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Nanoparticles are playing an increasingly powerful role in vaccine development. Here, we report the repurposing of nonstructural
proteins 10 and 11 (hereafter NSP10) from the replicase polyprotein 1a (pp1a) of the human SARS coronavirus (severe acute
respiratory syndrome) as a novel self-assembling platform for bioengineered nanoparticles for a variety of applications including
vaccines. NSP10 represents a 152 amino acid, 17 kD zinc finger transcription/regulatory protein which self-assembles to form a
spherical 84 Å diameter nanoparticle with dodecahedral trigonal 32 point symmetry. As a self-assembling nanoparticle, NSP10
possesses numerous advantages in vaccine development and antigen display, including the unusual particle surface disposition
of both the N- and C-termini. Each set of N- or C-termini is spatially disposed in a tetrahedral arrangement and positioned at
optimal distances from the 3-fold axes (8-10Å) to nucleate and stabilize the correct folding of complex helical or fibrous
trimeric receptors, such as those responsible for viral tropism and cell infection. An application example in the exploratory
development of a therapeutic vaccine for idiopathic pulmonary fibrosis (IPF), including preliminary analysis and immunogenic
properties, is presented. The use of this system could accelerate the discovery and development of vaccines for a number of
human, livestock, and veterinary applications.

1. Introduction

Nanoparticle-based materials are an area of extensive
research, largely due to the changes in physical properties
of materials as they approach the 10 nm size. Their composi-
tions are varied and include a full spectrum of pure or com-
posite materials which can range from metals, such as gold
or silver to biological-based particles, which include viruses
or engineered virus-like particles (VLP).

A particularly powerful application of VLPs is to create
fusion proteins which display microbial or viral antigens on
the nanoparticle surface. It has been shown that VLP antigen
fusions can dramatically enhance the magnitude (10- to 100-
fold) and quality of the immune response [1–4]. VLPs can in
some cases aid in the formation and display of viral receptor
stems with native oligomeric structure, an essential property

of effective vaccines which elicit potent and broadly neutral-
izing antibodies. These viral receptors are considered among
the most important immunization targets in vaccine devel-
opment since they are often key in eliciting neutralizing anti-
bodies that prevent viral infection by blocking the viral
receptor interaction or preventing the conformational transi-
tion required for subsequent membrane fusion. Viruses
employ such receptors either directly on capsid surface or
extending from the surface in helical or fibrous trimeric
stems. Important examples of viruses that utilize trimeric
stem-based receptor assemblies include influenza virus,
human immunodeficiency virus (HIV), Ebola virus, and
viruses of the coronavirus, reovirus, and adenovirus families.
However, the engineering and display of trimeric receptors
on VLPs can be limited by the sequence polarity required
for the protein fusions. This is because the protein sequence

Hindawi
Journal of Nanomaterials
Volume 2020, Article ID 4297937, 10 pages
https://doi.org/10.1155/2020/4297937

https://orcid.org/0000-0001-5170-7311
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/4297937


polarity of the receptor stem as it extends from the virus or
nanoparticle surface dictates the requirement for C- or N-
terminus VLP fusion. For example, the viral receptor stems
of influenza virus, HIV, Ebola virus, and the coronaviruses
all require fusion through the N-terminus of the VLP, while
those of the reovirus and adenovirus families, the C-
terminus. Most importantly, a critical requirement for engi-
neering VLP display of these receptors is a trimeric disposed
arrangement of the N- or C-termini on the VLP surface
with appropriate radial spacing from 3-fold symmetry
elements.

One highly successful example of a nonviral-based VLP
self-assembling nanoparticle system is ferritin [1]. Ferritin
is an iron storage protein found in all living systems which
self-assembles into a 24-mer capsid having 432 cubic point
group symmetry with a diameter of 12 nm [5]. In the case
of ferritin, the N-termini of each of the 24 monomeric units
terminate on the capsid surface, making it possible to engi-
neer fusion proteins to display antigens and create vaccines.
It has been exploited for the exploration of a number of
vaccines [2–4, 6] and notably promoted by the National
Institutes of Health (NIH) as the path to the universal flu
vaccine [7]. Most recently, ferritin has been used to delin-
eate immune-mediated glycosylation-dependent recogni-
tion pathways which further emphasizes the advantages
of nanoparticle-based vaccines and may have broad impli-
cations in future vaccine design [6].

Here, we report the repurposing of coronavirus NSP10-
type proteins as bioengineered self-assembling nanoparticles
for a variety of applications including vaccine development
[8]. Structurally, NSP10 is a 17 kD protein which self-
assembles into a spherical dodecahedral nanoparticle with
trigonal 32 point symmetry (Figure 1) having an outer
diameter of 84Å and an inner hollow core of 36Å diameter
(Su et al., 2006; PDB identifier: 2G9T, UniProt sequence
identifier P0C6U8). NSP10s represent a family of proteins
that have only been identified in the coronavirus genus
(groups I, II, and III), share no sequence homology with
any other known proteins, and are highly conserved within
the coronavirus genus implying the overall importance in
the viral transcription machinery and a common oligomeric
assembly. They are components of the replicase polyprotein
1a (pp1a) of the human SARS coronavirus (severe acute
respiratory syndrome) which contains 11 proteins (nonstruc-
tural proteins, NSP1-11) produced by viral specific cleavage
upon productive infection. The polyprotein pp1a sequence
encompassing residues 4231 to 4382 represents a 152 amino
acid zinc finger transcription/regulatory protein which is
comprised of both nonstructural proteins 10 and 11
(NSP10 and NSP11). Hereafter, as in Su et al (2006), we refer
to this 152 amino acid protein for convenience as NSP10, as
well as reflect a new primary sequence numbering of 1 to 152.

The folding topology of NSP10 is a mixed alpha helical
and beta sheet structure which can be further described as
having two pseudo-subdomains, a small alpha helical bundle,
we denote as subdomain I (residues and helical regions 1-39;
70-91; 104-115) and a small beta sheet domain, we denote as
subdomain II (residues 40–70; 90-105). The helical subdo-
mains I self-associate to form a trimer interaction at the four

capsid N-terminal threefold axes and subdomains II self-
associate as trimeric units on the four C-terminal threefold
axes. One zinc binding site was observed by crystallography
at the interface between the two subdomains in addition to
three other zinc sites located within subdomain II near the
C-terminus [9]. The essential capsid encompasses residues
9-129 and hereafter it is this truncated sequence that consti-
tutes the NSP10 used in the subsequent fusion protein
design, vida infra.

The particle symmetry can be conceptualized as a
trigonal pyramid (tetrahedron) where there are two sets of
tetrahedral disposed threefold axes: (1) those located at each
pyramid apex and (2) those located at the center of each
lateral face (Figure 2). This provides the capability to create
surface displayed protein fusions at either terminus. In
addition to the monomeric display of protein and peptide
antigens, each set of N- or C-termini is positioned radially
at optimal distances from the 3-fold axes (8-10Å) to nucleate
and stabilize the correct folding of complex helical or fibrous
trimeric receptors, such as those responsible for viral tropism
and cell infection. This feature is an important and rare fea-
ture of this protein which is of further potential advantage
since there is compelling evidence that a trimeric scaffold is
essential to nucleate and stabilize the proper native structural
assembly of fibrous trimeric stems, and possibly other impor-
tant trimeric assemblies [10, 11].

The capsid allows for a total of 24 displays of peptide or
protein fusions on the particle surface with 12 from the
N-terminus and 12 from the C-terminus. In the case of
trimeric stem displays, such as through a hemagglutinin

Figure 1: Structure of the NSP10 dodecamer NSP10 dodecahedron
as viewed down one of the threefold axes showing the close
association of the three N-terminal helices of subdomain I. Each
monomeric protein, twelve in total, is shown in a different color.
An important consequence of the NSP10 particle point symmetry
(point group 32) is that each N-terminal threefold set has a
corresponding C-terminal set which is collinear on the same 3-fold
axis, but located on the directly opposite capsid surface. The
depicted NSP10 oligomer represents residues 9 to 129. The
illustration was created using coordinates from the Protein Data
Bank (PDB): 2G9T [9] and the program Chimera.
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fusion (N-terminal fusion), this creates a tetrahedral display
as shown in Figure 3(a). The C-termini, shown as red patches
on the particle surface in Figure 3(a), allow for the potential
of multivalent vaccines, such as a complimentary tetrahedral
stem display (Figure 3(b)). Thus, in principle, any number of
combinations can be explored. For example, there can be
combinations of stems and monomeric antigen displays at
the opposite terminus or one set can incorporate affinity tags
for isolation and purification. In DNA vaccine applications,
polycistronic expression can be employed where a viral stem,
such as hemagglutinin, can be held constant while additional
important antigens/proteins are varied at the C-terminus
creating a nanoparticle displaying a homogeneous hemagglu-
tinin and a mixture of other important antigens. Clearly, the
useful variations which can be explored are manifold.

Although, like ferritin, the NSP10 family of proteins can
have many other nanomaterial applications, we limit our dis-
cussions to applications in antigen presentation and related
therapeutic or vaccine development, and provide an illustra-
tive example in the design of a vaccine for Herpesvirus
saimiri, (HVS) implicated in IPF [12]. HVS is a ɣ2-herpesvi-
rus or rhadinovirus related to the human Kaposi’s sarcoma-
associated herpesvirus [13]. In its natural host, the squirrel
monkey (Saimiri sciureus), it does not cause disease and most
animals are asymptomatic [13]. However, in new world
monkeys and other more dissimilar animals including
poultry, it contributes to disease with high morbidity and
mortality [13, 14]. Although there is no general consensus
on the etiological agent for IPF, the virus theory is compelling
for many reasons including the evidence of the role of
gamma herpesviruses in the induction of progressive
IPF-like diseases in horses and other mammals [14, 15] and

observations of the positive effects of administered antivirals
in animal model systems of IPF [16].

In humans, IPF is a degenerative lung disease charac-
terized by invasive myofibroblast which remodel and
destroy lung epithelial tissue and function [17]. The dis-
ease is usually diagnosed later in life as the symptoms
become apparent with the majority of the patients in their
50s and 60s. IPF affects approximately 200,000 individuals
in the United States and is typically fatal within 3 to 5
years of diagnosis [18–21]. Mortality from this disease
has been increasing significantly over the past decade
and most recent studies estimate an average incidence of
50 per 100,000 in the United States [22]. Whether this
increased incidence is related to improved diagnosis, such
as through modern noninvasive imaging, remains unclear.
Currently, there are two FDA-approved drugs for the treat-
ment of patients with IPF, pirfenidone [20] and nintedanib
[21]; both of which can slow the progression of disease, but
are not well tolerated by many patients. There is currently
no cure for IPF, and new more effective treatments are
urgently needed.

For this NSP10 vaccine application, we have chosen to
focus on the assumption that HVS is the etiological agent
for IPF based on the scientifically compelling work of Folcik
et al. (2014). Research towards effective herpesvirus vaccines,
such as vaccine candidates for HHS-2 which incorporate
appropriate adjuvants combined with viral proteins such as
gD and UL40, exhibit promising signs of progress in animals
[23]. However, despite continuing advances with vaccines for
human herpesviruses and Epstein-Barr virus, progress has
thus far been challenging and currently there are no regis-
tered vaccines for a herpesvirus. Based on the encouraging
progress by others and our goal of creating a nanoparticle-
based therapeutic vaccine against HVS versus the more chal-
lenging prophylactic vaccine, we chose to focus our initial
efforts on establishing a framework for the NSP10 nanoparti-
cle fusion of HVS gD alone. Gamma herpesvirus gD is one of
the 4 proteins (gB, gD, and heterodimer gH/gL) involved in
the complex fusion mechanism employed by all herpesvi-
ruses [24] and as such has been included as a component of
vaccine development for herpesviruses, including human
herpes virus-2 (HHS-2) [23]. Among the four fusion pro-
teins, gD is the only one absolutely essential for viral infec-
tion. In further support of the selection, gD proteins with
single point mutations have rendered engineered HHS-1
constructs noninfective [25] and the sera from HHS-
positive patients virtually all have neutralizing antibodies to
both gD and gB [26]. While there has been early published
research exploring a vaccine from killed HVS virus for the
prevention of neoplasia induced by HVS in nonhuman pri-
mates [27], to our knowledge, the work described here repre-
sents the first attempt to make a vaccine as an approach for
the treatment of IPF in humans.

2. Results

2.1. Fusion Protein Vector Design and Expression. To exam-
ine the expression, nanoparticle assembly, and antigenic
properties of NSP10 fusion proteins, we designed NSP10

gD

His tag His tag

His tag

gDgD

Figure 2: Conceptualized NSP10 particle symmetry The symmetry
and fusion polarity of NSP10 as depicted by a tetrahedron. The
example shown is illustrative of the NSP10 HVS gD nanoparticle
discussed in the following sections where gD shown in blue
and His-tag, shown in red, are fused through N-terminus and
C-terminus, respectively. Here, the threefold sets of the NSP10
N-termini are shown at each pyramid apex with the
corresponding C-termini fused His-tags shown in red emanating
from each of the threefold axes centered on each lateral face.
Arrows denote the direction of the polypeptide chain from the
N- to the C-termini.

3Journal of Nanomaterials



fusion protein constructs incorporating a truncated HVS gD
for evaluation in two expression vectors: (1) a prokaryotic
vector, pET17b for protein expression and purification and
(2) a eukaryotic vector, pcDNA3.1(+) for preliminary evalu-
ation of a DNA-based plasmid as a vaccine.

The initial attempts at prokaryotic expression of gD-NSP
using pET17b with E coli in BL21 cells were unsatisfactory.
However, the use of same expression vector in the gram-
negative, nonpathogenic marine bacteria, Vibrio natriegens
(Vmax™) expression system was found to be advantageous
providing a good yield of soluble protein and the conve-
nience of simplified cell growth and induction timing. Addi-
tionally, at least in this case, the traditional use of DNase
enzymes proved unnecessary. Protease inhibitors were
intentionally avoided in order to reduce the risks of potential
toxicity issues in animals.

Overexpression of the target protein (Vmax™) with the
correct estimated MW was indicated by SDS-PAGE
(Figures 4(a) and 4(b)) and found to bind efficiently to
immobilized metal affinity media. gD-NSP has a calculated
monomer MW of 45,958 inclusive of His-tag, resulting
in a predicted oligomeric capsid MW of ~551,500 Daltons.
To determine whether the self-assembly had occurred, the
gD-NSP fusion protein was assessed by Native PAGE
(Figures 4(c) and 4(d)). While there is background streaking
evident for the native gel, a single uniform band was clearly
observed which migrates at a MW greater than horse spleen
ferritin capsid (~450,000 Daltons) chosen as a convenient
and appropriate MW comparative standard.

TEM analysis of the PBS solution containing the assem-
bled nanoparticles revealed an average particle size of
approximately 10.2 nm (Figure 5), as compared with the
8.4 nm diameter of the native NSP10 oligomer determined
by X-ray crystallography [9]. Selected particles observed are
spherical and provide suggestions of capsid symmetry with
visible globular surface components indicative and consistent
with the self-assembly of the HVS gD fusion proteins
(Figures 5(a) and 5(b)).

2.2. Animal Experiments. Animal studies in rabbits produced
notably high titers with both the DNA plasmid-based
eukaryotic expression vector in PBS and the isolated
and purified gD-NSP protein combined with Adavax™
(a squalene-based adjuvant) after the first and second
boosters (Table 1). The DNA vaccine, as a simple IP injection
in saline, induced titers of 5,000 after the first booster, but
interestingly, a second booster produced a titer of 25,000.
The protein vaccine produced titers of 25,000 after the first
booster and 625,000 after the second booster. For this study,
the vaccines were not tested past a dilution of 1 : 625,000. The
utilization of the gD-NSP protein purified from prokaryotic
expression to establish the titers and immunogenic response

(a) (b)

Figure 3: Hypothetical graphical models of NSP10 fusion proteins. (a) Atomic model illustration depicting NSP10 with a hemagglutinin stem
fusion at the N-termini. Note the tetrahedral arrangement provides nonsterically hindered access to the stalk domains. The C-termini are
shown as red patches on the capsid surface and provide for the potential of additional protein fusions or affinity tags. (b) Atomic model of
a hypothetical NSP10 dual stem display incorporating a hemagglutinin at the N-terminus and a Sigma C reovirus stem at the C-terminus.

(a) (b) (c) (d) (e)

Figure 4: SDS and Native PAGE of gD-NSP. (a) SDS-PAGE gel
showing the overexpression of gD-NSP (MW 45.9 kD) in the
crude bacterial lysate. (b) MW reference standard hen’s egg
ovalbumin, 42.7 kD. Native PAGE electrophoresis gel of (c) horse
spleen ferritin MW (450 kD). (d) gD-NSP MW (550 kD) in
50mM Tris pH 7.5 300mM NaCl and (e) gD-NSP in PBS, pH 7.4.
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of the DNA vaccine shows that highly specific antibodies to
the gD-NSP vaccine are elicited by the DNA vaccine. No
signs of injection site reactogenicity were observed, and the
animals remained healthy throughout the study. The sera
from these animals will serve to establish antibodies for
Western blot analysis as the project is expanded to include
more in-depth studies. Further characterization of the immu-
nology of the vaccine response will be determined in future
follow-up studies.

3. Materials and Methods

3.1. HVS gD Fusion Protein Design. Important to the design
effort, the atomic structure of a related HHS-1 gD herpesvi-
rus protein has been previously determined by Di Giovine
et al. [25] in complex with the nectin-1 receptor, a cell surface
adhesion molecule which is the main receptor in epithelial
cells and neurons. This structure revealed that HHS-1 gD
protein contains a critical large helical peptide section of
about 50 amino acids near the C-terminus which was impor-
tant in receptor binding (Figure 6) [25]. Moreover, altering
the flexibility of the 50 amino section of helix has been shown
to neutralize the ability of the protein to infect cells. We
therefore determined the essential components of the gD
HVS design by the alignment of the amino acid sequence
with the HHS-1 gD sequence as illustrated in Figure 7. The
sequence alignment revealed only 30.4% sequence identity
between the two glycoproteins; however, the indications of
a common structural topology were easily discerned from
the placement of the conserved primary sequence inclusive

of the characteristic 6 cysteine positions required for disulfide
bond formation. HVS gD is slightly larger than HHS-1 gD
and contains additional sequence insertions at several posi-
tions, notably 48-52, 119-124, and 329-336. Both proteins
have a glycosylation site predicted at a structurally equivalent
Asn (HVS Asn(133) and HHS-1 Asn(119)).

In keeping with the required structural elements essential
for receptor binding revealed by the HHS-1 gD nectin-1

(a) (b)

Figure 5: TEM images (a) and (b) of gD-NSP showing selected spherical nanoparticles with average dimensions of 10.2 nm (102Å). Arrows
indicate example particles. Scale bars shown in the lower left of each image represent 25 nm. Adjustments to the histogram of the original
image were made to highlight the particle features without affecting the observed diameter.

Table 1: ELISA titer results. The gD-NSP specific antibodies in animal sera were detected by ELISA. An ELISA was performed on the sera
from the animals using the purified gD-NSP and run against negative and positive controls. Antibody was considered present when the
optical density (OD) value was greater than or equal to 0.1, normalized against the prebleed. Threshold values were determined as the last
dilution giving an OD equal to or greater than 0.1. The titers given below are estimates. Supplemental data are provided in Table S1.

gD-NSP vaccination Day 0 Day 21 Day 42 Day 63 Day 84 Animal

DNA
Dose 0.5mg 0.5mg None given 0.5mg None given PAS 21917

Titer (-) 1,000 5,000 5,000 25,000 PAS 21917

Protein
Dose 1.0mg 0.1mg None given 0.2mg None given PAS 21915

Titer (-) 5,000 25,000 5,000 625,000 PAS 21915

N

C

Figure 6: Structure of glycoprotein D receptor complex. A ribbon
diagram illustrating the atomic structure of human HHS-1 gD
(blue) in complex with the human nectin-1 cell surface receptor
(yellow) [25]. The binding site incorporates portions of the
N-terminal peptide and the large C-terminal helix. Note the
C-terminus of HHS-1 gD at the far right, opposite the recognition
surface site. The figure was created from the atomic coordinate file
PDB: 3SKU [9] and the program Chimera.
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complex [25], an engineered and truncated ectodomain of
the HVS gD protein was then established by the examina-
tion of the crystal structure together with the aligned gly-
coprotein D sequences (Figure 7). Since the N-terminus
and the large C-terminal helix are important components
of the receptor interaction, the fusion to the NSP10 nanopar-
ticle presentation system was accomplished through the HVS
gD C-terminal section of extended polypeptide remote from
the receptor binding surface, depicted in Figure 6.

The bioengineered NSP10 fusion protein was then
created by appending the truncated sequence of HVS gD
(residues 1-312) linked through the N-terminus of NSP10
(with the essential capsid residues 9-129, denoted NSP) with

the addition of a polypeptide linker (GGSGGS) to provide
greater folding flexibility and reduce potential steric inter-
ference of oligomer formation at the 3-fold axes. In the
case of the prokaryotic expression using the plasmid
pET17b, the N-terminal viral expression leader (residues
1-27) of HVS gD was deleted and a C-terminal His-tag
sequence (SGGSGGHHHHHH) was added. The resulting
amino acid sequences of the engineered NSP10 fusion pro-
teins used for the two expression vectors are shown in
Figure 8.

3.2. Eukaryotic Expression Vector and DNA Plasmid
Production. The gene gD-NSP was ligated into the

Figure 7: Sequence alignment of HVS gD andHHS-1 gD. Aligned protein sequences of HVS gD (UniProt E2IUH8) with HHS-1 gD (UniProt
Q991M3). Darkly shaded areas denote conserved residues and insertions; gray shaded areas denote homologous sequence. The sequence
alignment was performed with BLAST (Altschul et al., NCBI) and drawn with BOXSHADE (Hofmann and Baron).

(a) (b)

Figure 8: Engineered gD-NSP (where NSP denotes the NSP10 sequence 9-129) fusion protein sequences. (a) NSP10 sequence as
incorporated in pcDNA3.1 vector (following DNA optimization for expression in humans). Note: the native HVS gD transcription leader
sequence is retained and there are no His-tags in this design. (b) NSP10 final sequence for incorporation in pET17b for expression in
bacteria (following DNA optimization for expression in E. coli). Note: the viral transcription leader sequence, irrelevant in a prokaryotic
expression system, has been removed and a C-terminal His-tag added. Red highlighted sequences denote linker and His-tag sequences.
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expressions vector pcDNA3.1(+) using the restriction sites
KpnI and XhoI (5′ and 3′, respectively). The gD-NSP gene
was codon optimized for expression in humans and intro-
duced into the expression vector such that the requirements
for Kozak’s sequence necessary for initiation of translation
are satisfied. The resulting gD-NSP_pcDNA3.1(+) plasmid
encodes for a single protein which assembles into a nanopar-
ticle displaying an engineered truncated version of HVS gD
(strain MV-5-4-PSL) (Figure 8(a)). The native viral expres-
sion leader for HVS gD was retained, and no affinity tags
were incorporated into the design. Cloning, plasmid produc-
tion, and quality analysis of the resulting plasmid gD-NSP_
pcDNA3.1(+) including sequence verification were per-
formed by GenScript (Canton, MA). The final sterile and
endotoxin-free plasmid was formulated in PBS (0.5mg/ml)
and stored as 1ml aliquots at -20°C.

3.3. Prokaryotic Expression Vector and Protein Purification.
The gD-NSP gene shown in Figure 8(b) incorporating the
addition of C-terminal His-tag residues SGGSGGHHHHHH
was cloned into the bacterial expression vector pET17b using
the restriction sites Nde1 and Xhol (5′ and 3′, respectively).
Cloning, sequence verification, and quality analysis of the
resulting plasmid gD-NSP_pET17A were performed by
GenScript (Canton, MA).

Vmax™ Express chemically competent cells (SGI-DNA
Inc., La Jolla, CA), a high growth rate marine gram negative,
nonpathogenic bacteria Vibrio natriegens, were transformed
and screened for Carbenicillin resistance using the manu-
facturer’s protocol. A strain was selected with clear overex-
pression of a protein having the correct MW as identified
by SDS-PAGE. Cells were propagated in Magicmedia™
(Thermo Fisher) at ultimately a 1-liter scale overnight,
harvested by centrifugation at 8500 g and stored at -20°C.
Approximately 25% of the frozen cells were brought to
room temperature and lysed in Xtractor™ lysis buffer
(Takara Bio USA, Mountain View, CA) for 30 minutes at
room temperature with gentle shaking on an orbital shaker
followed by sonication for 15 seconds. Immobilized metal
affinity chromatography was used to isolate the protein
(Marvelgent, Canton, MA; Cat. No. 11-0228-010). Lysed cells
were centrifuged to clarification, and the supernatant added
directly to the affinity media and allowed to incubate with
mild mixing on an orbital shaker for 30 minutes at room
temperature. The supernatant and affinity media were then
centrifuged at 600 g to remove any remaining cellular debris
and resuspended repeatedly using the same procedure to
clarify the media before placing in the chromatography col-
umn. The packed bed (approximately 5ml in bed volume)
was further rinsed with 10 column volumes of 50mM Tris
pH 7.5 300mM NaCl buffer. The target protein was eluted
with 250mM imidazole in the same buffer to yield approxi-
mately 7mg of product. The total yield of His-tag-purified
product from 1-liter culture was ~28mg. The eluted protein
was concentrated and buffer exchanged using 100K MW
cutoff centrifugal filter units (Amicon Ultra Cat. No.
UFC910096, regenerated cellulose) to remove the imidazole
and lower MW protein contaminants. The protein solubility
and stability characteristics were also examined in both Tris

and PBS buffers and further purified by high MW dialysis
membrane 300,000 cutoff (Spectra/Por™ Cat. No. G23507)
for periods of 48 hours without significant loss of material.
The final purified protein was buffer exchanged into PBS
containing 10% glycerol, concentrated to 1.4mg/ml as
determined by Bradford Analysis, 0.2uM sterile filtered
(Nalgene Syringe Filter, 25mm, surfactant-free cellulose
acetate membrane, Cat. No. 723-2520), and stored at -80°C
in 1ml aliquots.

3.4. Gel Electrophoresis. The gD-NSP from the prokaryotic
expression was evaluated using both SDS-PAGE (4-20% gels;
GenScript Cat No. M42010) and Native PAGE following
manufactures protocols (NativePAGE™ 3-12% Bis-Tris Gels:
Invitrogen/Thermo Fisher Scientific, Cat No. BN1001).
Ferritin from equine spleen (Sigma-Aldrich, Cat No. F4503)
and hen’s egg ovalbumin (Sigma-Aldrich, Cat No. A5503)
were used as comparative MW standards.

3.5. Transmission Electron Microscopy (TEM). Diluted
samples of purified gD-NSP were applied to formvar-coated
copper grids and negatively stained with 0.7% uranyl formate.
Images were taken at 150,000x with an FEI (now Thermo
Fisher) Tecnai T-12 transmission electron microscope.

3.6. Animal Studies. Animal studies were conducted sepa-
rately for the two forms of vaccine in individual rabbits
(two total). DNA injections of gD-NSP_pcDNA3.1+ were
comprised of three 500μg IP (500μg/ml in PBS) injections
on days 0, 21, and 63 with serum draws on days 0, 21, 42,
63, and 84. Protein injections were comprised of three IM
injections (1mg and 0.1mg, 0.2mg) prepared with the adju-
vant Adavax™ (InvivoGen, San Diego, CA) according to
manufacturer’s instructions. Injections were at Days 0, 21,
and 63 with serum draws on days 0, 21, 42, 63, and 84. Both
the DNA and protein formulations were sterile. The animal
experiments and ELISA tests were performed under contract
by ProSci Inc. (Alameda, CA). ProSci Inc. animal services are
in ethical compliance with NIH/OLAW and operates under
USDA License.

4. Discussion and Conclusions

We have presented NSP10, a viral transcription factor found
in the replicase polyprotein 1a (pp1a) of the human SARS
coronavirus, as a new approach to creating self-assembling
nanoparticles for a variety of fusion protein applications.
NSP10 is a 17 kD gene regulatory/transcription factor thus
far unique to the coronavirus family, which self-assembles
to form a dodecahedron of approximately 86Å in diameter.
An overview of the vaccine design advantages of the system
has been presented. Among the advantages, an extraordinary
feature of this nanoparticle is the surface availability and spa-
tial arrangement of both the N- and C-termini at each parti-
cle 3-fold symmetry axis (8 in total) with radial positions
from the axes of ~8 and 10Å, respectively. This allows nano-
particle surface displays of antigens through either terminus
and is an ideal format for the fusion of trihelical stalk
domains and fibrous stems which typically have radial distri-
butions of approximately 5Å and 8Å, respectively.
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The development of a framework for an NSP10-based
approach to a vaccine for IPF has also been presented. IPF
is a devastating and debilitating fatal lung disease for which
a gamma herpesvirus has been strongly implicated as the eti-
ological agent [12, 14, 28], although there is currently no
clear consensus on the cause of this disease. In IPF, as with
many other pathogen-based diseases, such as shingles, tuber-
culosis, HCMV, and Kaposi’s sarcoma, the disease onset is
often later in life and/or associated with a weakened immune
system. We therefore postulated that a potential prophylactic
or therapeutic vaccine for IPF can be used to (1) prevent IPF
in individuals in the early stages of disease progression, sim-
ilar to the approach used for shingles; (2) halt or slow the fur-
ther development of the disease; and (3) that a vaccine used
in combination with antivirals or other therapeutics may
eliminate the causative induction of the aberrant immune/-
repair mechanisms presumably a result of the expression of
viral immune-regulatory proteins expressed during the latent
phase. The viral theory of human IPF is further supported by
the observations of improvements seen using antiviral thera-
pies [16]. Currently, FDA-approved therapeutics for IPF only
address factors which may improve symptoms or slow dis-
ease progression [20, 21] and many of the widely prescribed
therapeutics for IPF have serious side effects which limit their
effectiveness. There is currently no cure for IPF, and new
approaches and treatments are urgently needed. We there-
fore undertook the exploration and rapid development of
an NSP10-based therapeutic vaccine to target the virus
HVS implicated as the etiological agent for IPF based on
the scientifically compelling work of Folcik et al. [12].

In order to evaluate the design, expression, and prelimi-
nary immunological properties of NSP10 fusion proteins
for this purpose, we chose gD of HVS as the initial antigenic
fusion based on promising reports by others using the equiv-
alent monomeric protein in HHS-2 vaccine development
[27]. This approach was further supported after the comple-
tion of this work by the recent report of encouraging results
in mice and horses using TLR-5 and gD-based DNA vaccine
for Equine herpesvirus 1 (EHV-1) which causes high eco-
nomic burden in the equine industry [29]. The resulting
NSP10 protein gD-NSP was shown to express well in a pro-
karyotic expression system and purify easily with immobi-
lized affinity chromatography. Self-assembly of gD-NSP
monomer was supported by the retention in 300,000MW
cutoff dialysis membranes, electrophoretic migration obser-
vations using Native PAGE (Figure 4), and visualization of
nanoparticles of the appropriate size and characteristics by
TEM (Figure 5). Additionally, it is well established that
nanoparticle-based antigen presentation often yields titers
dramatically higher than the antigen presented in its mono-
meric form by tradition adjuvants alone. The preliminary
examination of gD-NSP nanoparticles, as demonstrated
here, also show these enhanced immunogenic properties
in animals (Table 1).

Currently, the general poor immunogenicity of
DNA-based vaccines has limited their broader application
and a variety of approaches are being explored to overcome
this limitation, including DNA prime-protein boost
approaches, electroporation, and the use of novel adjuvants

[30–32]. Here, we have shown that exceptional titers can be
achieved using the NSP10-based DNA vaccine alone by sim-
ple injection in PBS . Considering the inherent safety and
track record of pcDNA3.1 and other DNA-based vaccines,
gD-NSP-pcDNA3.1 may be a viable future candidate for
exploration in humans.

In addition to high immunogenicity, both the DNA and
protein nanoparticles show other important vaccine advan-
tages. We observed for the prokaryotic-expressed protein,
solubility, and compatibility at physiological pH, as well as
advantages in purification by high MW dialysis methods
and 0.2μM sterile filtration. In this preliminary work, the
expression characteristics and physical properties of the
expressed eukaryotic gD-NSP recombinant protein, includ-
ing stability, were not characterized. However, the detection
of significant DNA plasmid induced titers against the pro-
karyotic expressed protein clearly indicates that sufficient
dD-NSP antigen for vaccine purposes is expressed by the
pcDNA3.1+ plasmid. A more in-depth characterization of
these properties including posttranslational modification
will be examined in follow-up studies. While the properties
of nanoparticle fusion proteins will certainly vary with the
chemical nature of the fusion partners, in this case, the
gD-NSP protein has been shown to be highly suitable for
exploring the development of a practical therapeutic or
prophylactic nanoparticle-based vaccine for HVS-
implicated IPF.

Based on these initial positive results, we can now expand
the study to characterize the immunology in an appropriate
animal model and pursue the exploration of secondary anti-
gens at the C-terminus, such as the HVS versions of UL40
(tegument protein VP13/14), which has been shown to
be important as a T cell immunogen in HHS-2 [33]. If
successful, this approach can potentially be applied to a
number important herpesvirus targets causing high morbid-
ity and mortality in immune suppressed individuals, includ-
ing HCMV and Kaposi’s-related sarcoma.

In summary, we report here for the first time the poten-
tial for NSP10 fusion proteins in vaccine development and
provide an illustrative example of its advantages and applica-
tion in the development of a first-in-class therapeutic or pro-
phylactic vaccine for IPF. The unusual architecture and
versatility of the nanoparticle provides a simplified approach
for the fusion of pathogen receptor stems and other proteins
or peptides without sequence polarity restrictions, making it
possible for the rapid development of vaccine candidates for
a broad spectrum of potential microbial and viral pathogens,
including influenza virus, HIV, and tuberculosis.
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