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In this study, we investigated immune responses induced by purified Ebola virus (EBOV) soluble glycoprotein (sGP) subunit vac-
cines via intradermal immunization with microneedle (MN) patches in comparison with intramuscular (IM) injection in mice. Our
results showed that MN delivery of EBOV sGP was superior to IM injection in eliciting higher levels and longer lasting antibody
responses against EBOV sGP and GP antigens. Moreover, sGP-specific immune responses induced by MN or IM immunizations
were effectively augmented by formulating sGP with a saponin-based adjuvant, and they were shown to confer complete protection
of mice against lethal mouse-adapted EBOV (MA-EBOV) challenge. In comparison, mice that received sGP without adjuvant by
MN or IM immunizations succumbed to lethal MA-EBOV challenge. These results show that immunization with EBOV sGP sub-
unit vaccines with adjuvant by MN patches, which have been shown to provide improved safety and thermal stability, is a promising

approach to protect against EBOV infection.
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Ebola hemorrhagic fevers is a severe disease with high fatal-
ity rates ranging from 20% to 90% [1]. The 2013-2016 Ebola
virus (EBOV) epidemic in West Africa caused more than 28 600
human infections and over 11300 deaths, underscoring the
urgent need to develop a safe and effective vaccine strategy
against EBOV infection [2]. Significant progress has been made
on EBOV vaccine development, and a number of approaches
have been shown to confer effective protection against EBOV
infection in animal models including nonhuman primates
(NHPs) [3]. Most notably, a Phase III clinical trial using a
recombinant vesicular stomatitis virus-based EBOV vaccine
that expresses the EBOV glycoprotein (GP) was conducted at
the end of the 2014-2016 EBOV outbreak, and it was shown to
be highly effective for protection against EBOV infection [4],
demonstrating that an effective vaccine can contribute to the
controlling of an EBOV epidemic.
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A number of studies evaluating different EBOV vaccine strat-
egies have shown that protection of NHPs mostly correlated
with vaccine-induced serum antibody levels against EBOV GP
[5, 6], indicating that induction of such responses is critical
for protection against EBOV infection. Of note, EBOV GP is
synthesized through a ribonucleic acid (RNA)-editing mecha-
nism during virus infection, through joining 2 reading frames
in the viral RNA by a slippage of the viral polymerase at an
editing site to generate the GP messenger RNA (mRNA) tran-
script [7-9]. During the process, only approximately 20% of the
mRNA transcripts are edited for the synthesis of GP, whereas
80% of transcripts are not edited and direct the synthesis of a
soluble GP (sGP) product, which is efficiently secreted from
infected cells at large quantities in the form of homodimers [9].
The function of sGP is not clearly understood. Of note, it has
been reported that EBOV quickly mutates to synthesize primar-
ily GP in cell culture, whereas such mutant virus reverts to a
primarily sGP-producing phenotype in infected animals [10],
suggesting an important role for sGP in virus replication within
the host. On the other hand, a more recent study showed that
synthesis of sGP by EBOV is not required for its virulence in
guinea pigs [11]. We have shown that production of sGP may
provide a mechanism of immune evasion by EBOV through
stimulating production of antibodies that preferentially react
with sGP and thereby enabling sGP to absorb such antibodies
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[12]. Furthermore, overproduction of EBOV GP was shown to
decrease the infectivity of EBOV GP pseudoviruses produced
from 293T cells [13]. Thus, it may be possible that EBOV pro-
duces sGP to evade the host immune defense and control GP
levels for enhanced infectivity to spread among its natural hosts.
More studies are necessary to delineate the role of sGP in EBOV
infection, transmission, and pathogenesis and virulence in dif-
ferent animal species.

Over the past decade, microneedle (MN) patch-based vaccine
delivery systems have been investigated for vaccination against
a range of different diseases [14, 15]. This novel vaccination
technology offers several advantages over conventional intra-
muscular (IM) injection by hypodermic needles with respect to
vaccine stability, reduced pain during immunization, ease of use,
and elimination of sharp needles as biohazardous waste [16-19].
In this study, we investigated the immunogenicity of purified
EBOV sGP proteins as a subunit vaccine by intradermal immu-
nization using MN patches and by IM injection, and we eval-
uated the efficacy of protection against lethal EBOV challenge
in the mouse model. The present results show that EBOV sGP
vaccines can be efficiently coated onto solid metal MN patches,
and that immunization by MN patches induced higher levels
and longer lasting antibody responses against EBOV GP than
IM injection. Furthermore, immunogenicity of EBOV sGP vac-
cines on MN patches can be effectively augmented by formulat-
ing with a saponin-based adjuvant, as similarly observed in IM
injections, and confer complete protection against lethal mouse-
adapted EBOV (MA-EBOV) challenge in mice.

METHODS

Virus and Biosafety

Mouse-adapted EBOV stock based on the Mayinga strain was
propagated in Vero E6 cells and titered by a plaque assay before
use for challenge studies [20, 21]. All experiments involving
infectious EBOV were performed at the biosafety level 4 (BSL-
4) facility at the Texas Biomedical Research Institute.

Cell Lines, Purified Soluble Glycoprotein, Subunit Vaccines, and Adjuvant
HeLa cells, 293T cells, and JC53 cells were maintained in
Dulbeccos modified Eagles medium (Mediatech) supple-
mented with 10% fetal bovine serum (Hyclone, ThermoFisher)
and 1% penicillin/streptomycin. Ebola virus sGP (based on the
sequence of EBOV Mayinga strain; GenBank accession num-
ber NC_002549) was produced using recombinant vaccinia
viruses and purified using a histag protein purification system
as described previously [12]. The adjuvant, Matrix-M, is a pro-
prietary adjuvant from Novavax, which is produced by formu-
lating purified saponin with cholesterol and phospholipid [22].

Microneedle Patch Preparation and Characterization
Microneedle patches were fabricated from stainless steel sheets
by lithographic patterning and chemical etching (Tech Etch,

Plymouth, MA). Each MN patch contained a single row of 5
MNs, which are measured to be 700-um tall, with a cross-sec-
tional area of 170 um by 55 pm at the base and tapering to a
sharp tip. Ebola virus sGP with or without the Matrix-M adju-
vant were concentrated by Vivaspin 500 filters (Sartorius) of
30K molecular-weight cutoff at a centrifugal force of 15 000 x
g for 30 minutes at 5°C. Concentrated sGP with or without the
Matrix-M adjuvant was then diluted (1:1) with the excipient
solution (30% w/v trehalose and 2% w/v carboxymethyl cellu-
lose sodium in phosphate-buffered saline [PBS]) and used to
coat MNs by a dip-coating process [15].

To measure the amount of vaccine on each MN patch, coated
MNs were incubated in 200 uL PBS to dissolve the coating. The
solution was then concentrated 10-fold using a protein con-
centrating column, and 1 pg of total protein was analyzed by
sodium dodecyl sulfate polyacrylamide gel electrophoresis fol-
lowed by Western blot in comparison with different amounts of
purified sGP. The amount of sGP on MN patches was further
determined by a quantitative enzyme-linked immunosorbent
assay (ELISA). In brief, vaccine antigens dissolved from MN
patches were serially diluted and then used to coat a 96-well
microtiter plate. In parallel, serial dilutions of purified sGP with
known concentrations were also coated onto microtiter plates
for generation of a standard curve. After coating, the wells
were blocked by 5% w/v bovine serum albumin (BSA), and the
amount of sGP coated on each well of the plate was determined
by ELISA using mouse-anti-GP antibodies (pooled sera from
mice that had been vaccinated by EBOV-Mayinga GP deoxyri-
bonucleic acid vaccines) as primary antibodies and horseradish
peroxidase (HRP)-conjugated goat-antimouse immunoglobu-
lin G (IgG) antibodies as secondary antibodies. The amount of
sGP dissolved from MN patches was then calculated based on
the standard curve generated using the purified sGP.

Immunization, Blood Sample Collection, and Challenge of Mice
Eight-week-old female BALB/c mice (Charles River Laboratory)
were housed at the Emory University animal facility in microiso-
lator cages. All animal studies were carried out in accordance
with relevant guidelines and regulations and approved by the
Institutional Animal Care and Use Committees (IACUC) of
Emory University, Georgia Institute of Technology, and the
Texas Biomedical Research Institute.

Each mouse in each immunization group (5 mice per group)
was vaccinated with purified sGP protein (5 pg) with or without
Matrix-M adjuvant (5 pg) via MN patches or IM injection. For
immunization by MN patches, the hair on the abdominal side of
the mouse skin was removed before vaccination by application
of depilatory cream (Nair, Church & Dwight). Under anesthesia
by ketamine and xylazine, the mouse skin was lightly stretched
by hand, and MN patches were pressed into the skin and held in
position for 2 minutes. For IM immunization, the same amount
antigen was dissolved in 50 pL PBS and injected into the hind
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legs. Mice (groups of 5) receiving IM injection of 50 L PBS was
used as controls.

For evaluating the protective efficacy against EBOV chal-
lenge, mice were shipped to the Texas Biomedical Research
Institute and challenged by intraperitoneal injection with 1000
plaque-forming units (pfu) of MA-EBOV in an ABSL-4 facil-
ity at 8 weeks after the second immunization. After challenge,
mice were monitored for weight changes and signs of disease
on a daily basis until day 36 postchallenge. Clinical scores were
recorded based on observation of for following symptoms:
dyspnea (0-12), recumbency (0-12), responsiveness (0-12),
appearance (0-3), eye appearance (0-3), nasal discharge (0-2),
feed consumption (0-4), stool (0-1), and fluid intake (0-2),
with “0” being normal and higher scores being more severe.
Mice with combined clinical scores over 12 were sacrificed by
cervical dislocation under anesthesia based on IACUC end-
point. All mice that survived the challenge were sacrificed at the
end of the study.

Enzyme-Linked Imnmunosorbent Assay

Ebola virus sGP or GP-specific antibodies in individual mouse
serum samples were measured by ELISA using established pro-
tocols [12, 20, 23, 24]. In brief, the assays were performed in a
96-well plate coated overnight at 4°C with purified EBOV sGP
or GP proteins at concentration of 1 pug /mL and then blocked
with 5% w/v BSA. Serial dilutions of serum samples were incu-
bated at room temperature for 2 hours on coated and blocked
ELISA plates, and the bound antibodies were detected with
HRP-conjugated goat-antimouse IgG secondary antibodies
(Southern Biotechnology Associates), followed by addition of
tetramethylbenzidine (Sigma), and then by determination of
absorbance values at 450 nm by an ELISA reader. A standard
curve (1) was constructed by coating each ELISA plate with
serial 3-fold dilutions of purified mouse IgG antibodies with
known concentrations and (2) used to determine the concen-
trations of sGP or GP-specific antibodies in serum samples that
were expressed as the mass (nanogram) of antigen-specific anti-
bodies per volume (milliliter) of serum sample.

Pseudovirion Neutralization Assay

Neutralizing activity of sera from vaccinated mice was analyzed
against pseudoviruses containing EBOV-Mayinga GP based
on a human immunodeficiency virus backbone as described in
previous studies [12, 23]. In brief, pseudoviruses were prein-
cubated with serial 3-fold dilutions of heat-inactivated serum
samples from each individual mouse and supplemented with
heat-inactivated naive mouse sera (Innovative Research) so that
5% of the total volume was mouse serum. Pseudovirus-serum
mixtures were then added to 50% confluent JC53 cells and incu-
bated for 48 hours. Pseudovirus infection and neutralization
was measured by a luciferase reporter assay, and neutralizing
activity was expressed as the percentage reduction of luciferase

activity in sample wells, compared with luciferase activities in
control wells with only naive mouse sera: [(luciferase activity in
control well-luciferase activity in sample well)/(luciferase activ-
ity in control well)] x 100%.

Statistics

The statistical significance for antibody levels and neutralizing
activities between different groups was calculated by a 2-tailed
unpaired t test, and P<.05 was considered significant. Statistical
analysis of Kaplan-Meier survival curves was done by log-rank
analysis, and P<.05 was considered significant.

RESULTS

Production of Microneedle Patches Coated With Purified Ebola Virus
Soluble Glycoproteins Subunit Vaccines

To investigate the immunogenicity of purified EBOV sGP by
intradermal immunization, we coated sGP onto solid, stainless
steel MN patches, which involves a simple fabrication process
and has been shown to be effective for intradermal delivery of
influenza vaccines in our previous studies [15]. Two batches
of MNs were produced. One batch was coated with purified
EBOV sGP alone and designated as sGP-MN. The other batch
was coated with purified EBOV sGP in formulation with an
adjuvant, Matrix-M, and designated as sGPadj-MN. Matrix-M
is a saponin-based immune adjuvant and has been shown to
be highly active in augmenting induction of immune responses
by an EBOV GP subunit vaccine by IM injection [22]. After
fabrication and antigen coating, 5 MN patches were randomly
selected, and the quantity of GP coated onto MN patches was
determined by a quantitative ELISA. As shown in Figure 1A,
sGPadj-MN contained approximately 0.63 pg of sGP per patch,
whereas sGP-MN contained approximately 0.82 pg of sGP per
patch. The amount of sGP on each MN patch varied by less than
5% for both sGPadj-MN and sGP-MN patches. Furthermore,
sGP extracted from sGPadj-MN and sGP-MN patches showed
migration patterns in Western blot analysis similar to untreated
purified sGP proteins (Figure 1B). These results indicate that
sGP subunit vaccines with or without the Matrix-M adjuvant
were coated onto MN patches at similar efficiencies without
degradation or damage in molecule integrity.

Microneedle Patch Delivery of Ebola Virus Soluble Glycoproteins Induces
Stronger Antibody Responses Than Intramuscular Injection

We first investigated the immunogenicity of sGP vaccines
coated onto MNs (sGP-MN) in comparison with IM injec-
tion of sGP vaccines (sGP-IM) at the same dose. As shown in
Figure 2A, immunization by IM injection of sGP (sGP-IM)
only induced low levels of antibodies (approximately 300 ng/
mL on average) against EBOV sGP 2 weeks after the second
immunization. In comparison, intradermal immunization by
MNs (sGP-MN) induced approximately 8-fold higher levels
of antibodies (approximately 2500 ng/mL on average) against
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Figure 1. Characterization of soluble glycoprotein (sGP) vaccines on microneedle
(MN) patches. Purified Ebola virus (EBOV) sGP subunit vaccine was coated onto
MN patches as described in Materials and Methods. Five patches were randomly
selected from the production batch, and sGP proteins were dissolved from MN
patches by incubating the MN patches in 200 pL phosphate-buffered saline, to
determine the amount of sGP from each MN patch by a quantitative enzyme-linked
immunosorbent assay (ELISA) and to examine sGP molecular integrity by Western
blot. (A) Quantitative ELISA. Ebola virus sGP proteins dissolved from each GP-MN
were serially diluted and coated onto the wells of a 96-well plate in triplicate.
Serial dilutions of purified sGP were also coated onto the wells of the 96-well
plate at known concentrations to generate a standard curve. The amount of sGP
dissolved from sGP-MN and sGPadj-MN was determined by ELISA based on the
standard curve generated with purified sGP with known concentrations. (B) Western
blot. Ebola virus sGP proteins dissolved from sGP-MN and sGPafj-MN were con-
centrated, and the protein concentration was determined by a bicinchoninic acid
assay. The dissolved sGP proteins (1 pg) were analyzed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis and Western blot in comparison with 2, 1, 0.5,
and 0.25 g of purified sGP.

sGP compared with IM injection (P < .01). Moreover, analysis
of blood samples collected from vaccinated mice at 16 weeks
after the second immunization showed that the level of anti-
body responses against sGP induced by sGP-MN immunization
remained to be higher than sGP-IM immunization at this time
point (P < .01). As shown in Figure 2A, antibody levels against
sGP in sera from sGP-MN vaccinated mice remained at high
levels (approximately 1800 ng/mL on average) in the memory
phase (week 16), dropping only by approximately 30% from
peak levels (week 6). In comparison, antibody levels against
sGP in mice vaccinated by IM injection (sGP-IM) dropped by
approximately 3-fold (approximately 100 ng/mL on average)
over the same period of time. Similar results were also obtained
for antibody responses against EBOV GP (Figure 2B), although
the levels of antibody responses against GP were relatively lower
compared with the levels of antibody responses against sGP. Of
note, sGP-IM immunization only induced very low levels of
antibody responses against EBOV GP at 2 weeks after the sec-
ond immunization (week 6), which remained at low levels at
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Figure 2. Comparison of antibody responses induced by soluble glycoprotein
(sGP)-microneedle (MN) patches and sGP-intramuscular (IM) immunizations. Mice
(groups of 5) were vaccinated by MN patch delivery (sGP-MN) or IM injection
(sGP-IM) of 5 g sGP vaccines twice at 4-week intervals. The control group mice
received IM injection of 50 pL phosphate-buffered saline. The peak serum samples
were collected at 2 weeks after the second immunization, and the memory serum
samples were collected at 16 weeks after the second immunization. (A) The levels
of sGP-specific immunoglobulin G (IgG) antibodies were determined by enzyme-
linked immunosorbent assay (ELISA) using purified sGP as coating antigen. (B) The
levels of GP-specific IgG antibodies were determined by ELISA using purified GP as
coating antigen. The antibody concentration was determined from a standard curve
and expressed as ng/ml. Statistical analysis for differences in antibody responses
against sGP and GP between indicated groups (denoted by “a” through “d”) were
done by a a 2-tailed unpaired ttest. a, SGP-MN vs sGP-IM (peak sera against sGP),
P=.0001; b, sGP-MN vs sGP-IM (memory sera against sGP), P=.0001; ¢, sGP-MN
vs sGP-IM (peak sera against GP), P=.0001; d, sGP-MN vs sGP-IM (memory sera
against GP), P=.0001.

week 16. These results showed that MN delivery of sGP is supe-
rior to the conventional IM injection in eliciting higher levels
and longer lasting antibody responses against the vaccine anti-
gen sGP as well as the EBOV GP antigen.

Microneedle Patch Delivery of Adjuvanted Soluble Glycoproteins Subunit
Vaccines Augments Induction of Antibody Responses

We further investigated whether immune responses induced
by sGP subunit vaccines via MN delivery or IM injection can
be augmented by an adjuvant, Matrix-M, a saponin-based
ISCOMATRIX adjuvant [22]. Mice (groups of 5) were vacci-
nated by sGPadj-MN and sGP-MN vaccines or by IM injec-
tion of sGP vaccines with (sGPadj-IM) or without (sGP-IM)
the Matrix-M adjuvant twice at 4-week intervals. Blood sam-
ples were collected at 2 weeks after the second immuniza-
tion and analyzed for antibody responses against EBOV sGP
and GP antigens. As shown in Figure 3A, immunization with
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Figure 3. Analysis of antibody responses induced by microneedle (MN) patch or
intramuscular (IM) delivery of soluble glycoprotein (sGP) with or without Matrix-M
adjuvant. Mice (groups of 5) were vaccinated twice at 4-week intervals by MN patch
delivery (sGPadj-MN) or IM injection (sGPadj-IM) of sGP in formulation with Matrix-M
or by MN patch delivery (sGP-MN) or IM injection (sGP-IM) of the same amount (5 pg)
unadjuvanted sGP. The control group received IM injection of 50 pL phosphate-buff-
ered saline. Serum samples were collected at 2 weeks after the second immunization.
(A) The levels of sGP-specific immunoglobulin G (IgG) antibodies were determined
by enzyme-linked immunosorbent assay (ELISA) using purified sGP as coating anti-
gen. (B) The levels of GP-specific IgG antibodies were determined by ELISA using
purified GP as coating antigen. The antibody concentration was determined from a
standard curve and expressed as ng/ml. Statistical analysis for differences in antibody
responses against sGP and GP between indicated groups (denoted by “a” through
“d") were done by a a 2-tailed unpaired ¢ test. a, sGPadj-MN vs sGP-MN (against
sGP), P=.0001; b, sGPadj-IM vs sGP-IM (against sGP), P=.0001; c, sGPadj-MN vs
sGP-MN (against GP), P=.0001; d, sGPadj-IM vs sGP-IM (against GP), P=.0001. (C)
Neutralizing activity of sera was determined by incubating 500 plague-forming units
of Mayinga Ebola virus GP pseudoviruses with serial 3-fold dilutions of serum samples
from each vaccinated mouse. Neutralization was measured as percentage decrease in
luciferase expression compared with virus-naive mouse sera controls.

adjuvanted sGP vaccines by MN (sGPadj-MN) or IM (sGP-
adj-IM) greatly augmented induction of antibodies against
the sGP antigen, to levels over 25 000 ng/mL on average. In

comparison, immunization with unadjuvanted sGP vaccines by
MN (sGP-MN) or IM (sGP-IM) induced approximately 2000
and 1000 ng/mL antibodies against sGP on average, which are
10- to 20-fold lower compared with the antibody levels induced
by sGPadj-MN and sGPadj-IM immunizations, respectively
(P < .01). Analysis of antibody responses against EBOV GP
produced similar results. As shown in Figure 3B, immuniza-
tion with sGPadj-MN or sGPadj-IM induced approximately
17 000 and 13 000 ng/mL antibodies on average against GP,
respectively, which are significantly higher than the levels of
antibodies against GP induced by immunization with sGP-MN
or sGP-IM (P < .01).

Serum samples from vaccinated mice were further analyzed
for their neutralizing activity against EBOV GP pseudoviruses.
As shown in Figure 3C, sera from mice immunized with adju-
vanted sGP vaccines by MN (sGPadj-MN) or IM (sGPadj-IM)
neutralized approximately 50% or 65% of EBOV GP pseudo-
viruses, respectively, at 1:100 serum dilution. In comparison,
sera from mice immunized with unadjuvanted sGP vaccines
by sGP-MN or sGP-IM failed to neutralize over 50% of EBOV
GP pseudoviruses at 1:100 serum dilution. These results showed
that formulation with the Matrix-M adjuvant also augmented
induction of neutralizing antibodies by sGP vaccines, but only
to low levels.

Immunization With Adjuvanted Soluble Glycoproteins Vaccines by
Microneedle Patches or Intramuscular Injection Confers Effective
Protection Against Lethal Mouse-Adapted Ebola Virus Challenge

To compare the protective efficacy of different immunization
approaches against EBOV infection, vaccinated mice were chal-
lenged at 8 weeks after the second immunization with 1000 pfu
of MA-EBOV and monitored daily for 36 days after challenge to
record weight changes, disease symptoms, and survival rates. As
shown in Figure 4A, only 1 of 5 mice in the sGP-IM group sur-
vived the challenge, similar to the control group that received
IM injection of PBS, and none of the 5 mice in the sGP-MN
group survived the challenge. On the other hand, all mice in
the sGPadj-MN group and the sGPadj-IM group that were vac-
cinated with adjuvanted sGP vaccines survived the challenge.
Log-rank analysis of the survival curves showed that the differ-
ences in survival rates between these groups are statistically sig-
nificant (P = .0013). Furthermore, a progressive loss in average
body weight of surviving mice was observed for the control, the
sGP-MN, and the sGP-IM groups, correlating with the timing
of animal deaths in each group (Figure 4B). In comparison, no
significant body weight change was detected for the sGPadj-MN
and sGPadj-IM groups. Moreover, as shown in Figure 4C, the
clinical scores for the control group, the sGP-MN group, and
the sGP-IM group increased drastically on day 5 after challenge.
In comparison, the clinical scores remained at baseline levels
throughout the duration of the challenge in the sGPadj-MN and
sGP-adj-IM groups. These results show that immunization with
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Figure 4. Protective efficacy against lethal mouse-adapted Ebola virus
(MA-EBOV) challenge. Mice (groups of 5) were vaccinated twice at 4-week intervals
by microneedle (MN) patch delivery (sGPadj-MN) or intramuscular (IM) injection
(sGPadj-IM) of soluble glycoprotein (sGP) in formulation with Matrix-M or by MN
patch delivery (sGP-MN) or IM injection (sGP-IM) of the same amount (5 pg) unad-
juvanted sGP. The control mice received IM injection of phosphate-buffered saline.
At 8 weeks after the second immunization, mice were challenged by intraperito-
neal injection with 1000 plaque-forming units of MA-EBOV and monitored daily
for survival, body weight changes, and disease symptoms. (A) Daily survival rate of
mice in each group postchallenge. Statistical analysis of the Kaplan-Meier survival
curves after challenge was conducted by log-rank analysis (P=.0113). (B) Average
body weight of surviving mice in each group were determined daily postchallenge
and expressed as the percentage of the average body weight of the same group of
mice on day 0 of challenge. (C) Average daily clinical scores of surviving mice in
each group postchallenge. Clinical scores were recorded as described in Methods.

sGP vaccines in formulation with the Matrix-M adjuvant by
MNs or by IM injection was able to confer complete protection
against death and disease caused by MA-EBOV infection.

DISCUSSION

The present results show that intradermal immunization by MN
patch delivery of purified EBOV sGP subunit vaccines was able
to induce higher levels of antibody responses against EBOV sGP
as well as GP antigens than the conventional IM immunization

approach. Moreover, the immune responses induced by MN
vaccination were found to be substantially augmented by for-
mulating sGP vaccines with an adjuvant and confer highly
effective protection against lethal MA-EBOV challenge, as also
observed in IM immunization of sGP with adjuvant.

Currently, vaccinations are commonly administered via IM
or subcutaneous injection of vaccines, which are prepared in
solution and need to be stored under frozen or refrigerated con-
ditions to maintain their stability. In comparison, MN patches
deliver vaccines intradermally in a dry form, and they have been
shown to offer improved vaccine thermal stability in previous
studies [25]. We and others have previously demonstrated that
intradermal delivery of influenza vaccines using solid metal
MNs or dissolving MNs have the ability to (1) generate potent
and effective immune responses equivalent or superior to IM
injection and (2) protect vaccinated animals against lethal chal-
lenge by influenza viruses [18, 19]. More recently, results from
a Phase I clinical trial of influenza vaccines showed that MN
immunization was able to induce robust immune responses in
humans that are at least equivalent to IM immunization and
exhibited an excellent safety profile [26]. Moreover, the influ-
enza vaccines in MN patches were shown to retain their anti-
genicity and potency after storage at elevated temperatures for
up to 12 months, demonstrating the potential to eliminate the
cold-chain requirement for vaccine storage and transportation
by this technology.

We also observed that sGP subunit vaccines in formulation
with an adjuvant, Matrix-M, can also be efficiently coated onto
solid metal MN patches at levels comparable to sGP alone.
Matrix-M is a saponin-based adjuvant that exerts its adjuvant
activity through activation of dendritic cells and macrophages
and recruitment of these cells to the draining lymph nodes [27],
and it has been shown to be highly effective for augmenting
induction of immune responses by various subunit vaccines
via IM injection in both animal models and human clinical
trials [28, 29]. Furthermore, the Matrix-M adjuvant has been
shown to effectively augment immune responses induced by IM
immunization with an EBOV GP nanoparticle vaccine [22]. We
found that Matrix-M retains its adjuvant activity when coated
on MN patches, and it is as effective to augment induction
of antibodies in MN immunization as in IM immunization.
Moreover, our results showed that mice vaccinated with adju-
vanted sGP vaccines by either MN vaccination or IM injection
were effectively protected against both morbidity and mortality
after MA-EBOV challenge.

CONCLUSIONS

Current EBOV vaccines mostly target the viral GP antigen.
Of particular note, recent studies have shown that subunit
vaccines based on the whole GP or the entire extracellular
domain of GP were able to protect vaccinated mice against
lethal EBOV challenge [22, 30]. Our results in this study show
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that immunization by sGP subunit vaccines could also con-
fer effective protection against lethal EBOV challenge of mice.
Compared with the whole EBOV GP, the sGP is devoid of
the entire mucin-like domain and the GP2 subunit, and thus
missing some of the targets in GP for antibody responses.
On the other hand, antibody responses induced by sGP vac-
cines may be more effectively boosted by the large amount of
sGP produced and secreted during virus infection [12] and
thereby contribute to more effective control of virus replica-
tion. Furthermore, its shared sequence with GP encompasses
the putative receptor binding domain that binds to NPC-1 for
mediating interactions between viral and cellular membranes
during virus infection [31], and it is relatively more conserved
amongst different Ebolavirus species than the mucin-like
domain in GP. Moreover, EBOV sGP is efficiently secreted
from cells after synthesis, and thus it is easy to produce and
purify at large quantities. Taken together, MN patch delivery of
sGP subunit vaccines may represent an attractive approach for
EBOV vaccine development, offering enhanced immunogenic-
ity and the potential to overcome the cold-chain requirement
for vaccine storage and distribution. Further optimization
of this novel vaccine delivery platform with respect to vac-
cine-adjuvant formulation and MN production will provide a
novel approach to develop a safe, effective, and thermally stable
vaccine against EBOV as well as other filoviruses.
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