About 6 x 10° of EVs were
loaded. (B) Volcano plot of proteins in WAEVs. Up-regulated are marked as orange; down-regulated are marked as purple. (C) Western blotting showing increased pres-
ence of SCAMP3 in M2-WAEVs. (D) SCAMP3 cosegregates with M2-WW in fractionated EVs. M2-WAEVs were isolated via ultracentrifugation and subject to OptiPrep
density gradient ultracentrifugation. (E) SCAMP3 coimmunoprecipitates with M2-WW. HEK293T cells were transfected with M2-WW (FLAG-tagged) along with either
wild-type or mutant SCAMP3 (GFP-tagged). Immunoprecipitation (IP) was done using an anti-FLAG antibody conjugated beads. (F and G) Effect of CRISPR-based KO
of SCAMP3 on M2-WAEV budding. HEK293T cells stably transduced with lentiviruses containing scrambled gRNA or SCAMP3-targeting gRNAs were transfected with M2-
WW. EVs were isolated from the cells and subject to Western blotting (F) or NanoSight particle analysis (G). Data were obtained from triplicates for each condition. n.s., not
significant; ***P < 0.001. (H and 1) Effect of reexpression of wild-type or mutant SCAMP3 in SCAMP3-KO cells on M2-WAEV budding. HEK293T cells with SCAMP3-KO (KO1)
transfected with wild-type or mutant SCAMP3. Both SCAMP3 constructs contain silent mutations in the gRNA targeting region so are resistant to the CRISPR targeting. EVs
were isolated from the cells and subject to Western blotting (H) or NanoSight particle analysis (I). Data in the vesicle number analysis were obtained from triplicates for
each condition. ***P < 0.001. (J) Effect of siRNA-based knockdown of TSG707 on M2-WAEV budding. EVs were isolated from control or TSG7107 knockdown cells and
analyzed by Western blotting. (K) Quantification of Western blotting data in (J). ***P < 0.001. (L) NanoSight particle analysis of EVs. Data were obtained from triplicates

for each condition. *P < 0.05. (M) A model of WAEV budding.

mortality for 2 weeks. The ELISA result showed that sera from mice
injected with M2-WAEV's had immunoglobulin G (IgG) antibodies
that bind to influenza A virus (Fig. 3B). Although the antibody titer
was highest in the Alum group, the M2-WAEV group without Alum
also elicited antibody response that is significantly higher than the
background level observed in the two control groups (PBS or
control EVs) (Fig. 3B). Although both IgG1 and IgG2a subtypes
were induced, M2-WAEV without Alum induced more IgG2a
subtype (Fig. 3C). Within 2 weeks of flu infection, >70% mice in
the control groups (PBS or control EVs with Alum) died, whereas
~70% mice immunized with M2-WAEVs (with Alum) survived
(Fig. 3D). Mice that received M2-WAEVs without Alum also
showed a significantly improved survival rate (60%) (Fig. 3D). Con-
sistent with the mortality data, mice that received M2-WAEVs with
Alum showed significantly less body weight loss (Fig. 3E) and lower
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morbidity (Fig. 3F) than the control groups. These data indicate that
immunization of mice with M2-WAEV:s elicited production of an-
tibodies and protected the animals from flu infection.

We next tested whether a single-dose administration of M2-
WAEVs offers protection against the flu infection (fig. S7A). CD-
1 mice were administered via intraperitoneal injection with M2-
WAEVs, control EVs, or PBS. All groups contained the adjuvant
Alum. Thirty-one days after the immunization, mouse sera were
collected. Five weeks (same timeline as the three-dose regimen)
after the immunization, all mice were intranasally infected with
the PR8 HIN1 influenza virus and followed up for two additional
weeks. We detected HIN1-binding antibodies in M2-WAEV—im-
munized mice but not in the two control groups (fig. S7B), although
the level of antibodies was about threefold lower than that in the
three-dose regimen (Fig. 3B). Similarly, mice immunized with a
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Fig. 3. M2-WAEV immunization elicits antibody production and protects mice against HIN1 viral infection. (A) Three-shot immunization protocol. CD-1 mice
(Charles River Laboratories) were immunized via intraperitoneal injection with one of the following: PBS with Alum as an adjuvant, control EVs (no M2) with Alum,
M2-WAEVs with Alum, or M2-WAEVs without Alum. Sera were collected from mice 3 days after final immunization. One week after the final immunization, all mice
were subjected to HIN1 influenza viral infection [strain A/Puerto Rico/8/1934/H1N1 at 800 plaque-forming units (PFU); given intranasally] and followed by morbidity
and mortality measurement for 2 weeks. (B) Levels of H1N1-reactive IgG in serum. Inactivated whole influenza virus (A/Puerto Rico/8/1934/H1N1) was used to coat the 96-
well plate. Antibody response was measured using indirect ELISA using serially diluted serum (1:6250, 1:1250, 1:250, and 1:50). (C) Levels of H1N1-reactive IgG subtypes
(IgG1 and IgG2a) in serum. (D) Survival rate of immunized mice after influenza virus infection. Mortality was monitored every day for 2 weeks after influenza virus in-
fection. (E) Weight measurement in immunized mice after influenza virus infection. (F) Morbidity in immunized mice after influenza virus infection. Morbidity was scored
on 0 to 8 scale (higher number for more morbid). *P < 0.05, **P < 0.01, and ***P < 0.001.

single dose of M2-WAEVs exhibited better survival rate, less weight
loss, and lower morbidity against the flu infection as compared to
the two control groups (fig. S7, C to E), but the effect of protection
(i.e., the difference between the M2-WAEV group and the control
groups) is lower than that of three-dose administration. Together,
these data showed that different regimens of M2-WAEVs immuni-
zation all elicited antibody production and reduced the lethality of
influenza viral infection.

Immunization with WAEVs containing the flu HA stalk
region also protects mice from flu infection
We next tested whether WAEVs could be used for presentation of
another membrane protein of the influenza virus: the HA. The stalk
region of HA known as HA?2 is relatively less variable than the head
region (HA1) of the protein and is thus also considered as a poten-
tial target of vaccine development (29, 30). We made a fusion con-
struct in which WW domains of ITCH protein was fused to HA2
and the TM of the HA protein (Fig. 4A). Transfection and expres-
sion of this construct in HEK293T cells led to the budding of HA2-
WW fusion protein into EVs (Fig. 4B) and significantly increased
vesicle production (Fig. 4C). When fractionated by density gradient
ultracentrifugation, HA2-WAEV's had peak fractions at density of
1.151 and 1.175 g/ml, which are similar to M2-WAEVs (Fig. 4D).
We next determined whether HA2-WAEVs could be used as a
vaccine to protect mice from flu infection. CD-1 mice were immu-
nized (via intraperitoneal injection) three times over 4 weeks with
HA2-WAEVs, PBS, or empty EVs that did not contain HA2
(Fig. 4E). Sera from mice injected with HA2-WAEV's contained an-
tibodies that bind to influenza A virus (Fig. 4F). A week after the
final immunization, all mice were intranasally infected with
HINI influenza virus and monitored for morbidity and mortality
for 2 weeks (Fig. 4E). While >70% mice in the control groups died,
~80% mice immunized with the HA2-WAEVs survived the viral
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infection (Fig. 4G). Consistent with the mortality data, mice that
received HA2-WAEVs showed significantly less body weight loss
(Fig. 4H) and lower morbidity (Fig. 4I) than the control groups. To-
gether, these data indicated that, similar to M2-WAEVs, HA2-
WAEV immunization elicited viral antibody production and pro-
tected mice against the lethality of influenza viral infection.

WAEVs containing an HIV envelope peptide produce anti-
HIV neutralizing antibodies

We next tested whether WAEV's can be used to present membrane
protein antigens of other viruses. The MPER peptide is a relatively
invariant region of the HIV envelope protein gp41 and contains epi-
topes targeted by multiple broad neutralizing antibodies (bNAbs)
(31, 32). As a result, MPER is considered an important target in
HIV vaccine development (33, 34). However, MPER in its native
state is half-embedded in the lipid bilayer, and perhaps as a result,
synthetic MPER peptide alone without membrane lipids does not
elicit bNADb production (12). We thus tested whether MPER
peptide can be displayed on the surface of WAEVs to improve its
ability to induce the production of neutralizing antibodies. We
made a fusion construct in which the WW domains of ITCH are
fused to MPER along with the TM of the HIV envelope protein
gp41 (Fig. 5A). Transfection and expression of the MPER-WW
fusion construct in HEK293T cells led to the budding of MPER-
WW fusion protein into EVs (Fig. 5B) and markedly increased
vesicle production (Fig. 5C). MPER-WW EVs were fractionated
using density gradient ultracentrifugation, and the peak fractions
of MPER-WAEVs were at a density of 1.151 and 1.175 g/ml,
which are similar to both M2-WAEVs and HA2-WAEVs
(Fig. 5D). To determine whether the MPER peptide was displayed
on the surface of WAEVs, MPER-WAEVs were first purified using
the density gradient ultracentrifugation; immunogold labeling of
the vesicles was then performed using an anti-HIV bNAb 2F5.
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WW construct. (B) Budding of HA2-WW fusion protein into EVs in HEK293T cells. Control or HA2-WW constructs were transfected into HEK293T cells. Forty-eight hours
after transfection, EVs were isolated via ultracentrifugation and analyzed by Western blotting along with whole-cell lysates with indicated antibodies. (C) NanoSight
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interval. (D) Fractionation of HA2-WAEVs by OptiPrep-based density gradient ultracentrifugation. EVs from M2-WW-transfected HEK293T cells were isolated via ultra-
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CD-1 mice (Charles River Laboratories) were immunized via intraperitoneal injection with one of the following: PBS, control EVs, and HA2-WAEVs (all with Alum). Sera were
collected from mice 3 days after the final immunization. One week after the final immunization, all mice were subjected to HIN1 influenza viral infection (strain A/Puerto
Rico/8/1934/H1N1 at 800 PFU; given intranasally) and followed by morbidity and mortality measurement for 2 weeks. (F) Levels of H1N1-reactive IgG in serum. Antibody
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monitored every day for 2 weeks after influenza virus infection. (H) Weight measurement in immunized mice after influenza virus infection. (I) Morbidity in immunized
mice after influenza virus infection. Morbidity was scored on a 0 to 8 scale (higher number for more morbid). *P < 0.05, **P < 0.01, and ***P < 0.001.

Electron microscopy showed immunogold particles on the surface
of the majority (8 of 12) of MPER-WAEVss but not on any of the
control EVs that do not contain MPER (Fig. 5E). This result indi-
cates that MPER was not only on the WAEV's but was also presented
in the correct conformation that allows for the binding by
the bNAb.

We next tested whether immunization with MPER-WAEVs
induces the production of anti-HIV bNAD in vivo. BALB/c mice
(4 weeks old) were immunized three times (days 0, 14, and 28)
with MPER-WAEVs either with or without Alum (Fig. 5F). Con-
trols included mice injected with PBS with Alum or empty EVs
that do not contain MPER. Similar to M2-WAEV immunization,
we did not observe any toxic effects in MPER-WAEV-immunized
mice, as evidenced by no change in body temperature, weight, or
serum inflammatory cytokines (fig. S5). A week after final
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immunization, mouse sera were collected and checked for antibody
production by an HIV ELISA. As shown in Fig. 5G, ELISA showed
that serum from MPER-WAEV—-immunized animals contained an-
tibodies that bind to HIV pseudo-virus (Cap45)—coated plate. The
level of antibodies in the Alum MPER-WAEV group was higher
than that in the no Alum group. These results indicate that
MPER presented on WAEV:s is able to induce production of anti-
bodies that bind HIV.

We then tested whether the antibodies in the serum from MPER-
WAEV-immunized mice can neutralize HIV infection. TZM-bl
cells express HIV receptors CD4 and CCR5 and can be infected
by pseudo-typed HIV (YU2) viruses. YU2 viruses were mixed
with control or the serum samples from immunized mice (at differ-
ent dilutions) and then used to infect TZM-bl cells. The bNAb 2F5
antibody was used as a positive control. Three days after infection,
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Fig. 5. MPER-WAEVs immunization elicits production of HIV-neutralizing antibodies. (A) Schematic drawings of MPER-WAEV and of the MPER-WW fusion construct.
(B) Budding of MPER-WW fusion protein into EVs in HEK293T cells. Control or MPER-WW constructs were transfected into HEK293T cells. Forty-eight hours after trans-
fection, EVs were isolated via ultracentrifugation and analyzed by Western blotting. (C) NanoSight particle analysis of EVs collected from HEK293T cells transfected with
vector control or MPER-WW construct. (D) Fractionation of MPER-WAEVs by OptiPrep-based density gradient ultracentrifugation. EVs from MPER-WW-transfected
HEK293T cells were isolated via ultracentrifugation, subject to OptiPrep density gradient ultracentrifugation, and analyzed by Western blotting. (E) Electron microscopy
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washed with PBS, and fresh medium was added to the cells. Three days after infection, the supernatant was removed; the cells were washed with PBS, lysed, and measured

for luciferase activity. *P < 0.05, **P < 0.01, and ***P < 0.001; n.s., P > 0.05.

the cells were lysed and measured for luciferase activity. As expect-
ed, the recombinant bNADb 2F5 antibody was able to reduce HIV
viral infection substantially at as low as 8 ng/ml dose (Fig. 5H).
The serum from MPER-WAEV-immunized animals was able to
reduce YU2 infection of TZM-bl cells in a dose (dilution fold)—de-
pendent manner (Fig. 5H). The neutralizing effect of the MPER-
WAEYV serum at 1:1250 dilution is comparable to that of recombi-
nant bNAb 2F5 antibody (40 ng/ml) (Fig. 5H). This result indicates
that sera from mice immunized with MPER-WAEVs contain anti-
bodies that neutralize HIV and can potentially prevent infection.

DISCUSSION

In this study, we have developed an EV-based method that can
present and deliver viral surface protein antigens within the envi-
ronment of lipid membrane. Through fusion to WW domains,
we were able to recruit and package viral membrane proteins or
peptides onto the surface of WAEVs. Membrane proteins on
WAEDV:s are likely in their natural confirmation as they can be rec-
ognized by appropriate antibodies, including neutralizing antibod-
ies. In all cases, we showed that these viral membrane antigens
containing WAEVs induce robust production of antibodies that
specifically bind to viruses. In the case of the flu virus, we showed
that immunization of viral antigens on WAEVs significantly
reduced the lethality of the viral infection in mice. These results
demonstrated the utility of WAEVs in presenting and delivering a
variety of viral membrane proteins in their native membrane-
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associated conformation and established WAEVs as a highly adapt-
able platform for developing vaccines against viral pathogens.

While we initiated the studies intended to deliver viral mem-
brane proteins using existing, known EVs such as ARMMs, our
work unexpectedly found a relatively simple way of increasing the
production of EVs through the expression of transmembrane pro-
teins fused to WW domains. The resulting EVs, termed WAEVs, are
distinct from ARMMs as ARRDCI is neither enriched in nor re-
quired for WAEV budding. Numerous proteins identified in
WAEVs are not previously known to be associated with ARMMs
or classical exosomes. Proteomic analysis of WAEVs followed by
CRISPR functional KO studies identified SCAMP3 as an important
mediator of WAEV budding. Our data clearly showed that SCAMP3
mediates WAEV budding by interacting with the WW domains via
its PPAY motif. SCAMP3 regulates the formation of MVB (35) and,
furthermore, contains a PSAP motif that interacts with TSG101
(28), the ESCRT-I complex protein required for budding of
ARMMs and, as we showed in this study, WAEVs. Thus, despite
the differences between ARMMs and WAEVs, they share the
same critical proline-rich motifs (PPXY and PSAP) that are re-
quired for vesicle budding. Our work supports a working model
(Fig. 2M), in which the WW domains fused to viral membrane pro-
teins interact with the PPAY motif of SCAMP3, which subsequently
recruits TSG101 via its PSAP motif to the cell membrane to drive
the budding of WAEVs.

Although our data clearly showed that SCAMP3 is required for
the production of WAEVs, it is not the first time that SCAMP3 was
implicated in EVs. A previous study showed that SCAMP3 is
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present on the surface of EVs collected from human mast cells (36).
In that study, SCAMP3 was found to exist in a reversed topology; it
was not clear at all whether SCAMP3 is just a bystander or is func-
tionally involved in the biogenesis of certain endogenous popula-
tion of EVs. Nevertheless, it remains a possibility that SCAMP3
recruitment by WW fusion proteins during WAEV's production
may perturb the potential function of SCAMP3 in endogenous
EV formation. Similarly, SCAMP3 is known to regulate trafficking
to the plasma membrane as well as the degradation and recycling of
epidermal growth factor receptor (EGFR) (28). It is possible that re-
cruitment and incorporation of SCAMP3 into WAEVs may inter-
fere with its physiological role in regulating membrane trafficking
and EGFR signaling. Future studies are needed to examine the
impact of WAEV budding on endogenous EV formation and recep-
tor membrane trafficking.

WAEVs have several potential advantages over existing plat-
forms of vaccination. Comparing to recombinant protein-based
vaccination, which usually requires substantial and challenging
protein engineering to keep the antigens in their native conforma-
tion (3, 37), WAEVs bypass this obstacle as viral membrane proteins
are expressed on cell membrane and loaded naturally onto the
membrane of WAEVs during vesicle budding in production cells.
WAEVs are of nonviral origin and, thus, are unlikely to be affected
by existing or induced neutralizing antibodies that hamper adeno-
associated virus and other viral-based vaccination platforms (38,
39). WAEVs also may overcome some of the challenges existed
for the state-of-the-art mRNA platform, which was successfully
used to produce highly effective SARS-CoV-2 vaccines (40, 41).
For example, WAEVs are generally very stable and can be stored
at 4°C, could address the relatively labile nature of mRNAs, and
thus reduces the cost in production, transport, and final delivery
of vaccines in resource-poor settings. Another important advantage
of the WAEV-based vaccine platform is the dispensability of adju-
vants, as we showed that WAEVs without the adjuvant Alum
induced production of antibodies and provided protection against
viral infection. Thus, WAEVs may avoid the use of adjuvants,
further reducing the cost and potential side effects of vaccines
(42, 43).

Our current study provided a preclinical proof-of-concept dem-
onstration for using WAEV's to deliver vaccine antigens for flu and
HIV viruses. Future studies and further developments are needed to
bring these vaccines into clinics. For flu viruses, a critical goal is to
develop a universal vaccine that works for most flu variants and
clades (44). M2 and HA?2 are, in general, less variable regions of
the flu virus although the conservation is not very broad. Thus,
our M2/HA2-WAEVs could prevent viral infection of other
strains that share conserved M2/HA2 epitopes, but to develop
truly universal flu vaccines, selection and testing of better antigens
such as multivalent design that covers more flu strains and clades
are likely needed. In addition, WAEV-based flu vaccines need to
be tested in relevant models such as ferrets that better mimic
human infections (45). For HIV, MPER-WAEVs need to be tested
in a relevant in vivo mouse model with humanized immune system
(46) or the SHIV (simian HIV) model in nonhuman primates (47).
Furthermore, for WAEV vaccines to enter human studies, the ves-
icles likely need to be produced in more appropriate Good Manu-
facturing Practice (GMP)-compliant cells such as the Expi293 cells
and purified via antibody-based affinity chromatography to remove
other EVs and contaminants.
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While this study was focused on membrane antigens of flu and
HIV viruses, the WAEV system can be used to display and deliver
membrane antigens of other enveloped viruses such as SARS-CoV-
2. SARS-CoV-2 has on its surface multiple membrane proteins in-
cluding the spike, envelope, and membrane proteins. WAEV's engi-
neered with these proteins on surface could lead to the production
of neutralizing antibodies and protection against COVID-19 infec-
tions. WAEVs may also be used more broadly to present nonviral
membrane proteins. We envision an equally effective presentation
and delivery of cellular membrane receptors for production of ther-
apeutic antibodies and membrane autoantigens for inducing
immune tolerance. Further exploring WAEVSs in presenting and de-
livering an expanding repertoire of viral and nonviral membrane
protein antigens will help develop WAEV's into a highly versatile
and potentially superior platform for vaccine development
and beyond.

MATERIALS AND METHODS

Plasmid constructs

ARRDCI1-GFP expression construct was prepared previously (17).
M2-WW fusion construct was made by cloning DNA sequences
corresponding to the 1 to 48 amino acid of N-terminal M2
(UniProt, P06821) fused to the four WW domains of ITCH
(amino acids 327 to 511 of full-length ITCH; UniProt, Q96J02).
HA2-WW fusion construct was made by cloning DNA sequences
corresponding to the 344 to 565 amino acid of C-terminal HA
(UniProt, P03452) fused to the ITCH WW domains. MPER-WW
fusion construct was made by cloning DNA sequences correspond-
ing to the 619 to 702 amino acid of C-terminal envelope glycopro-
tein gp160 (UniProt, Q75760) fused to ITCH WW domains. Signal
peptide METDTLLLW VLLLWVPGSTGD) was used for M2-WW,
HA2-WW, and MPER-WW to enhance membrane presentation of
the fusion proteins. M2-ARRDCI fusion construct was made by
closing DNA sequences corresponding to 1 to 48 amino acid of
N-terminal M2 fused with full-length ARRDC1 (UniProt,
Q8N512). All fusion constructs were cloned into the pcDNA3.1-c-
DYK (+) vector.

Cell culture and transfection

HEK293T cells were cultured in Dulbecco’'s modified Eagle's
medium (DMEM) (Gibco) supplemented with 10% fetal bovine
serum (FBS) (Gibco, 10082) and antibiotics (Gibco, 10378).
HEK293T cell were grown at 37°C in 5% CO, cell incubator. Trans-
fections of plasmid on HEK293T cells were done using the Turbo-
Fect reagent (Thermo Fisher Scientific, R0531). ARRDCI-KO
HEK293T cells were described previously (18) and were cultured
similarly to HEK293T cells.

CRISPR-Cas9-based gene KO

CRISPR constructs were designed and made in pLenti-CRPSIR
system by GenScript (Piscataway, NJ) to target exon 4 (gRNA1 se-
quence: GCTGCAGCTCTCGCTCCCTT) and exon 3 (gRNA2:
TGTGGGGCTGAGCTTTCTCG) of human SCAMP3 gene. Lenti-
viruses produced from the CRISPR gRNA constructs were used to
transduce HEK293T cells. After lentiviral transduction, stable
clones were selected using puromycin selection and pooled. Indi-
vidual single-cell clones were isolated by flow cytometry. KO of
SCAMP3 in mixed cell population or single clones was confirmed
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by Western blotting and genomic polymerase chain reaction, fol-
lowed by direct DNA sequencing.

siRNA-based knockdown

All siRNAs were made by Dharmacon Inc. (Lafayette, CO).
SMARTpool siRNA targeting TSG101 (L-003549) and nontargeting
pool siRNA (D001810) were transfected into HEK293T cell using
the DharmaFECT 1 Transfection Reagent (T-2001). Knockdown
of TSG101 was confirmed by Western blotting.

EV production, isolation, and analysis

Twenty-four hours after transfection, the cell culture medium was
replaced with DMEM that contains EV-depleted FBS (Gibco).
Seventy-two hours after transfection, cell culture supernatants
were precleared via two consecutive rounds of centrifugation
(500¢ for 10 min and 2000g for 10 min) and filtered using a 0.2-
pm syringe filter (Pall Acrodisc, catalog no. 4562). EVs in the super-
natants were then pelleted by ultracentrifugation using SW32 Ti
rotor at 100,000¢ for 2 hours. EV pellet was resuspended in filtered
PBS and used immediately or stored at 4°C. EVs were analyzed and
quantified by the NanoSight NS300 instrument with NTA software
(Malvern Panalytical).

Density gradient fractionation of EVs

Diluent solutions of OptiPrep density gradient medium (Sigma-
Aldrich, D1556) were prepared and loaded bottom to top (5 to
50%) in the 13.2-ml ultraclear centrifugation tube (Beckman,
344058). EVs were loaded onto the top of OptiPrep density gradient
tube and then centrifuged using SW41 Ti rotor at 200,000¢ for 18
hours. Ten fractions (1 ml each) were collected from the bottom of
tube. All fractions were diluted with filtered PBS and centrifuged
again to pellet EVs using SW41 Ti rotor at 100,000¢ for 2 hours.
EV pellets were resuspended in filtered PBS.

Western blotting and IP

Cell lysates were prepared in M-PER buffer (Thermo Fisher Scien-
tific, 78501) supplemented with protease inhibitors (Roche). For
Western blotting, cell lysates and EVs were resuspended in
NuPAGE LDS sample buffer (Novex, NP0008) with NuPAGE
sample reducing agent (Novex, NP0009). IP was carried out using
the FLAG immunoprecipitation kit (Sigma-Aldrich). Cell lysates
were incubated in anti-FLAG agarose affinity gel at 4°C overnight.
Immunoprecipitated samples were washed three times with
washing buffer, eluted, and subjected to Western blotting. All
Western blotting samples were loaded on a 4 to 12% NuPAGE gel
or 12% NuPAGE gel and transferred onto 0.22-um polyvinylidene
difluoride membrane (Bio-Rad, 1620177). Primary antibodies
include anti-FLAG antibody (Sigma-Aldrich, F1804; 1:2000 dilu-
tion), anti-vinculin antibody (Abcam, ab129002; 1:2000 dilution),
anti-CD9 antibody (Cell Signaling Technology, 1317S; 1:1000 dilu-
tion), anti-Scamp3 antibody (GeneTex, GTX102216; 1:2000 dilu-
tion), and anti-ARRDCI1 antibody (in-house; 1:3000 dilution).
Secondary antibodies include horseradish peroxidase (HRP)—con-
jugated anti-rabbit (Cell Signaling Technology, 7074S; 1:2000 dilu-
tion) and HRP-conjugated anti-mouse (Cell Signaling Technology,
7076S; 1:2000 dilution).
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Immunogold labeling and electron microscopy of EVs

EVs prepared via OptiPrep density gradient purification were ab-
sorbed for 1 min to a carbon-coated grid (Electron Microscopy Sci-
ences, CF400-CU) that had been made hydrophilic by a 20-s
exposure to a glow discharge. For immunogold labeling, 1%
bovine serum album in PBS was used for blocking for 10 min.
Diluted anti-M2 antibody (GeneTex, GTX 125951) in 1% bovine
serum album in PBS was used to incubate with the grid for 30
min. The grid was then washed three times by PBS for 10 min, in-
cubated with protein A-10-nm colloidal Gold Labeled (Sigma-
Aldrich) in 1% bovine serum album in PBS for 20 min, and
washed by PBS for 5 min and water for 10 min consecutively.
Excess liquid was removed with a filter paper. The grid was
stained with 0.75% uranyl formate for 30 s and examined using a
JEOL 1200EX transmission electron microscope.

LC-MS/MS and data analysis

The protein sequence analysis of EV's was carried out by the Taplin
Biological Mass Spectrometry Facility at the Harvard Medical
School. All EVs samples were stained with Coomassie blue stain
after gel-running. Each lane of Coomassie blue-stained SDS-
PAGE was cut into approximately 1 mm for three pieces, and all
samples were subjected to a modified in-gel trypsin digestion pro-
cedure. Briefly, the gel pieces were dehydrated with acetonitrile for
10 min and were completely dried in SpeedVac. Fifty millimolars of
ammonium bicarbonate solution containing modified sequencing-
grade trypsin (12.5 ng/pl) (Promega, Madison, WI) was used for re-
hydration of the gel pieces. Digestion was proceeded in 37°C for
16 hours. Peptides were reconstituted in 5 to 10 pl of high-perfor-
mance LC solvent A (2.5% acetonitrile and 0.1% formic acid). Each
sample was loaded onto a homemade reversed-phase analytical
column (100 um by 30 cm) packed with 2.6 um of C18 spherical
silica beads after preequilibration. A flow rate of 300 nl/min and
60 min of the gradient from 5% solvent B (95% acetonitrile and
0.1% formic acid) to 38% solvent B was applied for the separation
of peptides. Eluted peptides were subjected to electrospray ioniza-
tion and were entered into an LTQ Orbitrap Velos Pro ion-trap
mass spectrometer (Thermo Fisher Scientific, Waltham, MA). MS
scan range was from 350 to 1250 mass/charge ratio (m/z) with the
resolution of 60,000. For MS/MS, the scan range was set to 2000 1/
z. A tandem mass spectrum of specific fragment ions for each
peptide was produced by the fragment of peptides. Identification
of peptide sequences was performed by matching UniProt
Human database (release 2017_06_20; 80,010 entries included a re-
versed version of all the sequences) with the acquired fragmentation
pattern by the software program Sequest (Thermo Fisher Scientific,
Waltham, MA). The maximum of missed cleavages is 2. The mass
tolerance values for precursor and fragment ions were 50 parts per
million and 1 Da, respectively. Both maximum peptide and protein
false discovery rates were limited to 1%. Protein quantification was
performed by intensity, which was based on at least two unique pep-
tides to quantify the different protein profiling in the EVs. Only
those proteins that can be detected in all three biological replicates
were retained. Quantile normalization was performed to ensure that
each sample had the same distribution; the twofold change and
P < 0.05 cutoff were set for the screening of differentially expressed
proteins. The Database for Annotation, Visualization, and Integrat-
ed Discovery (DAVID) (https://david.ncifcrf.gov/) was used for
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pathway analysis of 124 M2-WAEV proteins, which has not been
detected in previous exosome database.

Mice immunization and sera collection

All animal experiments were approved by the Harvard Medical Area
Institutional Animal Care and Use Committee under the protocol
#1S506-6. Healthy male CD-1 IGS mice (strain code: 022) and
BALB/c (strain code: 028) mice were purchased from Charles
River Laboratories (Wilmington, MA) and housed in microisolator
full sterile technique cages in a barrier animal facility. For EV im-
munization, mice were administrated with 5 x 10° EVs intraperito-
neally (200 ul per mouse) one time or three times with 2-week
intervals. Serum was obtained by retro-orbital bleeding after anes-
thesia by ketamine (90 mg/kg) and xylazine (10 mg/kg) solution 3
days after final immunization.

Mouse model of influenza infection

Mice were anesthetized with ketamine (72 mg/kg) and xylazine (9.6
mg/kg) by intramuscular injection and infected intranasally with 25
wl of influenza A virus (a murine-adapted strain of HIN1, A/Puerto
Rico/8/1934; ViraSource, Durham, NC) quantified as plaque-
forming units. After influenza infection, mice were monitored
daily for 14 days to measure body weight and observe symptom se-
verity for evidence of influenza-related clinical disease including
weight loss, morbidity, and mortality.

Enzyme-linked immunosorbent assays

Influenza A or HIV-specific IgG titers in sera from immunized mice
were measured by ELISAs. Influenza A virus (a murine-adapted
strain of HIN1, A/Puerto Rico/8/1934; ViraSource, Durham, NC)
and HIV pseudo-virus (Cap45) were inactivated in 70°C for 30 min.
Heat-inactivated virus (500 ng) were used to coat 96-well plate with
1% bovine serum album in PBS overnight. Diluted sera were used to
incubate with the virus-coated plates. HRP-conjugated anti-mouse
IgG antibody (Cell Signaling Technology, 7076S; 1:4000 dilution),
anti-mouse IgG1 antibody (Thermo Fisher Scientific, PA1-74421;
1:4000 dilution), and anti-mouse IgG2a antibody (Thermo Fisher
Scientific, M32207; 1:4000 dilution) were loaded as a secondary an-
tibody. Substrate reagent pack (R&D Systems, DY999) and stop sol-
ution (R&D Systems, DY994) were used to detect antigen-specific
antibody titer signal.

HIV neutralization assay

The assay was done according to a published method (48). Briefly,
HIV pseudo-virus (YU2) was mixed with mouse sera or the control
purified recombinant 2F5 antibody. Virus-serum mixture were in-
cubated at 37°C for 90 min and added to TZM-bl cells. One day after
infection, cells were washed with PBS, and fresh medium was added
to the cells. Three days after infection, the supernatant was removed,
and the cells were washed with PBS and then lysed with a luciferase
assay kit (Bright-Glo, E2620). The plates were measured for lucifer-
ase activity using a luminometer.

Statistical analyses

All statistics analyses were performed by GraphPad Prism software.
Unpaired ¢ test was used in comparison of two groups for NTA
results analysis, and two-way analysis of variance (ANOVA) test
was used in comparison among multiple groups for antibody
titer, body weight, and morbidity score. All survival rates were

Choi et al., Sci. Adv. 9, eade2708 (2023) 27 January 2023

analyzed via Gehan-Breslow-Wilcoxon test. P < 0.05 was considered
significant. *P < 0.05, **P < 0.01, and ***P < 0.001. All data were
reported as the means + SD.

Supplementary Materials
This PDF file includes:
Figs. S1 to S8

Other Supplementary Material for this
manuscript includes the following:
Tables S1 to S3

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

REFERENCES AND NOTES

1. J. L. Excler, M. Saville, S. Berkley, J. H. Kim, Vaccine development for emerging infectious
diseases. Nat. Med. 27, 591-600 (2021).

2. A.J.Pollard, E. M. Bijker, A guide to vaccinology: From basic principles to new develop-
ments. Nat. Rev. Immunol. 21, 83-100 (2021).

3. T. M. Caradonna, A. G. Schmidt, Protein engineering strategies for rational immunogen
design. NPJ Vaccines 6, 154 (2021).

4. B.S.Graham, M.S. A. Gilman, J. S. McLellan, Structure-based vaccine antigen design. Annu.
Rev. Med. 70, 91-104 (2019).

5. C.J. Wei, M. C. Crank, J. Shiver, B. S. Graham, J. R. Mascola, G. J. Nabel, Next-generation
influenza vaccines: Opportunities and challenges. Nat. Rev. Drug Discov. 19,
239-252 (2020).

6. B.F. Haynes, D. R. Burton, Developing an HIV vaccine. Science 355, 1129-1130 (2017).

7. R.Wyatt, J. Sodroski, The HIV-1 envelope glycoproteins: Fusogens, antigens, and immu-
nogens. Science 280, 1884-1888 (1998).

8. S.Bangaru, G. Ozorowski, H. L. Turner, A. Antanasijevic, D. Huang, X. Wang, J. L. Torres,
J. K. Diedrich, J. H. Tian, A. D. Portnoff, N. Patel, M. J. Massare, J. R. Yates Ill, D. Nemazee,
J. C. Paulson, G. Glenn, G. Smith, A. B. Ward, Structural analysis of full-length SARS-CoV-2
spike protein from an advanced vaccine candidate. Science 370, 1089-1094 (2020).

9. L. Dai, G. F. Gao, Viral targets for vaccines against COVID-19. Nat. Rev. Immunol. 21,
73-82 (2021).

10. M. Lu, X. Ma, L. R. Castillo-Menendez, J. Gorman, N. Alsahafi, U. Ermel, D. S. Terry,

M. Chambers, D. Peng, B. Zhang, T. Zhou, N. Reichard, K. Wang, J. R. Grover, B. P. Carman,
M. R. Gardner, I. Niki¢-Spiegel, A. Sugawara, J. Arthos, E. A. Lemke, A. B. Smith Ill, M. Farzan,
C. Abrams, J. B. Munro, A. B. McDermott, A. Finzi, P. D. Kwong, S. C. Blanchard, J. G. Sodroski,
W. Mothes, Associating HIV-1 envelope glycoprotein structures with states on the virus
observed by smFRET. Nature 568, 415-419 (2019).

11. K.Rantalainen, Z. T. Berndsen, A. Antanasijevic, T. Schiffner, X. Zhang, W. H. Lee, J. L. Torres,
L. Zhang, A. Irimia, J. Copps, K. H. Zhou, Y. D. Kwon, W. H. Law, C. A. Schramm, R. Verardi,
S. J. Krebs, P. D. Kwong, N. A. Doria-Rose, I. A. Wilson, M. B. Zwick, J. R. Yates IlI, W. R. Schief,
A.B. Ward, HIV-1 envelope and MPER antibody structures in lipid assemblies. Cell Rep. 31,
107583 (2020).

12. S. Shao, W. C. Huang, C. Lin, M. D. Hicar, C. C. LaBranche, D. C. Montefiori, J. F. Lovell, An
engineered biomimetic MPER peptide vaccine induces weakly HIV neutralizing antibodies
in mice. Ann. Biomed. Eng. 48, 1991-2001 (2020).

13. M. R. Elkins, J. K. Williams, M. D. Gelenter, P. Dai, B. Kwon, I. V. Sergeyev, B. L. Pentelute,
M. Hong, Cholesterol-binding site of the influenza M2 protein in lipid bilayers from solid-
state NMR. Proc. Natl. Acad. Sci. US.A. 114, 12946-12951 (2017).

14. J.Paulino, X. Pang, I. Hung, H. X. Zhou, T. A. Cross, Influenza A M2 channel clustering at high
protein/lipid ratios: Viral budding implications. Biophys. J. 116, 1075-1084 (2019).

15. L. Margolis, Y. Sadovsky, The biology of extracellular vesicles: The known unknowns. PLOS
Biol. 17, 3000363 (2019).

16. G.van Niel, G. D'Angelo, G. Raposo, Shedding light on the cell biology of extracellular
vesicles. Nat. Rev. Mol. Cell Biol. 19, 213-228 (2018).

17. J.F.Nabhan, R. Hu, R. S. Oh, S. N. Cohen, Q. Lu, Formation and release of arrestin domain-
containing protein 1-mediated microvesicles (ARMMs) at plasma membrane by recruit-
ment of TSG101 protein. Proc. Natl. Acad. Sci. U.S.A. 109, 4146-4151 (2012).

18. Q. Wang, Q. Lu, Plasma membrane-derived extracellular microvesicles mediate non-ca-
nonical intercellular NOTCH signaling. Nat. Commun. 8, 709 (2017).

10 of 11


https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/sciadv.ade2708

SCIENCE ADVANCES | RESEARCH ARTICLE

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

Choi et al., Sci. Adv. 9, eade2708 (2023)

J. E. Garrus, U. K. von Schwedler, O. W. Pornillos, S. G. Morham, K. H. Zavitz, H. E. Wang,
D. A. Wettstein, K. M. Stray, M. Coté, R. L. Rich, D. G. Myszka, W. I. Sundquist, Tsg101 and the
vacuolar protein sorting pathway are essential for HIV-1 budding. Cell 107, 55-65 (2001).
J. Martin-Serrano, T. Zang, P. D. Bieniasz, HIV-1 and Ebola virus encode small peptide motifs
that recruit Tsg101 to sites of particle assembly to facilitate egress. Nat. Med. 7,
1313-1319 (2001).

J. Votteler, W. I. Sundquist, Virus budding and the ESCRT pathway. Cell Host Microbe 14,
232-241 (2013).

A. F. Saleh, E. Lazaro-Ibanez, M. A. M. Forsgard, O. Shatnyeva, X. Osteikoetxea, F. Karlsson,
N. Heath, M. Ingelsten, J. Rose, J. Harris, M. Mairesse, S. M. Bates, M. Clausen, D. Etal,

E. Leonard, M. D. Fellows, N. Dekker, N. Edmunds, Extracellular vesicles induce minimal
hepatotoxicity and immunogenicity. Nanoscale 11, 6990-7001 (2019).

X. Zhu, M. Badawi, S. Pomeroy, D. S. Sutaria, Z. Xie, A. Baek, J. Jiang, O. A. Elgamal, X. Mo,
K. L. Perle, J. Chalmers, T. D. Schmittgen, M. A. Phelps, Comprehensive toxicity and im-
munogenicity studies reveal minimal effects in mice following sustained dosing of extra-
cellular vesicles derived from HEK293T cells. J. Extracell. Vesicles 6, 1324730 (2017).

R. M. Pielak, J. J. Chou, Influenza M2 proton channels. Biochim. Biophys. Acta 1808,
522-529 (2011).

D. Mezhenskaya, I. Isakova-Sivak, L. Rudenko, M2e-based universal influenza vaccines: A
historical overview and new approaches to development. J. Biomed. Sci. 26, 76 (2019).
S.Neirynck, T. Deroo, X. Saelens, P. Vanlandschoot, W. M. Jou, W. Fiers, A universal influenza
A vaccine based on the extracellular domain of the M2 protein. Nat. Med. 5,

1157-1163 (1999).

Q. Wang, J. Yu, T. Kadungure, J. Beyene, H. Zhang, Q. Lu, ARMM:s as a versatile platform for
intracellular delivery of macromolecules. Nat. Commun. 9, 960 (2018).

Q. L. Aoh, A. M. Castle, C. H. Hubbard, O. Katsumata, J. D. Castle, SCAMP3 negatively
regulates epidermal growth factor receptor degradation and promotes receptor recycling.
Mol. Biol. Cell 20, 1816—1832 (2009).

X.Fan, A.M. Hashem, Z.Chen, C. Li, T. Doyle, Y. Zhang, Y. Yi, A. Farnsworth, K. Xu, Z. Li, R. He,
X. Li, J. Wang, Targeting the HA2 subunit of influenza A virus hemagglutinin via CD40L
provides universal protection against diverse subtypes. Mucosal Immunol. 8,

211-220 (2015).

T.T. Wang, G. S. Tan, R. Hai, N. Pica, L. Ngai, D. C. Ekiert, I. A. Wilson, A. Garcia-Sastre,

T. M. Moran, P. Palese, Vaccination with a synthetic peptide from the influenza virus
hemagglutinin provides protection against distinct viral subtypes. Proc. Natl. Acad. Sci.
U.S.A. 107, 18979-18984 (2010).

D. Pinto, C. Fenwick, C. Caillat, C. Silacci, S. Guseva, F. Dehez, C. Chipot, S. Barbieri, A. Minola,
D. Jarrossay, G. D. Tomaras, X. Shen, A. Riva, M. Tarkowski, O. Schwartz, T. Bruel, J. Dufloo,
M. S. Seaman, D. C. Montefiori, A. Lanzavecchia, D. Corti, G. Pantaleo, W. Weissenhorn,
Structural basis for broad HIV-1 neutralization by the MPER-specific human broadly neu-
tralizing antibody LNO1. Cell Host Microbe 26, 623-637.e8 (2019).

M. B. Zwick, R. Jensen, S. Church, M. Wang, G. Stiegler, R. Kunert, H. Katinger, D. R. Burton,
Anti-human immunodeficiency virus type 1 (HIV-1) antibodies 2F5 and 4E10 require sur-
prisingly few crucial residues in the membrane-proximal external region of glycoprotein
gp41 to neutralize HIV-1. J. Virol. 79, 1252-1261 (2005).

H. Liu, X. Su, L. Si, L. Lu, S. Jiang, The development of HIV vaccines targeting gp41 mem-
brane-proximal external region (MPER): Challenges and prospects. Protein Cell 9,
596-615 (2018).

L. M. Molinos-Albert, B. Clotet, J. Blanco, J. Carrillo, Immunologic insights on the mem-
brane proximal external region: A major human immunodeficiency virus type-1 vaccine
target. Front. Inmunol. 8, 1154 (2017).

T. Falguieres, D. Castle, J. Gruenberg, Regulation of the MVB pathway by SCAMP3. Traffic
13, 131-142 (2012).

A. Cvjetkovic, S. C. Jang, B. Konec¢na, J. L. Ho6g, C. Sihlbom, C. Lasser, J. Lotvall, Detailed
analysis of protein topology of extracellular vesicles—Evidence of unconventional mem-
brane protein orientation. Sci. Rep. 6, 36338 (2016).

J. F. Koellhoffer, C. D. Higgins, J. R. Lai, Protein engineering strategies for the development
of viral vaccines and immunotherapeutics. FEBS Lett. 588, 298-307 (2014).

27 January 2023

38. N.F. Nidetz, M. C. McGee, L. V. Tse, C. Li, L. Cong, Y. Li, W. Huang, Adeno-associated viral
vector-mediated immune responses: Understanding barriers to gene delivery. Pharmacol.
Ther. 207, 107453 (2020).

39. K. Nieto, A. Salvetti, AAV vectors vaccines against infectious diseases. Front. Immunol. 5,
5(2014).

40. N. Chaudhary, D. Weissman, K. A. Whitehead, mRNA vaccines for infectious diseases:
Principles, delivery and clinical translation. Nat. Rev. Drug Discov. 20, 817-838 (2021).

41. M. J. Hogan, N. Pardi, mRNA vaccines in the COVID-19 pandemic and beyond. Annu. Rev.
Med. 73, 17-39 (2022).

42. N.Petrovsky, Comparative safety of vaccine adjuvants: A summary of current evidence and
future needs. Drug Saf. 38, 1059-1074 (2015).

43. B.Pulendran, P. S. Arunachalam, D. T. O'Hagan, Emerging concepts in the science of
vaccine adjuvants. Nat. Rev. Drug Discov. 20, 454-475 (2021).

44. B.N.Corder, B.L.Bullard, G. A. Poland, E. A. Weaver, A decade in review: A systematic review
of universal influenza vaccines in clinical trials during the 2010 decade. Viruses 12,

1186 (2020).

45. J. A. Belser, J. M. Katz, T. M. Tumpey, The ferret as a model organism to study influenza A
virus infection. Dis. Model. Mech. 4, 575-579 (2011).

46. M. D. Marsden, J. A. Zack, Humanized mouse models for human immunodeficiency virus
infection. Annu. Rev. Virol. 4, 393-412 (2017).

47. H.Li, S. Wang, F-H. Lee, R. S. Roark, A. . Murphy, J. Smith, C. Zhao, J. Rando, N. Chohan,
Y. Ding, E. Kim, E. Lindemuth, K. J. Bar, |. Pandrea, C. Apetrei, B. F. Keele, J. D. Lifson,

M. G. Lewis, T. N. Denny, B. F. Haynes, B. H. Hahn, G. M. Shaw, New SHIVs and improved
design strategy for modeling HIV-1 transmission, immunopathogenesis, prevention and
cure. J. Virol. 95, e00071-21 (2021).

48. M. Sarzotti-Kelsoe, R. T. Bailer, E. Turk, C. L. Lin, M. Bilska, K. M. Greene, H. Gao, C. A. Todd,
D. A. Ozaki, M. S. Seaman, J. R. Mascola, D. C. Montefiori, Optimization and validation of the
TZM-bl assay for standardized assessments of neutralizing antibodies against HIV-1.

J. Immunol. Methods 409, 131-146 (2014).

Acknowledgments: We thank D. Alleva, G. Zimmermann, L. Kobzik, and S. N. Cohen for
insightful discussions and suggestions. Funding: This work was supported by funding from the
Harvard T.H. Chan School of Public Health and University of Nebraska-Lincoln and in part by
National Institutes of Health grant ROTHL139496. Q.L. was also supported by other National
Institutes of Health grants (RO1ES029097 and P42ES030990). Author contributions Q.L.
conceived and supervised the project. S.C. and Q.L. designed the experiments. S.C. performed
most of the experiments. Z.Y. contributed to the mouse studies. Q.W. and M.S. contributed to
the design and testing of M2 and HA2-WW constructs. Z.Q. contributed to the analysis of
proteomic datasets. JJW. and S.-H.X. contributed reagents, expertise, and the initial test in
MPER-WAEV studies. S.C. and Q.L. analyzed the data and wrote the manuscript with input from
all coauthors. Competing interests: Q.L. is a scientific founder, advisor, and shareholder of
Vesigen Therapeutics and Evantigen Inc. Q.L., S.C., and S.-H.X. are co-inventors on two patent
applications: PCT/US2021/055203, WW-domain activated extracellular vesicles, Q.L. and S.C.
filed on 15 October 2021 by Harvard University; and PCT/US2021/055158, WW-domain
activated extracellular vesicles targeting HIV, Q.L. and S.-H.X. filed on 15 October 2021 by
Harvard University and University of Nebraska-Lincoln. Both applications are pending for U.S.
Patent and Trademark Office review. All other co-authors declare that they have no competing
interests. Data and materials availability: All data needed to evaluate the conclusions in the
paper are present in the paper and/or the Supplementary Materials. The proteomics data
presented in this study have been deposited into the PRIDE/ProteomeXchange database
(PXD033178).

Submitted 4 August 2022
Accepted 29 December 2022
Published 27 January 2023
10.1126/sciadv.ade2708

11 of 11



	INTRODUCTION
	RESULTS
	Fusion to WW domain promotes budding of EVs
	M2-WW EV budding is independent of ARRDC1
	WAEV budding is mediated by SCAMP3
	Immunization with M2-WAEVs protected mice from lethal flu virus challenge
	Immunization with WAEVs containing the flu HA stalk region also protects mice from flu infection
	WAEVs containing an HIV envelope peptide produce anti-HIV neutralizing antibodies

	DISCUSSION
	MATERIALS AND METHODS
	Plasmid constructs
	Cell culture and transfection
	CRISPR-Cas9–based gene KO
	siRNA-based knockdown
	EV production, isolation, and analysis
	Density gradient fractionation of EVs
	Western blotting and IP
	Immunogold labeling and electron microscopy of EVs
	LC-MS/MS and data analysis
	Mice immunization and sera collection
	Mouse model of influenza infection
	Enzyme-linked immunosorbent assays
	HIV neutralization assay
	Statistical analyses

	Supplementary Materials
	This PDF file includes:
	Other Supplementary Material for this &break /;manuscript includes the following:

	REFERENCES AND NOTES
	Acknowledgments

