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A B S T R A C T

Background: Coronaviruses pose a serious threat to global health as evidenced by Severe Acute Respiratory Syn-

drome (SARS), Middle East Respiratory Syndrome (MERS), and COVID-19. SARS Coronavirus (SARS-CoV), MERS

Coronavirus (MERS-CoV), and the novel coronavirus, previously dubbed 2019-nCoV, and now officially

named SARS-CoV-2, are the causative agents of the SARS, MERS, and COVID-19 disease outbreaks, respectively.

Safe vaccines that rapidly induce potent and long-lasting virus-specific immune responses against these infectious

agents are urgently needed. The coronavirus spike (S) protein, a characteristic structural component of the viral

envelope, is considered a key target for vaccines for the prevention of coronavirus infection.

Methods: We first generated codon optimized MERS-S1 subunit vaccines fused with a foldon trimerization

domain to mimic the native viral structure. In variant constructs, we engineered immune stimulants (RS09 or fla-

gellin, as TLR4 or TLR5 agonists, respectively) into this trimeric design. We comprehensively tested the pre-clini-

cal immunogenicity of MERS-CoV vaccines in mice when delivered subcutaneously by traditional needle

injection, or intracutaneously by dissolvingmicroneedle arrays (MNAs) by evaluating virus specific IgG antibodies

in the serum of vaccinated mice by ELISA and using virus neutralization assays. Driven by the urgent need for

COVID-19 vaccines, we utilized this strategy to rapidly develop MNA SARS-CoV-2 subunit vaccines and tested

their pre-clinical immunogenicity in vivo by exploiting our substantial experience with MNAMERS-CoV vaccines.

Findings: Here we describe the development of MNA delivered MERS-CoV vaccines and their pre-clinical immuno-

genicity. Specifically, MNA delivered MERS-S1 subunit vaccines elicited strong and long-lasting antigen-specific

antibody responses. Building on our ongoing efforts to develop MERS-CoV vaccines, promising immunogenicity of

MNA-deliveredMERS-CoV vaccines, and our experience with MNA fabrication and delivery, including clinical trials,

we rapidly designed and produced clinically-translatable MNA SARS-CoV-2 subunit vaccines within 4 weeks of the

identification of the SARS-CoV-2 S1 sequence. Most importantly, these MNA delivered SARS-CoV-2 S1 subunit vac-

cines elicited potent antigen-specific antibody responses that were evident beginning 2weeks after immunization.

Interpretation: MNA delivery of coronaviruses-S1 subunit vaccines is a promising immunization strategy

against coronavirus infection. Progressive scientific and technological efforts enable quicker responses to

emerging pandemics. Our ongoing efforts to develop MNA-MERS-S1 subunit vaccines enabled us to rapidly

design and produce MNA SARS-CoV-2 subunit vaccines capable of inducing potent virus-specific antibody

responses. Collectively, our results support the clinical development of MNA delivered recombinant protein

subunit vaccines against SARS, MERS, COVID-19, and other emerging infectious diseases.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license.

(http://creativecommons.org/licenses/by/4.0/)
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1. Introduction

On December 31, 2019, Chinese authorities in Wuhan announced

a cluster of pneumonia cases of unknown etiology, most of which

included patients who reported exposure to Wuhan’s Huanan Sea-

food wholesale market. Emergence of another pathogenic zoonotic

HCoV was suspected, and on January 9, 2020, the Chinese Center for

Diseases Control reported that a novel coronavirus was the causative

agent. Shortly thereafter the genomic sequences of several isolates

became publicly available. On February 10, 2020, the WHO named

the disease, caused by the new coronavirus, COVID-19, and the new

virus was named severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2). Genomic analyses indicated that SARS-CoV-2 shares

genomic similarities with SARS-CoV within the receptor-binding

motif that directly contacts the human receptor ACE2. This has

important implications for vaccine design and for predicting pan-

demic potential. Human-to-human transmission of SARS-CoV-2 has

now been established, and the situation with SARS-CoV-2 is evolving

rapidly with the numbers of verified cases growing into the thou-

sands. Accordingly, The World Health Organization (WHO) has

declared COVID-19 a global pandemic.

Another recently emerged coronavirus, the Middle East Respiratory

Syndrome Coronavirus (MERS-CoV) was first isolated in 2012 in Saudi

Arabia [1]. As of January 31st, 2020 the World Health Organization

(WHO) has been notified of 2,513 laboratory-confirmed cases of infec-

tion with MERS-CoV that include 864 related deaths with a fatality

rate of 34.4% [2]. Cases have arisen in 27 countries globally, including a

severe outbreak in the Republic of Korea in 2015 [3,4]. MERS-CoV is

still endemic in the Middle East, most particularly in Saudi Arabia,

where more than 80% of cases have occurred. No efficacious drugs or

vaccines are currently approved for human use [2,5]. The WHO

included MERS-CoV on the list of priority blueprint diseases for which

there is an urgent need for accelerated research and development of a

safe and efficacious vaccine [5,6].

For both these coronaviruses, the spike (S) protein is crucial for

viral transmission and infection, and determines the tropism of the

virus and host cell entry. SARS-CoV-2 binds the ACE2 receptor as

MERS-S binds to the cellular receptor dipeptidyl peptidase 4 (DPP4)

via the receptor-binding domain (RBD) in the N-terminal surface sub-

unit (S1), and then employs its C-terminal transmembrane subunit

(S2) to fuse with the host cell membrane. [7-11] Due to this vital

functional property and established antigenicity, the S protein is an

important target for vaccine development. Our previous studies have

shown that adenoviral vaccine candidates expressing SARS-CoV-S1

and MERS-S1 subunits induced more efficacious antibody-mediated

neutralizing activity than full-length S1, suggesting the subunit

immunogen as an ideal vaccine candidate [12]. The native S proteins

exist as a trimeric form on the surface of the virus. However, when its

ectodomain or S1 is expressed as a recombinant protein in eukaryotic

systems, the protein exists predominantly in a monomeric form

[13,14]. Here, to make trimeric recombinant codon optimized subunit

proteins mimicking the native viral structures, we have fused the

MERS-CoV-S1 and SARS-CoV-2-S1 segments to a 27-amino acid

sequence called the foldon domain, which is a natural trimerization

domain derived from the C terminus of bacteriophage T4 fibritin

[15,16]. Inclusion of a foldon trimerization domain promotes a tri-

meric structure and has been shown to increase the immunogenicity

of several viral antigens including Influenza virus hemagglutinin,

HIV-1 glycoprotein, and SARS-CoV S1/S-ectodomain, supporting the

importance of mimicking native viral trimeric structures [14,17,18].

Further, recent work has shown that a recombinant trimeric recep-

tor-binding domain (RBD) of MERS-CoV, made by fusing RBD with

foldon domain (RBD-Fd), elicits potent RBD-specific neutralizing anti-

bodies and protects hDPP4 transgenic mice from viral infection [19].

To potentially improve the immunogenicity of these vaccines, we

also constructed S1 subunits with integrated Toll-like receptor (TLR)

agonist sequences, specifically RS09 and flagellin C. RS09 is a syn-

thetic form of an LPS mimic 7-mer peptide, which binds to TLR4 and

induces nuclear localization of the transcription factor NF-kB, result-

ing in transcription of inflammatory cytokines and secretion of che-

mokines [20]. Flagellin is a highly conserved natural bacterial ligand

that binds to TLR5 to activate TLR5 expressing dendritic cells,

Research in context

Evidence before this study

Coronavirus is an emerging pathogen with exponentially

increasing significance due to the high case fatality rate, the

large distribution of reservoir, and the lack of medical counter-

measures. The public health emergencies caused by Coronavi-

ruses, including SARS-CoV, MERS-CoV, and now SARS-CoV-2,

clearly demonstrate the urgency to evaluate candidate vaccines

to combat these outbreaks. Continuous research efforts from

previous epidemics contribute to the efforts of investigators to

quickly develop safe vaccines against these emerging infec-

tions; however, the recent COVID-19 pandemic highlights an

important continuing need for the rapid design, production,

testing, and clinical translation of candidate vaccines.

Added value of this study

These studies demonstrate the rapid development and immu-

nogenicity of novel microneedle array (MNA) delivered recom-

binant coronavirus (SARS-CoV-2) vaccines. MNA delivered

MERS-S1 subunit vaccines induced potent and long-lasting

antigen antigen-specific immune responses. Notably, MNA

delivery of these vaccines generated significantly stronger

immune responses than those administered by traditional sub-

cutaneous needle injection, indicating the improved immuno-

genicity by skin-targeted delivery. These efforts with MNA

MERS-S1 subunit vaccines enabled the rapid design and pro-

duction of MNA SARS-CoV-2 vaccines, capable of eliciting

potent virus-specific antibody responses that were evident as

early as 2 weeks after immunization. Rapid design and produc-

tion of MNA-embedded SARS-CoV-2-S1 subunit vaccines using

clinically applicable MNA fabrication methods supports the

development of MNA delivered recombinant coronavirus vac-

cines for clinical vaccine applications. Collectively, our studies

support the clinical development of MNA protein subunit vac-

cines for COVID-19 and other emerging infectious diseases.

Implications of the available evidence

MNA delivery of coronaviruses-S1 subunit vaccines is a promising

immunization strategy against MERS-CoV and SARS-CoV-2 infec-

tion and can be adapted for other subunit vaccines against a broad

range of infectious diseases. The recent advances in recombinant

DNA technology and vaccine delivery strategies enable quick

design, production, and testing of vaccines against emerging

infections. We plan to evaluate these SARS-CoV-2 vaccines for

other important predictors of vaccine efficacy in humans, includ-

ing the induction of neutralizing antibodies and for their ability to

prevent infection in animal challenge models, when these assays

and preclinical models become available. Thus far, our studies

suggest that it may now be possible to produce clinical grade vac-

cines against novel pathogens for human testing and subsequent

global distribution in time to significantly impact the spread of

disease.
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neutrophils, lung epithelial cells and pneumonocytes, augmenting

immunogenicity in several vaccine models [21�23].

The skin is an ideal target for immunization. It contains a rich popu-

lation of antigen presenting and immune accessory cells capable of

inducing a proinflammatory microenvironment favoring the induction

of potent and durable adaptive immunity [24,25]. Of several emerging

skin-targeted drug delivery methods, dissolving MNAs have emerged as

a minimally-invasive intracutaneous approach [26�28]. MNAs used

here are developed from mechanically strong water-soluble polymers

to physically breach the outermost layer of skin (stratum corneum) and

then rapidly dissolve in the underlying viable epidermis and dermis to

deliver cargos to skin microenvironments [27,29].

Importantly, MNA delivery results in high concentrations of vaccine

components in the local skin microenvironment, thereby contributing

to a dose-sparing effect that could decrease the required vaccine doses

for efficacious immunization and substantially reduce both cost and

toxicity [27,30-32]. Although the stability of each vaccine candidate in

MNAs needs to be validated at different temperatures for varying stor-

age periods, the available literature indicates that MNA-embedded

vaccines have the potential to remain stable for an extended period of

time without expensive “cold chain” requirements [33,34]. Further,

previous animal and clinical studies suggest that MNAs could provide

a safe and well-tolerated delivery platform for efficacious immuniza-

tion strategies [35�39].

Here, we demonstrate the rapid development of MNA SARS-CoV-2

S1 subunit vaccines and their promising immunogenicity in mice devel-

oped using our evolving experience with MERS-CoV vaccines and

MNAs. First, we evaluate the immunogenicity of trimeric form of MERS-

S1 subunit vaccines delivered subcutaneously by traditional needle

injection, or intracutaneously by MNAs. Driven by the promising immu-

nogenicity of MNA-MERS-S1 vaccines and the urgent need to respond

to the recent coronavirus pandemic (COVID-19), we rapidly (within

4 weeks of the identification of the SARS-CoV-2 S1 sequence) designed

and produced MNA SARS-CoV-2 S1 vaccines and tested their immuno-

genicity in mice. We describe the rapid development of MNA embedded

SARS-CoV-2-S1 subunit vaccines using clinically-applicable MNA pro-

duction methods by relying on our experience with clinical trials utiliz-

ing MNA delivery (ClinicalTrials.gov Identifier: NCT02192021). Taken

together, our results support the development of MNA delivered recom-

binant coronavirus vaccines for clinical applications.

2. Materials and methods

2.1. Construction of adenoviral vectors and plasmids

The codon-optimized gene encoding MERS-S1 (amino acids 1 to

725 of full-length MERS S, according to the GeneBank JX869059)

lacking stop codon flanked with SalI & BamHI was amplified by PCR

from pAd/MERS-S1 12 and was used to replace the ZIKV-E in in pAd/

ZIKV-Efl 40 at SalI & BamHI sites fused with BamH I-linked T4 fibritin

foldon trimerization domain (f), Tobacco Etch Virus Protease (Tp),

and six histidine tag (6H), generating plasmid pAd/MERS-S1f. For

the construction of pAd/MERS-S1fRS09 or pAd/MERS-S1ffliC, BamH

I-fTp6H-Not I of pAd/MERS-S1f was replaced with codon optimized

BamH I-f-RS09(APPHALS)-Tp6H-Not I or BamH I-f-fliC (GenBank

ACY88831)-Tp6H-Not I. Subsequently, replication-defective human

adenovirus serotype 5, designated as Ad5.MERS-S1f, Ad5.MERS-

S1fRS09, and Ad5.MERS-S1ffliC, were made by loxP homologous

recombination and purified and stored as described previously

[41�43].

For the construction of pmax/SARS-CoV-2-S1, the codon-optimized

gene encoding SARS-CoV-2-S1 amino acids 1 to 661 of full-length

from BetaCoV/Wuhan/IPBCAMS-WH-05/2020 (GISAID accession id.

EPI_ISL_403928) lacking stop codon flanked with HindIII-SalI &

BamHI-6H-NotI was synthesized (GenScript) and generated by sub-

cloning the codon-optimized SARS-CoV-2-S1 gene into pmaxCloning

(Lonza), at HindIII/NotI sites. For the construction of pmax/SARS-CoV-

2-S1fRS09, BamH I-6H-Not I of pmax/SARS-CoV-2-S1 was replaced

with codon optimized BamH I-f-RS09(APPHALS)-Tp6H-Not I.

2.2. Purification of recombinant proteins

The recombinant proteins named rMERS-S1f, rMERS-S1fRS09, and

rMERS-S1ffliC were expressed in Human Embryonic Kidney (HEK)

293 cells infected with Ad5.MERS-S1f, Ad5.MERS-S1fRS09, and Ad5.

MERS-S1ffliC, respectively, and purified by His60 Ni Superflow Resin

(Clontech) under native conditions from the supernatant as described

previously [40]. Briefly, the purified recombinant proteins were

treated with AcTEV protease (Life Technology) followed by affinity

chromatography on a His60 Ni Superflow Resin to remove six-histi-

dine tags and poly-histidine tagged protease from the cleavage reac-

tion. The cleaved native recombinant proteins were collected from

the flow-through fraction. The eluted solution was concentrated and

desalted with phosphate buffered saline (PBS) in an Amicon Ultra

centrifugal filter devices (Millipore).

For expression of recombinant proteins, rSARS-CoV-2-S1 and

rSARS-CoV-2-S1fRS09, 293HEK cells were transfected by electropora-

tion (Celetrix). Briefly, 293HEK cells were counted and suspended with

plasmids in the electroporation buffer at 5 £ 107 cells, 200mg/ml. The

mixture containing cells and plasmids was transferred into 1ml Cele-

trix electroporation tube with 25 mm distance between the electrodes,

and immediately subjected to electroporation under 930V and 30ms,

and then incubated for 72 hrs at 37°C in a humidified atmosphere

with 5% CO2. The recombinant proteins, rSARS-CoV-2-S1 and rSARS-

CoV-2-S1fRS09, were purified by His60 Ni Superflow Resin (Clontech)

under native conditions from the supernatant as described previously

[40]. The concentrations of the purified recombinant proteins were

determined by the Bradford assay using bovine serum albumin (BSA)

as a protein standard.

2.3. SDS-PAGE and Western blot

To evaluate the recombinant adenoviruses, A549 cells were trans-

duced with ten multiplicity of infection (MOI) of Ad5.MERS-S1f, Ad5.

MERS-S1fRS09, and Ad5.MERS-S1ffliC. At six hours after infection,

cells were washed three times with PBS, and added with serum-free

media, and incubated for 48 h. The supernatant of A549 infected with

adenoviruses were subjected to sodium dodecyl sulfate polyacryl-

amide gel electrophoresis (SDS-PAGE) and Western blot. Briefly, after

the supernatants were boiled in Laemmli sample buffer containing

2% SDS, or native sample buffer, with or without beta-mercaptoetha-

nol (b-ME), the proteins were separated by Tris-Glycine SDS-PAGE

gels and then transferred to polyvinylidene fluoride (PVDF) mem-

brane. After blocking for 1h at room temperature with 5% non-fat

milk in PBST, anti-6xHis monoclonal antibody (1:50000) (Invitrogen)

were added and incubated overnight with at 4 °C as primary anti-

body, and horseradish peroxidase (HRP)-conjugated goat anti-mouse

IgG (1:10000) (SantaCruz) was added and incubated at RT for 2 h as

secondary antibody. After washing three times with PBS, the signals

were visualized using ECL Western blot substrate reagents and Amer-

sham Hyperfilm (GE Healthcare).

2.4. Fabrication of dissolvable microneedle arrays

Dissolvable microneedle arrays (MNAs) incorporating the protein

MERS-S1f, MERS-S1fRS09, MERS-S1ffliC, SARS-CoV-2-S1, or SARS-

CoV-2-S1fRS09) were fabricated from carboxymethyl cellulose (CMC,

90 kDa MW) at room temperature (22°C) using our previously

described three-stage MNA manufacturing strategy [29,32]. Briefly,

the production molds were prepared by casting Polydimethylsiloxane

(PDMS, SYLGARD� 184) elastomer onto themicromachinedMNAmas-

ter molds that include 100 obelisk-shaped microneedles in a 10 £ 10
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array. The height, width, and apex angle of microneedles were chosen

to be 750 mm, 225 mm, and 30°, respectively. Next, CMC-based MNA-

rMERS-S1f, MNA-rMERS-S1fRS09, MNA-rMERS-S1ffliC, MNA-rSARS-

CoV-2-S1, or MNA-rSARS-CoV-2-S1fRS09 vaccines were produced

through a two-step spin-drying technique. First, 20 ml of purified pro-

tein was dispensed onto each MNA production mold and centrifuged

for 1 min at 2500 g to fill the microneedle cavities. Subsequently, the

excess solution was removed, and the residual protein solution was

spin-dried into the tip of the microneedle cavities of the mold by cen-

trifugation at 2500 g for 30 min. The tip-loaded protein in the produc-

tion molds was overlayered with 75 mg of CMC hydrogel (20% w/w) to

form the mechanically strong microneedles and the backing layer of

the MNAs. The molds loaded with the CMC-hydrogel were then centri-

fuged for 3 h at 2500 g to obtain final dissolvable MNA vaccines. The

theoretical loading of each MNA-rMERS-S1f, MNA-rMERS-S1fRS09,

MNA-rMERS-S1ffliC, SARS-CoV-2-S1, or SARS-CoV-2-S1fRS09 was 25

mg, 25mg, 40 mg, 20 mg, or 20 mg proteins, respectively. The geomet-

ric integrity of the fabricated MNAs was confirmed through optical

stereomicroscopy imaging before the experiments. Importantly, this

MNA design and fabrication strategy has also been used for MNAs uti-

lized in our ongoing Phase 1 clinical trials (ClinicalTrials.gov Identifier:

NCT02192021). In line with our efforts toward clinical production of

MNA SARS-CoV-2 subunit vaccines, we gamma irradiation (25 kGy)

sterilized a small group of these MNA SARS-CoV-2 subunit vaccines to

determine clinically relevant sterilizing conditions and any effect on

immunogenicity.

2.5. Animals and Immunization

BABL/c mice (five animals per group) were inoculated subcutane-

ously with 25 mg of MERS-S1f only, 25 mg of MERS-S1f plus 20 mg of

MPLA (monophosphoryl lipid A; TLR-4 agonist), 25 mg of MERS-

S1fRS09, and 40 mg of MERS-S1ffliC or PBS as a negative control and

1011vp of Ad5.MERS-S1 as a positive control. It is noted that MPLA was

added in a single control group at similar doses as used previously to

establish a positive control for the adjuvanted subunit vaccines [44].

The MNA rMERS-S1f, rMERS-S1fRS09, or rMERS-S1ffliC vaccines were

applied to the abdomen of anesthetized mice and removed after

10 min. Two weeks after the primary immunization, mice were

boosted intranasally (i.n.) or intracutaneously (MNAs) with the same

dose of the corresponding immunogens.

For SARS-CoV-2 study, C57BL/6 female mice (five animals per

group) were inoculated intracutaneously with MNAs loaded with of

SARS-CoV-2-S1 or SARS-CoV-2-S1fRS09 protein, or PBS as a negative

control. At two weeks after the primary immunization, mice were sim-

ilarly boosted with the same dose of the corresponding immunogens.

To preliminarily evaluate the effects of sterilizing gamma irradiation

on MNA-SARS-CoV-2 vaccines, 2 mice per group were irradiated using

clinical sterilizing conditions. Mice were bled from the saphenous vein

at week 0, 1, 2, 3, and 4, and serum samples were evaluated for SARS-

CoV-2-S1 antibody by enzyme-linked immunosorbent assay (ELISA).

Mice were maintained under specific pathogen-free conditions at

the University of Pittsburgh, and all experiments with mice were con-

ducted in accordance with animal use guidelines and protocols

approved by the University of Pittsburgh’s Institutional Animal Care

and Use (IACUC) Committee.

2.6. FACS analysis

Two weeks after the prime immunization, pooled sera were

obtained from all mice and screened for MERS-S-specific antibodies

using fluorescence-activated cell sorter (FACS) analysis of Human

Embryonic Kidney (HEK) 293 cells transfected with either pAd/MERS-

S or pAd control using Lipofectamine 2000 (Invitrogen) as described

previously [12]. Briefly, after 36 h at 37°C, the transfected cells were

harvested, trypsinized by incubation with 0.25% Trypsin, 2.21mM

EDTA, for 2-3 min at 37°C, followed by trypsin inactivation by adding 5

volumes of 10% FBS media, then washed with phosphate buffered

saline (PBS), and incubatedwith the mouse antiserum from each group

followed by staining with a PE-conjugated anti-mouse secondary IgG

antibody (Jackson Immuno Research). Data acquisition and analysis

were performed using LSRII (BD) and FlowJo (Tree Star) software.

2.7. ELISA

Sera from the animals were collected every two weeks and tested

for MERS-S1 protein-specific IgG by conventional ELISA as previously

described [12]. For long-lasting immunity, sera from the animals were

collected at week 23 and week 55 after primary inoculation and tested

for MERS-S1 protein-specific IgG by ELISA. Briefly, 96-well plates were

coated with the serum-free media from A549 cells infected with 10

MOI of Ad5.MERS-S1 for 48 h overnight at 4°C in carbonating buffer

(pH 9.5) and then blocked with PBS containing 0.05% Tween 20 (PBS-

T) and 2% bovine serum albumin (BSA) for 1 hr. Mouse sera were

diluted 1:200 in PBS-T with 1% BSA and incubated for two hours. After

the plates were washed, anti-mouse IgG-horseradish peroxidase

(HRP) (1:2000, SantaCruz) were added to each well and incubated for

one hour. The plates were washed three times and developed with

3,3’5,5’-tetramethylbenzidine, and the reaction was stopped with 1M

H2SO4 and absorbance at 450 nm was determined using an ELISA

reader (PerkinElmer 2030). For the binding of the recombinant pro-

teins and mouse sera against Ad5.MERS-S1, the 96-well plates were

coated with 200 ng of the purified recombinant proteins per well over-

night at 4°C in carbonate coating buffer (pH 9.5), followed by addition

of diluted pre-immunized sera and sera from the mouse infected with

AdC5 or Ad5.MERS-S1 [12], and carried out sequentially based on a

protocol similar to that described above. For ELISA of SARS-CoV-2-S1

antibody, the 96-well plates were coated with 200 ng of the purified

rSARS-CoV-2-S1 per well overnight at 4°C in carbonate coating buffer

(pH 9.5), followed by addition of 1:100 diluted mouse sera, and carried

out sequentially based on a protocol similar to that described above.

2.8. MERS-CoV neutralization assay

We tested the MERS-CoV neutralization activity of sera derived

from mice immunized with rMERS-S1f only, rMERS-S1fRS09, rMERS-

S1ffliC, MERS-S1f with MPLA, MNA-MERS-S1f, MNA-MERS-S1fRS09,

MNA-MERS-S1ffliC. Ad5.MERS-S1, and PBS as previously described

[12]. Mouse sera were obtained from the retro-orbital plexus every

two weeks for six weeks and tested for their ability to neutralize

MERS-CoV (EMC isolate). Briefly, virus (200 PFU) was premixed 1:1

with serial dilutions of sera from animal groups prior to inoculation

onto Vero cells, and viral infection was monitored by the occurrence

of a cytopathic effect at 72 h post-infection. Virus neutralization titers

(VNTs) were determined as the highest serum dilutions that showed

full protection against the cytopathic effect of MERS-CoV.

2.9. Statistical analysis

Statistical analyses were performed using GraphPad Prism (San

Diego, CA). Data were analyzed by one-way ANOVA, followed by Tukey's

post-hoc testing. Differences were considered significant if p< 0.05.

3. Results

3.1. Construction and characterization of recombinant proteins

To construct the recombinant trimeric MERS-S1 proteins, codon-

optimized MERS-S1 was fused to the T4 fibritin foldon trimerization

domain. Two additional variants were engineered by integrating the

TLR4 agonist peptide (RS09) or Salmonella typhimurium flagellin C

(fliC) fragment at the C-terminal of the foldon. Moreover, all three
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antigens were designed with a 6-histidine tag and a Tobacco Etch

Virus (TEV) protease cleavage sequence at the carboxy terminus to

allow for metal chelating affinity purification and to facilitate down-

stream large-scale, purification compatible with clinical manufactur-

ing (Fig. 1A). A shuttle vector (pAd/MERS-S1f) was generated and a

replication-defective adenovirus 5, designated as Ad5.MERS-S1f, was

produced by loxP homologous recombination to use as a positive

control. To determine whether MERS-S1f, MERS-S1fRS09, and MERS-

S1ffliC would form trimeric structures, the serum-free supernatants

from A549 cells infected with each adenovirus were characterized by

SDS-PAGE and Western blot analysis. Three recombinant proteins

designed with a 6-histidine tag at the carboxy-terminal ends were

recognized by a monoclonal anti-6His antibody at the expected gly-

cosylated monomer molecular weights of about 130 kDa, 135 kDa,

and 200 kDa under the denaturing reduced (with b-ME) conditions.

The higher molecular-weight bands (dimers or trimers) were evident

under the denatured non-reduced (without b-ME) condition, and

were 2 or 3 times that of the reduced proteins (monomer), as

expected (Fig. 1B). [45,46] After being boiled in the sample buffer, the

proteins still migrated to the position of the trimer, indicating the

remarkable stability of these proteins. These results demonstrate that

recombinant MERS-S1 formed a trimeric conformation in the pres-

ence of the Fd trimerization motif. In addition, to delete the six-histi-

dine tag, the purified recombinant proteins were treated with AcTEV

protease (Life Technology) followed by affinity chromatography on a

nickel chelating resin to remove the six-histidine tags and poly-histi-

dine tagged protease from the cleavage reaction. The cleaved native

recombinant proteins were collected from the flow-through fraction

and used as coating antigens followed by detection with mouse

serum. Three purified recombinant proteins were detected using

serum from mice immunized with Ad5.MERS-S1 (p<0.05, one-way

ANOVA, followed by Tukey's post-hoc testing) prepared in our labo-

ratory previously [12], while no specific antibody binding activity

was detected in the serum of pre-immunized naïve mice or from con-

trol mice inoculated with AdC5 (Fig. 1C). ELISA data revealed that the

three recombinant MERS-S1 proteins had strong reactivity with

MERS-S1-specific antibodies.

3.2. Detection of membrane-bound MERS-S-specific antibodies

We next determined whether these recombinant subunit vaccines

could elicit antigen-specific immune responses in vivo. BALB/c mice

were inoculated subcutaneously with 25 mg of MERS-S1f, 25 mg of

MERS-S1fRS09, 40 mg of MERS-S1ffliC, or 25 mg of MERS-S1f plus 20

mg of the MPLA adjuvant to deliver the same molar ratio of immuno-

gen, or PBS as a negative control on day 0. The experimental schedule

is shown in Fig. 2A. Two weeks after immunization, we obtained sera

and examined binding to membrane-bound MERS-S by measuring

the reactivity against 293 cells transfected with pAd/MERS-S or pAd

using flow cytometry. As shown in Fig. 2B, in the presence of MPLA

adjuvant, rMERS-S1f induced a strong membrane-bound MERS-S-

specific IgG antibody response (p<0.05, one-way ANOVA, followed

by Tukey's post-hoc testing), while no significant antibody response

was detectable in the mouse sera of rMERS-S1f, rMERS-S1fRS09, and

rMERS-S1ffliC, when compared with PBS-immunized mouse sera. On

the other hand, in the absence of the adjuvant sequence, MNA intra-

cutaneous delivery of MERS-S1f, MERS-S1fRS09, or MERS-S1ffliC, at

the same molar ratio, elicited potent IgG antibody responses (p<0.05,

one-way ANOVA, followed by Tukey's post-hoc testing) that were

significantly stronger than those seen in s.c. immunized mice with

MPLA adjuvant (p<0.05, one-way ANOVA, followed by Tukey's post-

hoc testing), indicating the potential of MNAs as an effective recombi-

nant coronavirus vaccine delivery platform. (Fig. 2B). Mice immu-

nized with Ad5.MERS-S1 as a positive control developed significantly

higher levels of IgG antibody against cell membrane-bound MERS-S

as compared to negligible IgG levels in control mice inoculated with

PBS. Antibodies were not detected bound to cells transfected with

pAd without the immunogen insert (data not shown). These data

indicate that MERS-S1f protein with MPLA adjuvant and MNA deliv-

ered rMERS-S1f, rMERS-S1fRS09, and rMERS-S1ffliC induced strong

antibody response to membrane-bound MERS-S two weeks after a

single immunization.

3.3. Induction of humoral immune response to MERS-S1

To investigate the immunogenicity of trimeric MERS-S1f proteins,

at two and four weeks after a boosting immunization, sera were

obtained from all mice and screened for MERS-S1 specific antibodies

by ELISA. As shown in Fig. 3A, following s.c. vaccination only Ad5.

MERS-S1 elicited a MERS-S1-specific IgG antibody response (p<0.05,

one-way ANOVA, followed by Tukey's post-hoc testing) at week 2,

while no antibody response was detectable in the mouse sera of

rMERS-S1f, rMERS-S1fRS09, and rMERS-S1ffliC vaccinated mice when

compared with PBS-immunized mouse sera. However, 2 weeks after

boosting, antigen-specific IgG was detected in the sera of all s.c. immu-

nized mice, although the antibody titers were generally low. As an

exception to this, s.c. delivered MERS-S1fRS09 induced a relatively

strong MERS-S1-specific IgG antibody response (p<0.05, one-way

ANOVA, followed by Tukey's post-hoc testing, at weeks 4 and 6).

Importantly, mice immunized with each of the vaccine variants by

MNA delivery demonstrated significantly higher levels of antigen-spe-

cific IgG (p< 0.05, one-way ANOVA, followed by Tukey's post-hoc test-

ing) as compared to mice immunized with PBS, and there was with no

significant differences between the MNA vaccine variants (Fig. 3B).

To further demonstrate the immunogenicity of MERS-CoV subunit

vaccines, mouse sera were also tested for their ability to neutralize

MERS-CoV (EMC isolate). As shown in Fig. 3C, there were no detectable

MERS-CoV-neutralizing antibodies in the sera of mice immunized s.c.

with MERS-S1f-, MERS-S1fRS09-, or MERS-S1ffliC at week 4. However,

at week 6, sera of animals immunized with rMERS-S1fRS09, rMERS-

S1ffliC, or rMERS-S1f + MPLA had significant and comparable levels of

virus neutralizing activity, with geometric mean neutralizing titers of

104, 50.8, and 168, respectively. These titers were 5.4, 2.6, and 8.8 fold

higher than that of sera from the mice immunized with MERS-S1f only

(VNT mean, 19.2). Most importantly, as shown in Fig. 3D, at week 6 all

groups of MNA immunized mice developed significant levels of neu-

tralizing antibodies (p< 0.05, one-way ANOVA, followed by Tukey's

post-hoc testing). Animals immunized with MNA-rMERS-S1fRS09,

MNA-rMERS-S1ffliC, and Ad5.MERS-S1 had geometric mean neutraliz-

ing titers of 960, 832, and 3328, respectively. As expected, no neutral-

izing activity was detected in the sera of mice immunized with PBS.

These results suggest that MNA delivery of these candidate subunit

vaccines generates strong antibody-mediated neutralizing activity that

approaches that induced by live adenovector immunization and

exceeds that observed by s.c. delivery, even when a potent exogenous

adjuvant is added to the s.c. vaccine. The promising immunogenicity

of MNA MERS-CoV vaccines without chemical adjuvants makes them

an ideal candidate for future clinical studies.

3.4. Longevity of the immune response in mice vaccinated with subunit

vaccines

To evaluate the persistence of MERS-S1-specific immunity, mouse

sera was collected at weeks 23 and 55 after immunization and evalu-

ated for the presence of MERS-S1-specific IgG by ELISA. All animal

groups immunized s.c. with recombinant subunit vaccine demon-

strated the same or more levels of MERS-S1 IgG specific antibodies at

the later time points as those observed at week 6. Surprisingly, mice

immunized s.c. with rMERS-S1fRS09 had significantly higher levels of

IgG (p< 0.05, one-way ANOVA, followed by Tukey's post-hoc testing)

at week 23 compared with those observed at week 6 (Fig. 4A), and

this was sustained through 55 weeks. Importantly, MNA delivered
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Fig. 1. Construction of recombinant MERS-S1 Foldon subunit vaccines. (A) Schematic diagram of rMERS-S1s. The positions of the RBD (small dots) and transmembrane domain (stripes)

are indicated and S is divided into two subdomains, S1 and S2, at position 751. The vector was used to generate recombinant replication-deficient adenoviruses by homologous recom-

bination with the adenoviral genomic DNA. Arrows showed the cleavage site by TEV protease. Abbreviations are as follows: ITR, inverted terminal repeat; RBD, receptor binding

domain;F, T4 fibritin foldon trimerization domain; Tp, Tobacco Etch Virus (TEV) protease; fliC; Salmonella typhimurium flagellin C (B) Western blot of the supernatant of A549 cells

infected (10MOI) withmock (lane 1 and 5), Ad5.MERS-S1f (lane 2 and 6), Ad5.MERS-S1fRS09 (lane 3 and 7), or Ad5.MERS-S1ffliC (lane 4 and 8), respectively, with anti-6His monoclonal

antibody. The supernatants were resolved on SDS-4~20% polyacrylamide gel after being boiled in 2% SDS sample buffer with or without b-ME. (C) Detection of purified rMERS-S1fs with

mouse sera against Ad5.MERS-S1. The recombinant MERS-S1f proteins were purified using His60 Ni Superflow Resin under native conditions. After cleavage of the fusion protein by

TEV protease, 6xHis tag and protease were removed from the cleavage reaction by affinity chromatography on a nickel chelating resin. Three rMERS-S1fs were coated in 96-well plate

with 200ng/well ELISA and detected with mouse sera against Ad5.MERS-S1. Significance was determined by one-way ANOVA followed by Tukey’s test. *p< 0.05.
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vaccines demonstrated generally increasing (statistically significant)

levels of MERS-S1-specific antibody through the 23- and 55-week

time points (Fig. 4B). No significant difference was observed in the

mice immunized with PBS or Ad5.MERS-S1 at any time point evalu-

ated. These results indicate that MNA-delivered subunit vaccines

induce potent and long-lasting MERS-S1 specific antibody responses

and MNA delivery is a viable approach for the clinical development

of subunit vaccines against emerging infectious diseases such as

COVID-19.

3.5. Immunogenicity of MNA delivered SARS-CoV-2-S1 subunit vaccines

Based on these MERS-S1 vaccine results and the urgency of the

public health threat by COVID-19, we focused our efforts on the

development of SARS-CoV-2-S1 and SARS-CoV-2-S1fRS09 subunit

vaccines (shown in Fig. 5A). The size and trimerization product of the

vaccine was confirmed by western blot (Fig. 5B). The aggregation in

Fig. 5B could be attributed to the trimerization of the S1’s segments

NTD, CTD1, and CDT2 domains or the ability of the histidine tag to oli-

gomerize the tagged proteins [47�49]. We used MNAs to vaccinate

mice with SARS-CoV-2-S1 and SARS-CoV-2-S1fRS09 subunit vac-

cines. Sera was collected prior to immunization (week 0) and at

weeks 1 2, 3, and 4, and evaluated for the presence of SARS-CoV-2-S1

specific antibodies by ELISA as previously described. As shown in

Fig. 5C, significantly high (p< 0.05, one-way ANOVA, followed by

Tukey's post-hoc testing) SARS-CoV-2 IgG responses were detected

as early as week 2 for all subunit vaccines as compared to control

groups. The inclusion of the RS09 ligand in the trimer subunit

resulted in a negligible effect on SARS-CoV-2 specific IgG titers. Fur-

ther, in our preliminary study, the immunogenicity of gamma irradia-

tion sterilized MNA vaccines was comparable to that of unirradiated

MNA vaccines (Data not shown), thereby supporting the feasibility of

gamma irradiation as a terminal sterilization approach for our clinical

MNA-SARS-CoV-2 subunit vaccines.

3.6. Rapid development of clinically applicable MNA SARS-CoV-2 S1

subunit vaccines

Relying on our experience with MERS-CoV and SARS-CoV

vaccines, and our experience with clinical production and human

applications of MNAs, we developed standard operating procedures

(SOPs) for the rapid development of clinic grade MNA SARS-CoV-2

subunit vaccines. Our production strategy and the related timeline is

outlined in Table 1. First, we designed, optimized, and cloned the S1

subunits beginning when the sequence became publicly available.

Subsequently, we produced S1 subunit proteins, purified them, and

Fig. 2. MNA delivered subunit vaccines elicit antibodies recognizing cell surface bound MERS-S proteins. (A) The experimental schedule representing the timeline for the

immunizations. (B) Flow cytometry assay of 293 cells expressing MERS-S at the cell surface. HEK 293 cells were transfected with pAd/MERS-S (gray bar) or control pAd (white bar).

At 36 h post-transfection, binding to MERS-S at the cell surface was analyzed by incubation with mice sera obtained at week 2 after immunization followed by staining with PE-con-

jugated anti-mouse IgG. St Significance was determined by one-way ANOVA followed by Tukey’s test. *p < 0.05.
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Fig. 3. Induction of humoral immune response in mice vaccinated with recombinant MERS-S1 vaccines. BALB/c mice were immunized subcutaneously or intracutaneously

with 20 mg of each rMERS-S1 subunit vaccines s.c., with or without 20 mg of MPLA, or by MNA delivery of the same subunit proteins, or with 1011vp of Ad5.MERS-S1 as a positive

control. On day 14 mice were boosted using the same regimen as the prime immunization. On weeks 0, 2, 4, and 6 after treatment, immune sera from mice were collected, diluted

(200x), and tested for the presence of MERS-S1-specific antibodies by ELISA (A and B) or by MERS-CoV-neutralization assay without dilution (C and D). MERS-CoV virus-neutralizing

titers (VNTs) were measured every week after primary immunization using Vero cells by determining the highest dilution inhibiting MERS-CoV infection by 100%. Significance was

determined by one-way ANOVA followed by Tukey’s test. *p < 0.05.White and black circles in Fig. 3C and D represent week 4 and week 6, respectively.

Fig. 4. Longevity of immune response in mice vaccinated with subunit vaccines. BALB/c mice were immunized with subunit vaccines as described in the Fig. 3 legend. On week

23 and 55 after immunization sera were collected, diluted (200x) in PBS, and tested for the presence of MERS-S1-specific antibodies by ELISA. Significance was determined by one-

way ANOVA followed by Tukey’s test. *p < 0.05.
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then fabricated dissolvable MNAs integrating the protein subunits for

pre-clinical testing in the animal model. Next, we vaccinated mice

with MNA-rSARS-CoV-2 vaccines and began analysis of antibody

responses induced in immunized animals. These preclinical studies

were initiated within 4 weeks of the SARS-CoV-2 spike sequence

becoming publicly available. In parallel, to enable future regulatory

approval and rapid clinical testing, we employed Good Manufactur-

ing Processes (GMP) using a certified master cell bank (MCB) to scale

Fig. 5. Induction of humoral immune response in mice immunized with MNA delivered SARS-CoV-2-S1 vaccines. (A) Schematic diagram of rSARS-CoV-2-S1s. The positions of the

RBD (small dots) and transmembrane domain (stripes) are indicated and S is divided into two subdomains, S1 and S2, at position 681. The SARS-CoV-2-S1 or SARS-CoV-2-S1fRS09

gene was inserted into pmax Cloning expression vector. (B) Western blot of the purified rSARS-CoV-2-S1 (lane 1 and 3) or rSARS-CoV-2-S1fRS09 (lane 2 and 4) proteins with anti-6His

monoclonal antibody. The purified proteins were resolved on 10% Tris/Glycine gel after being boiled in 2% SDS sample buffer with b-ME or in native sample buffer without b-ME. (C)

C57BL/6 mice were immunized intradermally with MNAs containing 20 mg of rSARS-CoV-2-S1 or rSARS-CoV-2-S1fRS09. Immune sera from mice were collected every week, diluted

(100x) in PBS, and tested for the presence of SARS-CoV-2-S1-specific antibodies by ELISA. Significance was determined by one-way ANOVA followed by Tukey’s test. *p< 0.05.
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S1 subunit protein production, purification, and validation, and incor-

porated the subunits into dissolvable MNAs or syringes using pro-

cesses developed through our clinical production and quality control

of MNAs (ClinicalTrials.gov Identifier: NCT02192021). This was fol-

lowed by (1) gamma irradiation to assure sterilization of the vaccine

loaded MNAs and syringes that will be used as control groups in our

clinical trials, and (2) analysis of established release criteria, the latter

of which is now ongoing and will be used for an application for IND

approval that will enable a safety focused phase I clinical trial.

4. Discussion

Here, we present the rapid design and translational development of

MNA SARS-CoV-2 vaccines capable of generating potent antigen-specific

antibody responses by capitalizing on our substantial experience with

Coronavirus vaccines andMNA delivery platforms.

First, we describe the design and production of trimeric recombinant

subunit vaccines against MERS-CoV-S1 with and without integrated

immunostimulatory TLR ligand sequences. We tested the immunoge-

nicity of these vaccine variants delivered either by traditional subcuta-

neous needle injection or using MNAs to more specifically target

vaccine components to the immune fertile skin microenvironment. We

found that MNA delivery of MERS-CoV-S1 vaccines induced stronger

humoral responses than traditional needle injections regardless of the

inclusion of TLR ligand binding sequences (Fig. 3A,B). On the other

hand, integration of the RS09 TLR4 binding sequence in the subunit tri-

mer resulted in relatively stronger antibody responses than those with-

out RS09 when vaccines were delivered by subcutaneous injection

(Fig. 3A). Interestingly, the inclusion of the flagellin TLR5 binding

sequence had no effect on the immunogenicity of the s.c. delivered vac-

cines (Fig. 3B). Importantly, significant neutralizing activity was

observed in vaccinated animals at week 6. Consistent with previous IgG

results, the presence of RS09 in the subunit trimer improved the neu-

tralization function of antibodies from s.c. immunized mice, and this

was the only immunogen that resulted in significant neutralization.

Notably, MNA delivery was more effective in eliciting neutralizing anti-

bodies for all vaccines. All MNA vaccines generated higher levels of neu-

tralizing antibody, even beyond those induced by an s.c. delivered

MPLA adjuvanted vaccine, and similar to those seen following the deliv-

ery of the rMERS-S1f construct via recombinant adenoviral vector.

Though levels of neutralizing antibody were elevated in mice immu-

nized with trimers including either RS09 or flagellin, these increases

were not statistically significant when compared to the MNA vaccine

alone (Fig. 3C,D). Thus, though the contributions of the integrated TLR

ligands to the strong immune responses induced by MNA vaccines

appear to be minimal, they provide promising benefit for s.c. vaccine

administration, and their potential for contribution to immunogenicity

in humans has yet to be determined. Importantly, we and others have

shown effective protection against MERS-CoV challenge in hDPP4-

expressing mice at comparable or lower neutralizing titers in previous

passive immunotherapy studies with MERS-CoV-specific antibodies or

neutralizing sera obtained fromMERS-CoV immune humans or animals

[50�53]. Furthermore, we have previously demonstrated that antibod-

ies directed against S1 domain of the spike protein, as detected in our

study by ELISA, exert neutralizing activity against live coronaviruses

[54].

Based on our results with MERS-CoV-S1 vaccines, we focused our

efforts to develop MNA SARS-CoV-2 vaccines. Using the described

approach, within three weeks of publication of the SARS-CoV-2- spike

glycoprotein sequence, we produced both rSARS-CoV-S1 and rSARS-

CoV-S1fRS09 immunogens and fabricated dissolvable MNAs incorporat-

ing these vaccines in quantities sufficient for pre-clinical testing. MNA

delivery of either rSARS-CoV-2-S1 or rSARS-CoV-2-S1fRS09 induced

substantial and statistically significant increases in antigen-specific anti-

bodies responses as soon as week 2 compared to pre-immunization and

week 1 responses. The inclusion of RS09 did not have a significant effect

on antibody titer at the 2, 3, or 4-week time points. Furthermore, the

immunogenicity of MNA vaccines was maintained after gamma irradia-

tion sterilization, suggesting a viable method to assure sterility of our

MNA vaccines for clinical applications. The significant antibody titers

we observed at the early time points before boosting strongly supports

the feasibility of our MNA-SARS-CoV-2 vaccines, particularly in the

context of similar results obtained with the analogous MERS-CoV-S1

constructs under the same conditions.

Neutralization assays are important to ensure antibody function;

however, at this early timepoint, we do not have access to validated

assays for neutralizing antibodies against SARS-CoV-2. Further, at the

time of submission of this manuscript, we are just over four weeks

post-immunization and based on our MERS-CoV studies, the reliable

detection of neutralizing SARS-CoV-2 antibodies may require at least

six weeks post immunization. We speculate that this delay in the

neutralizing response is likely a result of the time needed for affinity

maturation of the SARS-CoV-2 neutralizing IgG antibodies. However,

we believe that MNA-SARS-CoV-2 vaccines will very likely induce

neutralizing immunity as suggested by the vigorous early antibody

responses, and commonalities between both the vaccines and the

Table 1

Timeline for the development of SARS-CoV-2 subunit vaccines.
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viruses. Accordingly, even though it is still early to predict whether

humans immunized with these vaccine candidates will have similar

responses and be protected from SARS-CoV-2 or MERS-CoV infec-

tions, our studies demonstrate that development, production, and

initial animal testing of clinically translatable MNA vaccine candi-

dates against SARS-CoV-2 and other emerging infections can be rap-

idly accomplished. Studies directly assessing important correlates of

human efficacy would provide additional support for efficacy in

humans. In this regard it will be important to determine whether

antibodies from MNA-SARS-CoV-2 immunized animals will neutral-

ize virus infectivity. Further, the demonstration of protection from

infection in animal challenge models, such as the hACE2 transgenic

mouse model, would be informative. We plan to do these studies

when these models are developed and validated. Finally, we note

that the immunogenicity differences between MNA coronavirus vac-

cines and coronavirus vaccines delivered by traditional needle injec-

tion that we observe will need to be evaluated in clinical trials to

establish the clinical advantages of MNA delivery.

Microneedle array mediated immunization has several mechanistic

differences from traditional intramuscular or subcutaneous needle

injections, which could explain the variations in the magnitude and

kinetics of the ensuing responses [55�59]. The skin is immunologically

reactive and contains a high density of antigen presenting and

immune-accessory cells with innate immune function including kera-

tinocytes, mast cells, and innate lymphocytes [25,60�62]. Redundant

skin immunoregulatory circuits can respond to a wide variety of dam-

age or infection related signals to rapidly orchestrate an innate

immune response [62�64]. Further, MNAs deliver vaccine compo-

nents to a defined 3D space within the skin microenvironment which

results in very high vaccine concentrations with relatively low dose

antigen delivery. MNA delivery of antigens to targeted skin microen-

vironments results in prolonged exposure of skin resident antigen pre-

senting cells and other innate immune cells to the skin delivered

components [65]. Moreover, transient mechanical stress from micro-

needle insertion can induce a natural local innate immune response

which can serve as a physical adjuvant to enhance antigen-specific

adaptive immunity [57]. MNA delivery of lower doses to a localized 3D

space improves safety by reducing systemic exposure [27]. Further,

MNA delivery has the potential to accelerate the process of vaccine

production and to significantly reduce cost by considerably reducing

the required vaccine doses [58]. The stability studies with our MNA

SARS-CoV-2 vaccines are currently in progress, however; there is evi-

dence in the literature that vaccine components including proteins are

typically stabilized by integration into the MNA polymer matrix, and

retain their conformational structures, as evidenced by maintenance

of antibody binding function [29,66] or retained immunogenicity of

recombinant adenovirus vaccines for at least a month at 25 °C [67].

Thus, MNA vaccines offer the potential to eliminate the substantial

costs associated with the “cold chain” necessary for current vaccines

[34,68]. Finally, the MNAs described here are designed to be applied

without the need for an applicator or any specialized equipment,

supporting the potential for self-administration. As such, these

features provide several important advantages that support the future

development of MNA vaccines for global protection from rapidly

emerging infectious diseases.

Taken together, our studies demonstrate the speed at which vac-

cines against emerging infections can be designed and produced using

the recent advances in recombinant DNA technology. Combining

emerging biotechnology methods with bioengineering advances in

vaccine delivery strategies, it may now be possible to rapidly produce

clinically-translatable vaccines against novel pathogens for human

testing and subsequent global distribution in time to significantly

impact the spread of disease.

Acknowledgments

AG is funded by NIH NIAID (R21-AI114264) and LDF is funded by

NIH NIAMS (R01-AR074285, R01-AR071277, and R01-AR068249 to

LDF). SCB is supported by a fellowship from the NIH National Cancer

Institute (T32-CA175294). These funding institutions had no role in

the study design, data collection, data analysis, and interpretation of

this publication.

References

[1] Zaki AM, van Boheemen S, Bestebroer TM, Osterhaus AD, Fouchier RA. Isolation of

a novel coronavirus from a man with pneumonia in Saudi Arabia. N Engl J Med
2012;367(19):1814–20.

[2] (WHO) WHO. Middle East respiratory syndrome coronavirus (MERS-CoV).

Geneva, Switzerland. Available from: http://www.who.int/emergencies/mers-
cov/en/. 2018[cited 2018 November 20].

[3] Nishiura H, Endo A, Saitoh M, et al. Identifying determinants of heterogeneous
transmission dynamics of the Middle East respiratory syndrome (MERS) outbreak

in the Republic of Korea, 2015: a retrospective epidemiological analysis. BMJ
Open 2016;6(2):e009936.

[4] Park HY, Lee EJ, Ryu YW, et al. Epidemiological investigation of MERS-CoV spread

in a single hospital in South Korea, May to June 2015. Euro Surveill Bull Eur Sur
Les Malad Transm Eur Commun Disease Bull 2015;20(25):1–6.

[5] Al-Omari A, Rabaan AA, Salih S, Al-Tawfiq JA, Memish ZA. MERS coronavirus out-
break: Implications for emerging viral infections. Diagnostic Microbiol Infect Dis-

ease 2018.

[6] WHO. Annual review of the Blueprint list of priority diseases. Geneva, Switzer-
land. Available from: http://www.who.int/blueprint/priority-diseases/en/. 2018.

[7] Lu G, Hu Y, Wang Q, et al. Molecular basis of binding between novel human coro-
navirus MERS-CoV and its receptor CD26. Nature 2013;500(7461):227–31.

[8] Raj VS, Mou H, Smits SL, et al. Dipeptidyl peptidase 4 is a functional receptor for

the emerging human coronavirus-EMC. Nature 2013;495(7440):251–4.
[9] Wang N, Shi X, Jiang L, et al. Structure of MERS-CoV spike receptor-binding

domain complexed with human receptor DPP4. Cell Res 2013;23(8):986–93.
[10] Chen Y, Rajashankar KR, Yang Y, et al. Crystal structure of the receptor-binding

domain from newly emerged Middle East respiratory syndrome coronavirus. J
Virol 2013;87(19):10777–83.

[11] Indermun S, Luttge R, Choonara YE, et al. Current advances in the fabrication of

microneedles for transdermal delivery. J Controll Rel 2014;185:130–8.
[12] Kim E, Okada K, Kenniston T, et al. Immunogenicity of an adenoviral-based Mid-

dle East Respiratory Syndrome coronavirus vaccine in BALB/c mice. Vaccine
2014;32(45):5975–82.

[13] Song HC, Seo MY, Stadler K, et al. Synthesis and characterization of a native, oligo-

meric form of recombinant severe acute respiratory syndrome coronavirus spike
glycoprotein. J Virol 2004;78(19):10328–35.

[14] Li J, Ulitzky L, Silberstein E, Taylor DR, Viscidi R. Immunogenicity and protection
efficacy of monomeric and trimeric recombinant SARS coronavirus spike protein

subunit vaccine candidates. Viral Immunol 2013;26(2):126–32.
[15] Bhardwaj A, Walker-Kopp N, Wilkens S, Cingolani G. Foldon-guided self-assembly

of ultra-stable protein fibers. Protein Sci Publ Prot Soc 2008;17(9):1475–85.

[16] Tao Y, Strelkov SV, Mesyanzhinov VV, Rossmann MG. Structure of bacteriophage
T4 fibritin: a segmented coiled coil and the role of the C-terminal domain. Struc-

ture 1997;5(6):789–98.
[17] Krammer F, Margine I, Tan GS, Pica N, Krause JC, Palese P. A carboxy-terminal

trimerization domain stabilizes conformational epitopes on the stalk domain of

soluble recombinant hemagglutinin substrates. PloS One 2012;7(8):e43603.
[18] Grundner C, Li Y, Louder M, et al. Analysis of the neutralizing antibody response

elicited in rabbits by repeated inoculation with trimeric HIV-1 envelope glycopro-
teins. Virology 2005;331(1):33–46.

[19] Tai W, Zhao G, Sun S, et al. A recombinant receptor-binding domain of MERS-CoV
in trimeric form protects human dipeptidyl peptidase 4 (hDPP4) transgenic mice

fromMERS-CoV infection. Virology 2016;499:375–82.

[20] Shanmugam A, Rajoria S, George A, Mittelman A, Suriano R, Tiwari R. Synthetic
Toll like receptor-4 (TLR-4) agonist peptides as a novel class adjuvants. Plos One

2012;7(2):e30839.
[21] Song L, Xiong D, Kang X, et al. An avian influenza A (H7N9) virus vaccine candidate

based on the fusion protein of hemgglutinin globular head and Salmonella typhimu-

rium flagelllin. BMC Biotechnol 2015;15:79.
[22] Lopez-Boado Y, Cobb L, Deora R. Bordetella bronchiseptica flagellin is a proinflam-

matory determinant for airway epithelial cells. Infect Immun 2005;73(11):7525–34.
[23] Skountzou I, P MM, Wang B, et al. Salmonella flagellins are potent adjuvants for

intranasally administered whole inactivated influenza vaccine. Vaccine 2010;28
(24):4103–12.

[24] Kashem SW, Haniffa M, Kaplan DH. Antigen-Presenting Cells in the Skin. Ann Rev

Immunol 2017;35:469–99.
[25] Kabashima K, Honda T, Ginhoux F, Egawa G. The immunological anatomy of the

skin. Nat Rev Immunol 2019;19(1):19–30.
[26] Lee JW, Park JH, Prausnitz MR. Dissolving microneedles for transdermal drug

delivery. Biomaterials 2008;29(13):2113–24.

ARTICLE IN PRESS
JID: EBIOM [m5G;April 1, 2020;16:51]

Please cite this article as: E. Kim et al., Microneedle array delivered recombinant coronavirus vaccines: Immunogenicity and rapid

translational development, EBioMedicine (2020), https://doi.org/10.1016/j.ebiom.2020.102743

E. Kim et al. / EBioMedicine 00 (2020) 102743 11

http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0001
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0001
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0001
http://www.who.int/emergencies/mers-cov/en/
http://www.who.int/emergencies/mers-cov/en/
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0002
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0002
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0002
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0002
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0003
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0003
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0003
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0004
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0004
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0004
http://www.who.int/blueprint/priority-diseases/en/
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0005
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0005
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0006
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0006
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0007
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0007
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0008
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0008
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0008
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0009
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0009
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0010
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0010
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0010
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0011
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0011
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0011
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0012
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0012
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0012
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0013
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0013
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0014
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0014
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0014
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0015
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0015
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0015
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0016
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0016
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0016
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0017
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0017
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0017
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0018
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0018
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0018
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0019
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0019
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0019
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0020
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0020
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0021
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0021
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0021
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0022
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0022
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0023
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0023
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0024
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0024
https://doi.org/10.1016/j.ebiom.2020.102743


[27] Balmert SC, Carey CD, Falo GD, et al. Dissolving undercut microneedle arrays for

multicomponent cutaneous vaccination. J Control Release 2020;317:336–46.
[28] Prausnitz MR, Langer R. Transdermal drug delivery. Nature Biotechnol 2008;26

(11):1261–8.
[29] Korkmaz E, Friedrich EE, Ramadan MH, et al. Therapeutic intradermal delivery of

tumor necrosis factor-alpha antibodies using tip-loaded dissolvable microneedle

arrays. Acta Biomater 2015;24:96–105.
[30] Sullivan SP, Koutsonanos DG, Del Pilar Martin M, et al. Dissolving polymer micro-

needle patches for influenza vaccination. Nat Med 2010;16(8):915–20.
[31] Quan F-S, Kim Y-C, Compans RW, Prausnitz MR, Kang S-M. Dose sparing enabled by

skin immunization with influenza virus-like particle vaccine using microneedles.

J Controll Rel 2010;147(3):326–32.
[32] Bediz B, Korkmaz E, Khilwani R, et al. Dissolvable microneedle arrays for intradermal

delivery of biologics: fabrication and application. Pharmaceut Res 2014;31(1):117–35.
[33] Mistilis MJ, Bommarius AS, Prausnitz MR. Development of a thermostable micro-

needle patch for influenza vaccination. J Pharmaceut Sci 2015;140(2):740–9.
[34] Mistilis MJ, Joyce JC, Esser ES, et al. Long-term stability of influenza vaccine in a

dissolving microneedle patch. Drug Delivery Transl Res 2017;7:195–205.

[35] Fernando GJP, Hickling J, Jayashi Flores CM, et al. Safety, tolerability, acceptability and
immunogenicity of an influenza vaccine delivered to human skin by a novel high-

density microprojection array patch (Nanopatch). Vaccine 2018;36(26):3779–88.
[36] Rouphael NG, Paine M, Mosley R, et al. The safety, immunogenicity, and accept-

ability of inactivated influenza vaccine delivered by microneedle patch (TIV-MNP

2015): a randomised, partly blinded, placebo-controlled, phase 1 trial. Lancet
2017;390(10095):649–58.

[37] Norman JJ, Arya JM, McClain MA, Frew PM, Meltzer MI, Prausnitz MR. Micronee-
dle patches: Usability and acceptability for self-vaccination against influenza.

Vaccine 2014;32(16):1856–62.
[38] Boopathy AV, Mandal A, Kulp DW, et al. Enhancing humoral immunity via sus-

tained-release implantable microneedle patch vaccination. Proc Natl Acad Sci

USA 2019;116(33):16473–8.
[39] Al-Kasasbeh R, Brady AJ, Courtenay AJ, et al. Evaluation of the clinical impact of

repeat application of hydrogel-forming microneedle array patches. Drug Delivery
Transl Res Cite Article 2020;466(13).

[40] Kim E, Erdos G, Huang S, Kenniston T, Falo Jr. LD, Gambotto A. Preventative Vaccines

for Zika Virus Outbreak: Preliminary Evaluation. EBioMedicine 2016;13:315–20.
[41] Gao W, Soloff AC, Lu X, et al. Protection of mice and poultry from lethal H5N1 avian

influenza virus through adenovirus-based immunization. J Virol 2006;80(4):1959–64.
[42] Steitz J, Barlow PG, Hossain J, et al. A candidate H1N1 pandemic influenza vaccine

elicits protective immunity in mice. PloS One 2010;5(5):e10492.
[43] Hardy S, Kitamura M, Harris-Stansil T, Dai Y, Phipps ML. Construction of adenovi-

rus vectors through Cre-lox recombination. J Virology 1997;71(3):1842–9.

[44] Mata-Haro V, Cekic C, Martin M, Chilton P, Casella C, Mitchell T. The vaccine adju-
vant Monophosphoryl Lipid A as a TRIF-biased agonist of TLR4. Science

2007;5831:1628–32.
[45] Yang X, Lee J, Mahony EM, Kwong PD, Wyatt R, Sodroski J. Highly stable trimers

formed by human immunodeficiency virus type 1 envelope glycoproteins fused

with the trimeric motif of T4 bacteriophage fibritin. J Virol 2002;76(9):4634–42.
[46] Yu F, Li Y, Guo Y, et al. Intranasal vaccination of recombinant H5N1 HA1 proteins

fused with foldon and Fc induces strong mucosal immune responses with neu-
tralizing activity: Implication for developing novel mucosal influenza vaccines.

Human Vaccines Immunotherapeut 2015;11(12):2831–8.

[47] Gui M, Song W, Zhou H, et al. Cryo-electron microscopy structures of the SARS-
CoV spike glycoprotein reveal a prerequisite conformational state for receptor

binding. Cell Res 2017;27:119–29.

[48] Wu J. Filutowicz M. Hexahistidine (His6)-tag dependent protein dimerization: A

cautionary tale. Acta Biochim Polon 1999;46(3):591–9.
[49] Haglin E, Yang W, Briegel A, Thompson L. His-tag-mediated dimerization of che-

moreceptors leads to assembly of functional nanoarrays. Biochemistry 2017;56
(44):5874–85.

[50] Zhao J, Perera R, Kayali G, Meyerholz D, Perlman S. Passive immunotherapy with

dromedary immune serum in an experimental animal model for middle east
respiratory syndrome coronavirus infection. J Virol 2015;89(11):6117–20.

[51] Raj V, Okba N, Alvarez J, et al. Chimeric camel/human heavy-chain antibodies pro-
tect against MERS-CoV infection. Stalin Raj V, et al. Sci Adv 2018;4(8):eaas9667.

2018;4(8): eaas9667.

[52] Pascal K, Coleman C, Mujica A, et al. Pre-and postexposure efficacy of fully human
antibodies against Spike protein in a novel humanized mouse model of MERS-

CoV infection. Proc Natl Acad Sci U S A 2015;112(28):8738–43.
[53] Widjaja I, Wang C, Haperen R, et al. Towards a solution to MERS: protective

human monoclonal antibodies targeting different domains and functions of
the MERS-coronavirus spike glycoprotein. Emerg Microbes Infect 2019;8

(1):516–30.

[54] Okba N, Raj V, Widjaja I, et al. Sensitive and specific detection of low-level anti-
body responses in mild middle east respiratory syndrome coronavirus infections.

Emerg Infect Dis 2019;25(10):1868–77.
[55] Zhao Z, Ukidve A, Dasgupta A, Mitragotri S. Transdermal immunomodulation:

Principles, advances and perspectives. Adv Drug Deliv Rev 2018;127:3–19.

[56] Prausnitz MR. Engineering Microneedle Patches for Vaccination and Drug Deliv-
ery to Skin. Annu Rev Chem Biomol Eng 2017;8:177–200.

[57] Depelsenaire AC, Meliga SC, McNeilly CL, et al. Colocalization of cell death with
antigen deposition in skin enhances vaccine immunogenicity. J Investigat Derma-

tol 2014;134(9):2361–70.
[58] Arya J, Prausnitz MR. Microneedle patches for vaccination in developing coun-

tries. J Controll Rel 2016;240:135–41.

[59] Hegde NR, Kaveri SV, Bayry J. Recent advances in the administration of vaccines
for infectious diseases: microneedles as painless delivery devices for mass vacci-

nation. Drug Discovery Today 2011;16(23/24):1061–8.
[60] Mathers AR, Larregina AT. Professional antigen-presenting cells of the skin.

Immunol Res 2006;36(1-3):127–36.

[61] Morelli AE, Rubin JP, Erdos G, et al. CD4+ T cell responses elicited by different sub-
sets of human skin migratory dendritic cells. J Immunol 2005;175:7905–15.

[62] Sumpter T, Balmert S, Kaplan D. Cutaneous immune responses mediated by den-
dritic cells and mast cells. JCI Insight 2019;4(1):e123947.

[63] Quaresma JA. Organization of the skin Immune system and compartmentalized
immune responses in infectious diseases. ClinMicrobiol Rev 2019;32(4) e00034-18.

[64] Cohen JA, Wu J, Kaplan DH. Neuronal regulation of cutaneous immunity. Journal

of Immunology 2020;204(2):264–70.
[65] Zhao X, Birchall JC, Coulman SA, et al. Microneedle delivery of autoantigen for

immunotherapy in type 1 diabetes. J Controll Rel 2016;223.
[66] Korkmaz E, Friedrich EE, Ramadan MH, et al. Tip-Loaded Dissolvable Micro-

needle Arrays Effectively Deliver Polymer-Conjugated Antibody Inhibitors of

Tumor-Necrosis-Factor-Alpha Into Human Skin. J Pharm Sci-Us 2016;105
(11):3453–7.

[67] Bachy V, Hervouet C, Becker PD, et al. Langerin negative dendritic cells promote
potent CD8+ T-cell priming by skin delivery of live adenovirus vaccine micronee-

dle arrays. Proc Nat Acad Sci USA 2013;110(8):3041–6.

[68] Chu LY, Ye L, Dong K, Compans RW, Yang C, Prausnitz MR. Enhanced stability of
inactivated influenza vaccine encapsulated in dissolving microneedle patches.

Pharmaceut Res 2016;33:868–78.

ARTICLE IN PRESS
JID: EBIOM [m5G;April 1, 2020;16:51]

Please cite this article as: E. Kim et al., Microneedle array delivered recombinant coronavirus vaccines: Immunogenicity and rapid

translational development, EBioMedicine (2020), https://doi.org/10.1016/j.ebiom.2020.102743

12 E. Kim et al. / EBioMedicine 00 (2020) 102743

http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0025
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0025
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0026
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0026
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0027
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0027
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0027
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0028
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0028
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0029
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0029
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0029
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0030
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0030
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0031
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0031
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0032
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0032
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0033
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0033
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0033
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0034
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0034
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0034
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0034
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0035
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0035
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0035
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0036
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0036
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0036
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0037
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0037
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0037
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0038
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0038
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0039
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0039
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0040
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0040
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0041
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0041
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0042
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0042
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0042
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0043
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0043
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0043
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0044
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0044
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0044
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0044
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0045
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0045
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0045
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0046
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0046
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0047
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0047
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0047
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0048
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0048
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0048
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0049
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0049
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0049
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0050
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0050
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0050
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0051
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0051
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0051
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0051
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0052
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0052
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0052
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0053
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0053
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0054
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0054
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0055
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0055
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0055
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0056
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0056
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0057
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0057
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0057
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0058
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0058
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0059
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0059
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0059
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0060
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0060
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0061
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0061
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0062
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0062
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0063
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0063
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0064
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0064
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0064
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0064
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0065
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0065
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0065
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0066
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0066
http://refhub.elsevier.com/S2352-3964(20)30118-3/sbref0066
https://doi.org/10.1016/j.ebiom.2020.102743

	Microneedle array delivered recombinant coronavirus vaccines: Immunogenicity and rapid translational development
	1. Introduction
	2. Materials and methods
	2.1. Construction of adenoviral vectors and plasmids
	2.2. Purification of recombinant proteins
	2.3. SDS-PAGE and Western blot
	2.4. Fabrication of dissolvable microneedle arrays
	2.5. Animals and Immunization
	2.6. FACS analysis
	2.7. ELISA
	2.8. MERS-CoV neutralization assay
	2.9. Statistical analysis

	3. Results
	3.1. Construction and characterization of recombinant proteins
	3.2. Detection of membrane-bound MERS-S-specific antibodies
	3.3. Induction of humoral immune response to MERS-S1
	3.4. Longevity of the immune response in mice vaccinated with subunit vaccines
	3.5. Immunogenicity of MNA delivered SARS-CoV-2-S1 subunit vaccines
	3.6. Rapid development of clinically applicable MNA SARS-CoV-2 S1 subunit vaccines

	4. Discussion
	Acknowledgments
	References


