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Abstract

This study presents nanoparticle-based vaccine development for Hepatitis E virus (HEV). Gold nanoparticles (GNP) of aver-
age size 12 nm were synthesized by citrate reduction method followed by functionalization with cysteamine hydrochloride
for nano-conjugation. Immune response of nano-conjugates of GNP with 26 kDa protein (368-606 amino acids) and 54 kDa
protein (112-606 amino acids) were evaluated. In vitro release kinetics of GNP-conjugated 54 kDa (GNP54) and 26 kDa
(GNP26) proteins showed slower rate of release of 54 kDa protein as compared to 26 kDa protein. Humoral immune response
of mice immunized intramuscularly with GNP54, GNP26 and GNP alone, exhibited HEV-specific IgG titer of 7.9+2.9,
5.686+4.098 and 0.698 +0.089, respectively, after 14 days of booster immunization. In addition to this, HEV-specific cell-
mediated immune response was demonstrated by splenocyte proliferation assay. Analysis of results using one-way ANOVA,
showed statistically significant (p value < 0.05) increase in splenocyte proliferation for GNP54- and GNP26-immunized mice
in comparison to GNP alone immunized mice. Stimulation index of HEV ORF2 proteins in GNP54/GNP26-immunized
mice were comparable to Concanavalin A-treated positive control. These results indicate GNP-based vaccine as a promising
candidate for efficiently mediating both humoral and cell-mediated immune response against HEV.
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Introduction

HEV is a quasi-enveloped single-stranded, positive sense
RNA virus of approximately 27-34 nm in size, which
belongs to the genus Orthohepevirus of family Hepeviri-
dae (Yin et al. 2016; Himmelsbach et al. 2018). HEV is
responsible for large outbreaks and sporadic cases of acute
hepatitis in developing and developed countries (Zhang
2016). Hepatitis E is considered as a self-limiting disease
which resolves within 4-6 weeks and mortality rate is low
(0.5-3%). However, in case of pregnant women during the
third trimester, mortality rates as high as 30% have been
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observed (Pérez-Gracia et al. 2017). HEV is also responsi-
ble for fulminant hepatitis, acute liver failure (ALF), acute
or chronic liver failure (ACLF) and chronic infection in
immune-compromised and transplant patients (Kumar et al.
2013).

The size of HEV genome is approximately 7.2 kb and
encodes three open reading frames (ORFs) (Tam et al.
1991). ORF1 is the largest ORF which encodes for non-
structural polyprotein including viral polymerase (RdRp)
through cap-mediated translation. The ORF2 encodes for
structural viral protein and smallest ORF3 overlaps with
ORF1 and ORF2, are translated from subgenomic RNA.
Recently discovered ORF4 is produced through IRES-medi-
ated translation (Nair et al. 2016). The major viral capsid
protein ORF2 is immunogenic and considered as candidate
for vaccine development. The structural protein ORF2 is
660 amino acid long and mammalian expression of pORF2
plasmid-produced bands of sizes ~74 kDa and ~ 88 kDa
corresponding to non-glycosylated and glycosylated forms,
respectively (Jameel et al. 1996). There are three functional
domains, S (shell), M (middle), and P (protruding) as evi-
denced in the X-ray crystal structure of pORF2 and the P
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domain is the putative binding site for both neutralizing anti-
body and cellular receptor (Yamashita et al. 2009). There is
no commercially available vaccine against HEV and anti-
viral treatment is not considered as standard care for acute
viral hepatitis. For recombinant vaccine development, efforts
made till date focused mostly on ORF2 capsid protein. This
includes mostly truncated forms of ORF2 protein such as
trpE-C2 (aa 221-660) (Purdy et al. 1993), pE2 (aa 394-607)
(Im et al. 2001), HEV 239 (aa 368-606) (Zhang et al. 2013),
53 kDa (aa 112-578) (Zhang et al. 2001), 56 kDa (aa 112-
607) (Zhang et al. 2002), 62 kDa (aa 112-660), rtHEV VLP
(aa 112-608) (Li et al. 2004) and T1-ORF2 (aa 126-621)
(Huang et al. 2009) vaccines. Among these, only two vac-
cine candidates (HEV 239 and 56 kDa) have been tested for
human clinical trials (Li et al. 2015).

Recombinant subunit vaccines based on protein anti-
gens are poorly immunogenic when used alone, therefore,
require adjuvants to increase the immune response (Cao
et al. 2018). Among all commonly used adjuvant, alum is the
only licensed adjuvant for human use (Gupta 1998). How-
ever, side effects and safety concerns have been reported for
alum as adjuvants (Tomljenovic and A. Shaw 2011). Hence,
there is a need of effective adjuvant for vaccine develop-
ment (Gherardi et al. 2001). Nanoparticle-based platforms
displaying subunit antigenic moieties are now considered
novel alternative approach of vaccination. Nanoparticles are
useful in both parenteral and mucosal (oral and intranasal)
immunization as it can penetrate through capillaries as well
as mucosal surfaces (Schneider et al. 2017). Polymeric as
well as inorganic nanoparticles have been used for vacci-
nation because they act as inert carriers of antigen against
which no immune response is elicited (Dhas et al. 2014;
Karthick et al. 2020). The most common inorganic nano-
particle used for vaccination is gold nanoparticles (GNPs),
which can act as both adjuvant as well as delivery vehicle
(Quach et al. 2018). The GNPs are biocompatible, nontoxic
and enhances immunogenic activity due to its rapid inter-
nalization by macrophages and dendritic cells (Basts et al.
2009; Kang et al. 2017). GNPs have inherent properties of
an adjuvant, at the same time colloidal gold along with anti-
gen can induce high titer antibody response (Dykman and
Khlebtsov 2017; Dykman et al. 2018). Antigen incorpora-
tion in/on nanoparticles can be achieved by encapsulation
or physical entrapment and by conjugation or covalent func-
tionalization (Chattopadhyay et al. 2017). The GNPs can be
designed in different shape and sizes such as nanospheres,
nanorods, nanoshells (core and shell), and nanostars—which
influences immune response (Dykman et al. 2018, Niikura
et al. 2013). Conjugation of GNPs with the antigens has
been reported by several researcher for immunization stud-
ies against viral diseases such as Foot and mouth disease
virus (Chen et al. 2010), Influenza virus, West Nile fever
virus and Hepatitis B virus (Dykman 2020). For Hepatitis
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E virus, use of gold fluorescent nanoclusters were reported
earlier for tracking the dynamic behavior of vaccine in vivo
and its immune response (Wang et al. 2016).

In the present study, we have synthesized GNPs by citrate
reduction method (Turkevich et al. 1951) followed by coat-
ing with cysteamine hydrochloride. These GNPs were con-
jugated with two bacterially expressed truncated HEV ORF2
proteins (112-606 aa: 54 kDa and 368-606 aa: 26 kDa) (Rani
et al. 2018). Immunogenicity of GNPs conjugated HEV vac-
cines was evaluated in mice and compared with Incomplete
Freund’s adjuvant (IFA) adjuvanted vaccine. HEV-specific
humoral and cell-mediated immune response of two candi-
date vaccines were evaluated. This study not only evaluated
candidate HEV vaccine but also evaluated GNPs as adjuvant
and delivery vehicle against HEV.

Materials and methods
Materials used

Tetrachloroauric acid (HAuCl,) and Concanavalin A were
purchased from Sigma. Trisodium citrate (TSC) from Cen-
tral Drug House (P) Ltd. RPMI1640, Restriction enzymes
(Ndel and Xhol), Fetal bovine serum, antibiotic—antimycotic
(100X) and Phosphate-buffered saline were purchased from
Thermo Fisher Scientific. Ni-NTA column affinity chro-
matography from G-biosciences. HEV kit received from
Diapro, Diagnostic Bioprobes SRL, Italy, MTS from CellTi-
ter 96_AQueousOne Solution Cell Proliferation Assay,
Promega. Incomplete Freund’s adjuvant was procured from
InvivoGen.

PCR amplification, subcloning and bacterial
expression of truncated ORF2 genes

The truncated ORF2-flanking amino acids 112-606
(1487 bp) and 368-606 (719 bp) regions were PCR amplified
from pGEMT-ORF2 (GEV genotype 1, GenBank accession
no. AF444003.1). Forward primers containing Ndel sites
were ORF2-112-F-ggCATATGgcggtcgetccggeccatgac
and ORF2-368aa-F-ggCATATGatagcgcttaccctgtttaac and
reverse primer containing Xhol site was ORF2-606R-ccCTC
GAGcacagagtggggggctaaaac. The PCR-amplified products
were subjected to double digestion with Ndel/Xhol. The gel-
purified product was subcloned directionally in the pET30b
vector at Ndel and Xhol site. The ORF2 amino acid region
112-606 and 368-606 were bacterially expressed by IPTG
induction of pET30b-112-606 (1487 bp) and 368-606
(719 bp) truncated ORF2 clone in BL21 (DE3) E. coli cells
(Rani et al. 2018). The expressed truncated ORF2 proteins,
i.e., 54 kDa (aa 112-606) and 26 kDa (aa 368-606) were
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purified using Ni-NTA affinity chromatography and eluted
fractions were visualized on 10% SDS-PAGE.

Gold nanoparticle synthesis and functionalization

GNPs were synthesized by citrate reduction method of chlo-
roauric acid (Turkevich et al. 1951). Briefly, 0.1 mM aque-
ous solution of HAuCl, was heated to boiling followed by
dropwise addition of 2 mL of trisodium citrate (100 mM)
under continuous stirring till the solution changes from
pale-yellow to wine-red color. The colloidal solution was
quenched by transferring it into ice bath. Finally, synthe-
sized GNPs were collected by centrifugation at 9000 rpm
for 15 min and resuspended in 100 mL of Milli-Q water for
further characterization using UV—visible spectroscopy and
Transmission Electron microscopy (TEM). The synthesized
gold nanoparticles were amino functionalized by adding
cysteamine hydrochloride solution to a final concentration
of 0.02 M. GNPs were then placed on a rocker for 30 min
and collected by centrifugation at 9000 rpm for 15 min.

Nano-conjugation of truncated ORF2 proteins

Antigen nano-conjugates were prepared by immobilizing
purified truncated ORF2 proteins (26 kDa and 54 kDa) onto
amino-functionalized gold nanoparticles. Briefly, 400 pg of
amino-functionalized GNPs were incubated with 400 pg
of protein overnight at 4 °C, followed by centrifugation at
9000 rpm for 15 min. Nano-conjugated ORF2 proteins were
washed thrice with distilled water to remove any unbound
protein. The supernatants were pooled and amount of protein
present was quantified by Bradford assay. Amount of protein
immobilized on GNP surface was estimated as the difference
between total protein (400 ug) and protein in supernatant.

In vitro antigen release kinetics

In vitro release of 26 kDa and 54 kDa proteins from nano-
conjugates was analyzed by incubating suitable amount of
protein antigen-GNP conjugates in phosphate buffer (PB)
pH 7.4 (KH,PO, 6.8 g/L, Na,HPO, 3.5 g/L) at 37 °C for 1 h,
3h,5h,24h,48 h, 72 h and 4 days. After the specified time
interval, samples were centrifuged at 9000 rpm for 15 min
and amount of protein released in the supernatant was quan-
tified using Bradford assay.

Approval of institute animal ethics committee

Studies on mice were conducted only after approval and
review of scientific intent by Institutional Animal Ethics
Committee (IAEC) and Institutional Biosafety Commit-
tee, Central Animal Facility (CAF), All India Institute of
Medical Sciences (AIIMS), New Delhi (IAEC No. 160/

IAEC-1/2019). The Animal Ethics Guidelines and Proce-
dures of AIIMS, New Delhi recommendations were strictly
followed while performing experimental procedures on
mice. Sufferings of animals were minimized by proper plan-
ning of experiments.

Maintenance of mice in animal house

For immunization studies, 6- to 8-week-old inbred male
Swiss albino mice were used. Mice were kept inside micro-
isolator cage and were fed with food and water during the
entire period of experiment. Mice were maintained in a ven-
tilated animal-caging system in the animal facility (12-h day/
night cycle, 22 °C temperature and 50-60% humidity). The
mice were monitored daily for general well-being.

Preparation of vaccine formulation for mice
immunization

Vaccine formulations for mice immunization were prepared
ensuring 30 pg of antigen per 100 pg of GNPs for each of
the mice. The amino-functionalized GNP as well as ORF2-
conjugated GNP (GNP26, GNP54) were suspended in phos-
phate buffer saline (pH 7.4) just before immunization. Fre-
und’s incomplete adjuvant (IFA) were used for comparative
analysis and as positive control. Thus, the formulation con-
taining IFA along with 26 kDa (IFA26) and 54 kDa protein
(IFA54) were prepared by mixing equal amount of protein
antigen and adjuvant ensuring 30 ug of antigen/mice.

Immunization of mice with GNP-conjugated
truncated ORF2 formulation

Thirty-six Swiss albino mice, 6- to 8-week-old, were ran-
domly divided into 6 groups with 6 mice in each group. To
evaluate immunogenicity of nano-conjugates, mice in each
group were given intramuscular injection of 200 uL vac-
cine formulation in the hind leg at day-0, day-21, and day-
35, respectively. All three mice in groups 1, 2 and 3 were
immunized with GNP26, GNP54 and GNP only, while mice
in other three groups 4, 5 and 6 were given IFA26, IFA54
and IFA only. Booster dose were given to mice in the same
way on day-21 and on day-35 after primary immunization

(Fig. 1).
Sample collection

Mice were anesthetized using isoflurane to draw blood
samples from retro-orbital vein prior to immunization on
day-0, day-21, day-35 and day-42 after primary immu-
nization. Serum were isolated from the blood sample
by centrifugation at 3000 rpm for 5 min and stored at
— 20 °C for further immunological assays (Enzyme-linked
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Fig.1 Schematic representation of humoral and cell-mediated response study plan depicting mice vaccination and serum collection schedule

along with route of vaccination

immunosorbent assay and western blot). Mice were killed
by cervical dislocation on day-42 and dissected for organ
collection for further studies. Spleen were collected for
splenocyte proliferation studies stimulated in the presence
of HEV ORF2 proteins.

Enzyme-linked immunosorbent assay (ELISA)

Modified ELISA using commercial HEV kit for detec-
tion of HEV-specific IgG in the mouse serum was carried
out. The microwell strips of commercial kits were coated
with HEV-specific recombinant immunodominant ORF2
antigens. The mice serum samples were diluted to 1:1000
with diluent buffer and 100 pL of diluted samples, positive
and negative controls were added to the microwells and
incubated at 37 °C for 1 h. This was followed by repeated
washing (three times) the microwells with 300 uL of wash-
ing buffer. After washing, 100 uL of goat anti-mouse IgG
HRP conjugate (1:5000 dilution) was added to the micro-
wells and incubated at 37 °C for 1 h. Microwells were
washed thrice for 20-30 s followed by 20 min incuba-
tion with 100 pL of chromogen (tetra-methyl-benzidine).
Finally, 100 pL of sulphuric acid (0.3 M) was added to
stop the reaction and optical density (OD) of the color
developed was measured at 450 nm using ELISA reader.
Test result or antibody titer was interpreted by the sample
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OD/cut off ratio. Cutoff value was determined by negative
control mean OD450 nm + 0.25. Sample/Cutoff ratio more
than 1.2 is considered as HEV-positive antibody titer.

Western blot

The presence of HEV-specific antibody in post-immunized
mice sera was further confirmed by western blot. Purified
HEV ORF2 proteins (26 kDa and 54 kDa) were loaded
in triplicate in wells for SDS-PAGE, electrophoresed and
transferred onto polyvinylidene difluoride (PVDF) mem-
brane followed by blocking (0.0 M PBS, pH 7.4+0.05%
Tween 20+ 5% skimmed milk powder) at room temperature
for 1 h. After blocking, membrane was cut into strips and
incubated overnight separately with primary mouse anti-
body (pre, day-0 and post-immunization. Day-42 sera) at
4 °C followed by washing with 0.01 M Phosphate-buffered
saline with Tween 20 (PBST). Antibody present in pre- and
post-mice sera (1:1000 dilution) binds to 26 kDa and 54 kDa
purified HEV ORF2 protein on PVDF membrane transferred
from SDS-PAGE gel. Antibody bound to the protein on gel
were probed by horseradish peroxidase-conjugated goat anti-
mouse IgG (1:5000 dilution) and finally optical detection
with 3'-Diaminobenzidine (DAB) reagent. Mice vaccinated
with only gold nanoparticle were taken as negative control.
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Splenocyte proliferation assay

All mice were killed on day-42 to collect spleen. Spleen
were washed with PBS (0.01 M, pH 7.4) and placed in cell
culture dish containing complete media, i.e., Roswell Park
Memorial Institute media (RPMI1640) supplemented with
10% Fetal Bovine Serum (FBS) and 100 U/mL penicil-
lin—streptomycin. Spleen were further processed to prepare
a single cell suspension of splenocytes. Using sterile blade,
spleen was cut into small pieces in a culture dish contain-
ing RPMI1640 media followed by crushing the slices with
the plunger end of needle. Above suspension was passed
through a cell strainer (70 um) and collected in a 50-mL
falcon to prepare single cell suspension of splenocytes. Cell
suspensions were centrifuged, supernatants were discarded
and pellets resuspended in RBC lysis buffer followed by
centrifugation to collect pellet. Pellet was washed with PBS
three times followed by suspension in RPMI1640 media.
Splenocytes were cultured in a 96-well plate and stimu-
lated in the presence of HEV ORF2 protein (20 pg/mL),
wells containing untreated cells served as positive control
and wells containing RPMI1640 media alone was taken as
blank. Cells treated with Concanavalin A served as positive
control. Splenocytes isolated from mice immunized with
all formulation with or without antigen (GNP26, GNP54,
IFA26, IFA54, GNP only, IFA only) were stimulated with
26 kDa and 54 kDa HEV protein, respectively. To measure
antigen-specific proliferation, MTS assay was performed.
After 2 days, MTS was added to the microwells and incu-
bated for 3 h and finally absorbance (OD) was taken at
490 nm. Stimulation index was calculated as:

ODSample ODblank

SI = .
OD - ODbIank

negative

Statistical analysis

Statistical analysis was carried out using GraphPad Prism
8 software. Data were presented as mean + standard devia-
tion. Multiple comparisons among groups were analyzed by
one-way ANOVA and p value <0.05 was considered to be
statistically significant.

Results and discussion

Bacterial expression and purification of truncated
ORF2 proteins

HEV-truncated ORF2 regions corresponding to 112-606 and
368-606 amino acids were PCR amplified. Figure 2a shows
the PCR-amplified products of 1487 bp (Fig. 2a, Lane 1) and

719 bp (Fig. 2a, Lane 2). Amplified products were subcloned
in pET30b vector with C-terminal His-tag fusion at Ndel/
Xhol site. Positive clones were screened by Ndel/Xhol dou-
ble digestion and confirmed by a fall out of 1487 bp (Fig. 2b)
and 719 bp (Fig. 2¢). The positive clones pET30b-112-606
ORF2 and pET30b-368-606 ORF2 were transformed in BL21
(DE3) E. coli cells followed by IPTG induction and the culture
was analyzed on SDS-PAGE for expressed proteins. Figure 2d
shows expression of 54 kDa (Lane 2) and 26 kDa (Lane 4)
proteins while Lanes 1 and 3 show the profile of corresponding
uninduced samples, respectively. The expressed proteins were
purified using Ni-NTA affinity chromatography and analyzed
on SDS-PAGE (Fig. 2e) with Lane 1 and Lane 2 showing
54 kDa and 26 kDa purified proteins.

Characterization of gold nanoparticles,
nano-conjugation and release of ORF2 proteins

GNPs were synthesized by colloidal synthesis using trisodium
citrate as reducing agent. Morphological and size analysis of
synthesized GNPs was done by Transmission Electron Micros-
copy. Figure 3a shows spherical nanoparticles of an average
size of ~12 nm with inset showing size distribution of the
synthesized nanoparticles as evaluated from ImagelJ software
(Schnieder et al. 2012). These nanoparticles were further char-
acterized by UV-visible absorption spectroscopy. Figure 3b
shows an absorption peak having maxima at 520 nm (Fig. 3b,
black solid line) that is characteristic of gold nanoparticles.
The synthesized nanoparticles were amino functionalized by
incubating with cysteamine hydrochloride (Cys-HCI) that is
marked by shift in absorption maxima to 521 nm (Fig. 3b, red-
colored dash). The GNPs form a strong bond with thiol group
of Cys-HCl exposing free amine groups on surface. This was
further confirmed by the change in zeta potential of the GNPs
from — 20 mV to — 25 mV after cysteamine modification
due to the presence of NH;* on surface (see Fig. 3c). Incu-
bation of these amino-functionalized gold nanoparticles with
antigens (HEV ORF2 54 kDa and 26 kDa proteins) results in
peptide bond formation with carboxyl group of protein mol-
ecules. Formation of nano-conjugates between the GNP and
protein candidates was confirmed by shift in peak from 521
to 523 nm (blue-colored dash dot dot, Fig. 3b) and 528 nm
(green-colored dot, Fig. 3b) for 26 kDa and 54 kDa proteins,
respectively. This is further marked by reduction in zeta poten-
tial to — 16 mV and — 19 mV for GNP-Cys-HCI-26 kDa and
GNP-Cys-HCl-54 kDa, respectively, due to amphoteric nature
of proteins (Fig. 3¢c). The amount of protein immobilized onto
GNPs was estimated by quantifying remaining protein in
supernatant. The protein-GNP nano-conjugates were separated
by centrifugation followed by washing of pellet with MilliQ
water 2-3 times. Supernatant after centrifugation was col-
lected in fresh tubes and pooled followed by Bradford Assay
for quantification of protein using the following equation:
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Fig.2 a Agarose gel image showing PCR-amplified truncated HEV
ORF2 of 1487 bp (Lane 1) and 719 bp (Lane 2), with 100 bp DNA
Ladder in Lane M; restriction enzyme digestion showing b 1487 bp
and ¢ 719 bp fallout band for positive clones of truncated HEV
ORF2; d SDS-PAGE showing expression profile of proteins—pre-
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stained protein marker (Lane M), uninduced samples of 54 kDa clone
(Lane 1) and 26 kDa clone(Lane 3), and induced samples (Lane 2:
54 kDa, Lane 4: 26 kDa) and e Ni-NTA column purified proteins
(Lane 1: 54 kDa, Lane 2: 26 kDa)

100.

% age of protein immobilized =

Total amount of protein

Percentage immobilization was found to be 59% and
44% for 26 kDa and 54 kDa proteins. The lesser percentage
immobilization of 54 kDa protein as compared to 26 kDa
protein could be attributed to the larger size resulting in
steric hindrance.

Antigen release kinetics was evaluated under physi-
ological conditions before evaluating the immune response
in mice. Antigen-GNP nano-conjugates were incubated
in 1 mL of phosphate buffer at 37 °C for different times
(1 h,3h,5h,24h, 48 h and 72 h). This was followed by
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centrifugation and estimation of amount of protein released
in supernatant. Figure 3d shows a sustained release of pro-
teins from GNP nano-conjugates with incubation time. Ini-
tially, a faster rate of release is observed that slowed down
after 8 h. Rate of release of 54 kDa (red-colored circles)
protein was slower than that of the 26 kDa (black-colored
squares) protein, though initial rate of release was almost
same in both cases upto 8 h. The slower release rate of
54 kDa protein could be attributed to its greater hydrophobic
character as compared to 26 kDa protein.
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Fig.3 a TEM micrograph of gold nanoparticles (inset shows size
distribution of GNPs), b UV-visible absorption spectra of gold nano-
particles (black solid line), GNP coated with cysteamine (red-colored
dash), GNP after covalent conjugation of 26 kDa (blue-colored dash

Table 1 HEV-specific IgG level in immunized mice

Pre-immunization Post-immunization

(a) HEV-specific IgG titer in mice (n=6) against GNP-conjugated
truncated ORF2 proteins

Day-0 Day-21 Day-35 Day-42 p value
GNPs  0.38+0.09 045+0.12 0.51+0.12 0.61+0.14 0.03
GNP54 0.35+0.05 0.79+0.41 4.10+3.34 7.93+2.93 0.0002
GNP26 0.48+0.17 1.57+0.78 1.98+0.88 5.68+4.09 0.0025

(b) HEV-specific IgG titer in mice (n=>5) against truncated ORF2
proteins given with IFA

IFA 0.36+0.08 0.47+0.20 0.67+0.21 0.84+0.16 0.0006
IFA54  0.77+£0.53 1.16+0.34 4.57+3.55 6.26+3.96 0.012
IFA26  0.53+0.17 1.11+0.47 322+2.75 4.26+3.36 0.05

Data were presented as mean=+ SD

p value calculated from one-way ANOVA using GraphPad Prism 8
software, p value <0.05 considered to be statistically significant

dot dot) and 54 kDa (green-colored dots) protein, ¢ zeta potential of
GNPs and its conjugates and d in vitro release of 26 kDa (red dots)
and 54 kDa (black squares) HEV ORF2 proteins as a function of
incubation time in phosphate buffer (pH 7.4)

Humoral immune response of truncated HEV ORF2
in mice

Humoral immune response was evaluated in mice follow-
ing immunization of truncated ORF2 with both GNP con-
jugates and IFA. Anti-HEV IgG titer in serum samples of
mice before immunization, at 21 days post-immunization,
14 days of first booster and 7 days of second booster were
recorded and tabulated in Table 1. The anti-HEV IgG titer
(Sample/cutoff ratio) in GNP (Table 1a) or IFA (Table 1b)
alone group after booster immunization did not show any
increase while mice immunized with truncated ORF2
(both 54 kDa and 26 kDa) with GNPs or IFA adjuvant
showed an increased anti-HEV IgG titer. A low anti-HEV
titer was observed at 21 days post-immunization (GNP54:
0.79 +£0.41, IFA54: 1.16 +0.34 and GNP26: 1.57+0.78,
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Fig.4 IgG titer of mice immunized with a nano-conjugates GNP54
(blue-colored triangle), GNP26 (red-colored circled) and GNP only
(black-colored square) and b IFA54 (blue-colored triangle), IFA26
(red-colored circle) and IFA only (black-colored square) (data pre-
sented as mean + SD); western blot image showing presence/absence
of antibody in mice sera (day-0, day-42) post-injection with ¢ GNPs

IFA26: 1.11 +0.47) which increased at 14 days post-booster
immunization (GNP54: 4.10+3.34, IFA54: 4.57 +3.55 and
GNP26: 1.98 +0.88, IFA26: 3.22 +2.75). Second booster
immunization further enhances antibody titer (GNP54:
7.93+£2.93, IFA54: 6.26 +3.96 and GNP26: 5.68 +4.09,
IFA26: 4.26 +3.36) indicating HEV specificity (Table 1
and Fig. 4a, b). Statistical analysis of the observed increase
in anti-HEV titer evaluated by one-way ANOVA analysis
showed of statistically significant results with p value less
than 0.05 (Table 1 and Fig. 4). To further confirm anti-
HEV antibody in mice serum, immunoblot of immunized
mice sera was carried out using truncated ORF2 proteins
(Fig. 4c, d). GNP26, GNP54 and IFA26, IFA54-immunized
mice serum showed reaction with truncated ORF2 protein
(Fig. 4c, d, Lanes 2, 4) while Pre immunized sera of same
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only, GNP54 and GNP26 and d IFA only, IFA54 and IFA25. Lanes
1 and 3: day-0 serum of GNP26, GNP54 (c) and IFA26, IFA54 (d);
Lanes 2 and 4: day-42 serum of GNP26, GNP54 (c) and IFA26,
IFA54 (d). Lanes 5 and 6: day-O and -42 serum of control group
GNP and IFA only and Lane M: prestained protein molecular weight
marker

mice did not react with HEV protein on membrane (Fig. 4c,
d, Lanes 1, 3). In addition, GNP- and IFA-immunized mice
sera on day-0 and day-42, respectively, did not bind with the
truncated ORF2 protein (Fig. 4c, d, Lanes 5, 6) indicating
absence of anti-HEV antibody.

Adjuvants are crucial for improving the potency of vac-
cine by modulating humoral and/or cell-mediated immune
response to protein antigen. GNPs are promising adjuvant
carriers and are well taken up by antigen-presenting cells
through endocytosis. GNPs are capable of activating mac-
rophages and other immune cells which serves as the basis
for vaccine adjuvants (Dykman and Khlebtsov 2017). Mice
immunized with GNP alone and conjugated with HEV
antigens (26 kDa and 54 kDa) had shown increased HEV-
specific IgG antibody titer following primary immunization
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(21 days post-immunization) and HEV-specific antibody
response further increases after booster immunization
at 14 days of first booster and at 7 days after 2nd booster
immunization (Fig. 4a). Significantly high IgG antibody
titer was observed for GNP54 as opposed to GNP26 follow-
ing booster immunization as depicted in Fig. 4a. Similar
results were also observed by immunization with adjuvant
IFA which indicates that immunogenicity of 54 kDa is
much better that 26 kDa HEV protein (Fig. 4b). It has been
observed that 54 kDa protein can form virus-like particles
that enhances their immunogenic potential (Chattopadhyay
et al. 2017, Gupta et al. 2020, Li et al. 2020). The antibody
response is dependent on the neutralization epitopes located
at C-terminus of ORF2 (E2, 459-606aa) and bigger protein
HEV?239 (298-606aa) also contains an additional neutraliza-
tion epitope (Zhao et al. 2015). Hence, it is quite likely that

an additional neutralizing or conformational epitope might
be present in 112-606 aa (54 kDa protein).

Cellularimmune response against truncated HEV
ORF2 in mice

HEV-specific cellular immune response in immunized mice
was determined by splenocytes proliferation assay following
treatment with HEV ORF2 protein (26 kDa and 54 kDa).
Stimulation index (SI) value of splenocytes proliferation
were determined by MTS method. Splenocytes of immu-
nized mice were seeded in 96-well plate stimulated with
Concanavalin A (Con A) as positive control, 54 kDa and
26 kDa proteins while the untreated cells were considered as
negative control (NC). Increased SI was observed in GNP54,
GNP26 and IFA54, IFA26 group when stimulated with pos-
itive control, HEV 26 kDa and HEV 54 kDa proteins as

Table 2 Stimulation index

Negative Positive control (Con A) 54 kDa 26 kDa p value
control HEV ORF2 protein HEV ORF2 protein
(a) Splenocyte proliferation assay of mice (n=6) immunized with GNP ORF2 proteins
GNPs  1.00+0.001 1.434+0.146 0.995+0.044 1.031+0.116 <0.0001
GNP54 1.00+0.006  1.452+0.276 1.368 +0.099 1.328+0.199 0.0015
GNP26 1.00+0.001 1.492+0.201 1.575+0.138 1.551+0.139 <0.0001
(b) Splenocyte proliferation assay of mice (n=3) immunized with IFA ORF2 protein
IFA 1.00+0.00 1.49+0.27 0.97+0.07 0.96+0.04 0.005
IFA54  1.00+0.00 1.48+0.23 1.31+£0.05 1.49+0.31 0.04
IFA26  1.0+0.001 1.51+0.12 1.47+0.06 1.41+0.02 <0.0001

Data were presented as mean+ SD

p value calculated from one-way ANOVA using GraphPad Prism 8 software, p value <0.05 considered to

be statistically significant
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Fig.5 Splenocyte proliferation of mice immunized with a GNP alone
(black squares), GNP26 nano-conjugates (red dots), GNP54 nano-
conjugates (blue triangles) and b IFA alone (black squares), IFA26
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(red dots), stimulated in the presence of HEV ORF2 proteins (data
presented as mean =+ SD)
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compared to the untreated group as mentioned in Table 2
and Fig. 5a, b. Increased stimulation index was found to
be statistically significant for GNP- and IFA-immunized
mice (Table 2) with p value less than 0.05. The cellular
immune response of GNP-conjugated mice group is com-
parable with IFA-adjuvanted immunized mice group and
the cellular immune response was HEV specific (Fig. 5).
GNP size along with conjugated low or high molecular
weight protein influences cell-mediated immune response.
Lymphocyte proliferation and natural killer cell stimula-
tion was induced more efficiently by 12 nm GNP but not by
2 nm GNPs (Le Guével et al. 2015). The GNP used for this
study was ~ 12 nm size conjugated with both low (26 kDa)
and high (54 kDa) molecular weight antigen. HEV-specific
cell-mediated immune response was assessed by stimulation
index of immunized mice splenocyte proliferation assay fol-
lowing stimulation with bacterial-expressed HEV-truncated
ORF?2 protein. The stimulation index of GNP-conjugated
HEV-immunized mice was comparable to Concanavalin A
(positive control) -treated splenocyte proliferation (Fig. Sa).

Conclusion

This study uses spherical GNPs (~ 12 nm) as antigen carrier
for immunization of mice against HEV and presents compar-
ison of its immune response for two different candidate vac-
cine immunogen. This study conclusively shows the poten-
tial of GNP nano-conjugates to induce both humoral and
cell-mediated immune responses effectively against HEV,
which is comparable to IFA-adjuvanted HEV antigen. Both
candidate vaccine immunogens have shown immunogenic-
ity in mice and comparison of immunogenicity using GNP
nanocarrier adjuvant has shown 54 kDa protein (112-606
aa) as better immunogen than 26 kDa (368-606 aa) protein.
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