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Abstract

Two currently licensed live oral rotavirus vaccines (Rotarix® and RotaTeq®) are highly
efficacious against severe rotavirus diarrhea. However, the efficacy of such vaccines in selected
low-income African and Asian countries is much lower than that in middle or high-income
countries. Additionally, these two vaccines have recently been associated with rare case of
intussusception in vaccinated infants. We developed a novel recombinant subunit parenteral
rotavirus vaccine which may be more effective in low-income countries and also avert the
potential problem of intussusception. Truncated recombinant VP8* (AVP8%*) protein of human
rotavirus strain Wa P[8], DS-1 P[4] or 1076 P[6] expressed in E. coli was highly soluble and was
generated in high yield. Guinea pigs hyperimmunized intramuscularly with each of the AVP8*
proteins (i.e., (P[8], P[4] or P[6]) developed high levels of homotypic as well as variable levels of
heterotypic neutralizing antibodies. Moreover, the selected AVP8* proteins when administered to
mice at a clinically relevant dosage, route and schedule, elicited high levels of serum anti-VP8*
IgG and/or neutralizing antibodies. Our data indicated that the AVP8* proteins may be a plausible
additional candidate as new parenteral rotavirus vaccines.
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1. Introduction

Rotaviruses are the most common cause of severe gastroenteritis among children under 5
years of age in both developed and developing countries [1, 2]. In general, because natural
rotavirus infections induce efficient protection against subsequent severe rotavirus diseases
[3], concerted efforts have been made to develop an attenuated live oral rotavirus vaccine.
Currently, two live oral rotavirus vaccines, Rotarix® (GlaxoSmithKline) [4] and RotaTeq®
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(Merck) [5], have been licensed in many countries. These two vaccines have been
demonstrated to be safe and efficacious in preventing severe rotavirus diarrhea among
children in middle-income and high-income countries, however, the immunogenicity and
efficacy of these vaccines in selected low-income countries of Africa, Asia and Central
America where the vaccines are needed most was low [6-9]. In addition, a small increased
risk of intussusception shortly after the first vaccine administration was detected during
postmarketing surveillance of both vaccines [10]. Recently, the presence of porcine
circovirus (PCV) type 1 DNA in Rotarix® vaccine and fragments of DNA of PCV type 1
and type 2 in RotaTeq® vaccine was confirmed [11]. More recently, PCV type 1 in Rotarix®
was demonstrated to be infectious [12] and was able to replicate productively in human
hepatocellular carcinoma cells [13]. Recently, in response to at least 8 cases of vaccine-
acquired rotavirus infection in infants with severe combined immunodeficiency (SCID)
reported in the literature and to the Vaccine Adverse Event Reporting System [14,15] (i. e.,
seven received RotaTeq® and one received Rotarix®, and all had diarrhea, and in addition,
most had additional infections), SCID has been added by the FDA and recommended by the
CDC and the Advisory Committee on Immunization Practices as a contraindication for
administration of either licensed oral rotavirus vaccine in the US [16]. Moreover, live
rotavirus vaccine strains could generate reassortant rotaviruses between vaccine strains and
circulating wild-type strains or among vaccine strains if a mixed infection occurs in a
vaccinated child, which could lead to the generation of potentially virulent strains as
reported recently [17].

Because of concerns associated with live oral rotavirus vaccines and potential advantages of
non-living rotavirus vaccines (e.g., no involvement of gastrointestinal factors; no
environmental interference; and coherence with other routine childhood vaccines),
alternative strategies have been pursued including the development of an inactivated
rotavirus vaccine [18,19], triple- and double-layered virus-like particle vaccines [20,21] and
recombinant subunit VVP6 protein vaccine [22,23]. Evidence from licensed vaccines has also
shown that parenteral vaccines are successful in preventing orally transmitted diseases such
as poliovirus, hepatitis A and B viruses, Vibrio cholera or Salmonella typhi [24-28].

Rotavirus outer capsid proteins VP7 (which defines G type) and VP4 (which defines P type)
are independent protective antigens. Rotavirus infectivity requires proteolytic cleavage of
the VP4 and the subsequent formation of VP8* and VVP5* proteins. Initially, we tried to
express various portions of the VP5*, however, such bacterially-expressed truncated VP5*
proteins were all insoluble, and therefore, we expressed the VP8* protein. The VVP8* protein
of VP4 has been expressed in various systems and demonstrated to induce rotavirus-specific
neutralizing antibodies and/or protection in a mouse model [29-37]. The objective of this
study was to generate and characterize a truncated recombinant subunit \VVP8* protein
vaccine candidate containing amino acid residues 64 (or 65)-223 with P[8], P[4] or P[6]
specificity expressed in E. coli and to evaluate its vaccine potential. This VP8* region was
selected since all the VVP8*-specific neutralizing monoclonal antibodies have been mapped
to this region [38]; and Wa VVP8*(64-223) has previously been expressed in £. coliand
analyzed by X-ray crystallography [39].

2. Materials and Methods

2.1. Viruses and cell culture

Human rotavirus strains Wa (G1P[8]) [40], DS-1 (G2P[4]) [41] and 1076 (G2P[6]) [42]
were grown in primary African green monkey kidney cells (Diagnostic Hybrids, Athens,
OH). Eagle’s minimum essential medium supplemented with 0.5 pg/ml of trypsin (Sigma y-
irradiated trypsin), 100 IU/ml of Penicillin, 100 pg/ml of Streptomycin and 2.5 pg/ml of
Amphotericin B was used as maintenance medium.
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2.2. Vaccine plasmid construction

Truncated VP8* (AVP8*) gene cDNA of human rotavirus Wa, DS-1 or 1076 strain was
obtained by a reverse transcription-polymerase chain reaction (RT-PCR) procedure from
viral RNA extracted using TRIzol-LS (Invitrogen). The primers used were designed
according to the genomic sequences of RNA segment 4 of each rotavirus strain [GenBank
accession numbers: FJ423116 (Wa), EF672577 (DS-1) and M88480 (1076)].
Oligonucleotide sequences included restriction endonuclease sites NMdel and Sac | to
facilitate the cloning of the inserts in multiple clone sites in an expression vector. The
primers for constructing AVP8* were as follows: 5’-
TACTCATATGTTAGATGGTCCTTATCAGCCAAC- 3" (Wa AVP8* sense), 5'-
TAGAGCTCTATCACAGACCATTATTAATATATTCATTAC-3’ (Wa AVP8*
antisense), 5-TACTCATATGGTTTTAGATGGTCCTTATCAAC-3" (DS-1 AVP8* sense)
and 5"-TAGAGCTCTATCATAAACCATTATTGATATACTCG -3’ (DS-1 AVP8*
antisense), 5-TACTCATATGGTACTCGATGGTCCTTATCAACC-3’ (1076 AVP8*
sense) and 5'-TAGAGCTCTATCATAACCCAGTATTTATATATTCATT ACAC-3’
(1076 AVP8* antisense). Mde /and Sac /sites, respectively (underlined), and two stop
codons were introduced into each antisense primer (in bold). VP8* cDNA was synthesized
by using Superscript 11 (Invitrogen) and reaction parameters were as follows: 50-200 ng of
genomic RNA was denatured with a final concentration of 15% DMSO and incubated at
94°C for 3 min, followed by chilling immediately. The first strand cDNA was synthesized
following manufacturer’s instructions. The products of RT reaction were used as templates
for PCR using an iProof High-Fidelity PCR system (Bio-Rad) to amplify the truncated VP8*
fragments of rotaviruses with P[8], P[4] or P[6] specificity. The amplified VP8* fragment
was cloned into the bacterial expression vector pET28a (Novagen) containing a 6xhistidine
region for affinity column isolation of recombinant protein. Each PCR product was purified
by a QIA-quick gel extraction kit (Qiagen) by agarose gel electrophoresis. Each purified
PCR product was cloned into the NMde | and Sac | multiple clone site of the pET28a vector,
yielding pET28a-His-AVP8*s which encoded amino-acid (aa) residues 65-223 of Wa VP8*,
aa 64-223 of DS-1 VP8* or aa 64-223 of 1076 VP8*. Amplification of the recombinant
plasmids was conducted by transformation into XL-10 Gold £. coli cells (Stratagene). The
integrity and fidelity of amplification were confirmed by DNA sequencing.

2.3. Expression of recombinant protein

The expression plasmids pET28a-His- AVP8* with different specificities were transformed
into competent £. coli BL21(DE3)pLysS cells by heat shock. A single colony was
inoculated into fresh LB broth containing 50png/ml kanamycin. When absorbance at 600 nm
reached 0.5, the expression of His-AVP8* was induced by the addition of 1 mM
isopropyl-1-thio-B-D-galactoside at 18°C for 5 h. The recombinant £. coli cells harboring
AVP8* proteins were harvested and stored at —80°C until use.

2.4. Western blot

Proteins were analyzed by 4-12% NuPAGE gel and transferred electrophoretically onto a
nitrocellulose membrane (Whatman). The membrane was blocked with TBS containing 5%
non-fat milk (W/V) and incubated for 1 h at room temperature followed by rinsing twice
with TBS. The membrane was then incubated at 4°C overnight with a hyperimmune guinea
pig antiserum raised against strain Wa (P[8]), DS-1 (P[4]) or ST3 (P[6]) diluted at 1:150
with blocking buffer. Following washing three times with TBS containing 0.05% (V/V)
Tween-20 (TBS-T), the membrane was incubated with a peroxidase-conjugated goat anti-
guinea pig 1gG (H+L) (KPL) (1:3,000) for 1 h at room temperature. Following rinsing five
times with TBS-T, the membrane was developed by the addition of 3,3’ -diaminobenzidine
substrate (Sigma).
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2.5. Purification of truncated VP8* protein

BugBuster Master Mix (Novagen) containing a protease inhibitor cocktail (Roche) was used
to destroy recombinant £. coli cell walls and the soluble product of each fraction was
harvested and stored at —80°C until use. The AVP8* proteins were purified by using
ProBond nickel-NTA agarose affinity chromatography (Invitrogen) as described in the
manufacturer’s protocol. The presence of recombinant proteins and their purity were
confirmed by SDS-PAGE. The concentration of purified recombinant proteins was
measured by BCA assay (Thermo) according to the manufacturer’s instructions. The level of
endotoxin in each purified protein was quantified by using Toxinsensor™ Chromogenic
LAL Endotoxin Assay Kit (GenScript) according to the manufacturer’s protocols. The
recombinant proteins were stored at —80°C until use.

2.6. Immunization of guinea pigs or mice

Outbred female Hartley guinea pigs weighing 500-550 grams were purchased from Charles
River Laboratories (Wilmington, MA). Guinea pigs were maintained under animal biosafety
level 2 conditions in isolator cages for the entire period of each experiment. All animal
experiments were done at the NIH, in compliance with the guidelines of the Institutional
Animal Care and Use Committee of the National Institute of Allergy and Infectious Diseases
or the National Institute of Child Health and Human Development. Since the
immunogenicity of the recombinant truncated VVP8* protein was unknown, initially we
immunized intramuscularly (IM) two guinea pigs each with 250 g of the AVP8* with P[8],
P[4] or P[6] specificity with complete and incomplete Freund’s adjuvants as previously
reported [43]. Later, however, we found that the presence of Freund’s adjuvants did not
increase the immunogenicity of the AVP8* protein significantly. In a dosage-
immunogenicity study, 2 or 4 guinea pigs were injected IM with 10 (or 20, 40, 80 or 160)
g of P[8] AVP8* 3 times at 2-week intervals without Freund’s adjuvants. Blood samples
were collected prior to each immunization as well as 7 days after the third immunization. To
evaluate adjuvant effects of aluminum compounds, 10 and 20 pg of Wa P[8] AVP8* were
mixed with aluminum phosphate (ADJU-PHOS™, Brenntag Biosector) or aluminum
hydroxide (ALHYDROGEL® 2%, Brenntag Biosector) at an aluminum content of 100 g/
dose and injected 1M into guinea pigs 3 times at 2-week intervals.

For evaluation of immunogenicity in mice, we followed a protocol that resembles infant
vaccine administration. Eight weanling 5-6 week-old general-purpose female mice from the
NIH colony were injected subcutaneously with 5ug/dose of purified DS-1 P[4] AVP8*
protein in PBS, 3 times at 2-week intervals. Mice were exsanguinated 1 week after the last
injection. Hyperimmune antisera were prepared as described [44].

2.7. Serology

The neutralizing antibody titer of each serum sample was determined by 60% plaque
reduction neutralization (PRN) assay as previously described [45], except that the virus-
serum mixture was left in the agarose overlay after a one hour adsorption period. Mouse
anti-VP8* 1gG was measured by enzyme-linked immunosorbent assay (ELISA) using DS-1
P[4] AVP8* or full-length Wa P[8] VP8 in PBS as a coating antigen (1 pg/well).
Hyperimmune antisera were used as a reference and antibody levels were expressed in
ELISA units (EU). The lowest detectable level was assigned 1 EU.

2.9. Statistical analysis

For comparison of (i) geometric mean serum neutralizing antibody titers between different
dosages of P[8] AVP8* protein and (ii) serum IgG titers elicited by the DS-1P[4] AVP8* in
mice, the student #test was used. Statistical significance was assessed at £<0.05.
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3. Results

3.1. Expression and purification of recombinant AVP8* protein of Wa P[8], DS-1 P[4], or
1076 P[6] strain

Each of 3 recombinant AVP8* proteins (i.e., Wa P[8], DS-1 P[4] or 1076 P[6]) was
expressed both in soluble and insoluble (inclusion bodies) forms. We found that the lower
induction temperature yielded more soluble proteins (data not shown). The expression of
recombinant AVP8* protein was confirmed by SDS-PAGE (Fig. 1) and Western blot
analyses (Fig. 2). The yield of purified DS-1 P[4] AVP8* protein reached ~70mg per liter
(L) of culture followed by 1076 P[6] AVP8* (~50 mg/L culture) and Wa P[8] AVP8* (~40
mg/L culture), although a significant amount of soluble protein was lost during the washing
of the column with washing buffer containing various concentrations of imidazole. The yield
could be improved further upon optimizing the parameters of induction and purification. The
average endotoxin level of three purified AVP8* proteins was 1.8 EU/mI (1.813 EU/mlI for
Wa P[8] AVP8*, 1.804 EU/mI for DS-1 P[4]AVP8* and 1.818 EU/mI for 1076 P[6]
AVP8*, respectively) which was far less than the recommended endotoxin level (i.e., a level
of <20 EU/mI for recombinant subunit vaccines)[46].

3.2. Immunogenicity of recombinant AVP8* proteins

Guinea pigs hyperimmunized with purified Wa P[8] AVP8* elicited high levels of VP8*-
homotypic (range 1:7,680 to 1:5,120) as well as VP8*-heterotypic (1:5,120 vs P[4])
neutralizing antibodies (Table 1). In addition, low levels (1:320 and 1:80) of VVP8*-
heterotypic neutralizing antibodies were induced against P[6] and P[10], respectively.
Similarly, guinea pigs hyperimmunized with purified DS-1 P[4] AVP8* elicited high levels
of homotypic (1:5,120) and heterotypic (1:1,280 vs P[8]), as well as moderate to low levels
(1:320 and1:80 vs P[6] and P[10], respectively) neutralizing antibodies. Guinea pigs
hyperimmunized with 1076 P[6] AVP8*, developed high levels of VP8*-homotypic
(1:1,280) as well as lower heterotypic neutralizing antibodies (1:320 to 1:40 vs P[8] and
P[10], respectively). It was of interest that these serological relationships among four
different P type strains (i.e., P[4], P[6], P[8] and P[10]) correlated well with molecular
relationships among them: Wa P[8] strain shares the highest amino acid identity of 82.4%
with DS-1 P[4] strain followed by 64.2% with 1076 P[6] strain and 46.8% with 69M P[10]
strain.

In a dosage-immunogenicity study, two IM immunizations of 10ug (or 20, 40, 80 or 160
pg) Wa P[8] AVP8*/ injection without adjuvant did not induce in guinea pigs any
detectable levels of neutralizing antibodies (Fig. 3). However, after the third dose at 10-40
ug/injection, guinea pigs developed high level of homologous neutralizing antibodies (GM
range from 1:1,810 to 1:4,305). Unexpectedly, levels of neutralizing antibodies at higher
dosages (80 p.g to 160 pg/injection) were lower (1:1,280), though not statistically significant
(P>0.05). The addition of aluminum phosphate or aluminum hydroxide adjuvant to Wa P[8]
AVP8* did not enhance the immune response significantly (data not shown).

Mice immunized with DS-1 AVP8* developed high levels of homotypic (i.e., DS-1 P[4]
AVP8*) as well as moderate to low levels of heterotypic (i.e., Wa P[8] AVP8*) IgG
antibodies (Table 2). In addition, selected mouse sera (mouse # 7 and #8) showed both
homologous (1:160 vs DS-1 strain) and heterologous (1:80 vs Wa strain) neutralizing
activities.

4. Discussion

In consideration of various concerns associated with live oral rotavirus vaccines, we
generated recombinant subunit rotavirus vaccine candidates (i.e., AVP8* protein with P[8],
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P[4] or P[6] specificity) designed to be delivered parenterally since parenteral vaccines in
general are free from various concerns associated with live oral vaccines and may work
better in underdeveloped regions where the vaccine is needed most. Three doses of 10 g or
20 g of our AVP8* parenteral vaccines without adjuvant elicited in guinea pigs high levels
of homotypic as well as variable levels of heterotypic neutralizing antibodies against
different strains. In addition, weanling mice immunized with DS-1 P[4]AVP8* vaccine by
clinically relevant dosage, route and schedule developed high levels of VP8*-specific serum
IgG antibodies. Thus, we have shown that our AVP8* proteins may be plausible parenteral
rotavirus vaccines.

In general, the yield of recombinant protein vaccine candidates prepared from the E. coli
expression system is significantly higher than that prepared from other expression systems
including baculovirus-insect cell expression and mammalian cell expression systems. More
importantly, the £. coli system costs less and takes a shorter time to generate recombinant
proteins than other systems. Rotavirus AVP8* is not a glycoprotein and can be expressed
very well in £. coli. Previously, Kovacs-Nolan et al. (2001) generated in £. colia full-length
P[8] VP8* of Wa strain in the form of a fusion protein with GST protein and obtained a
soluble protein of 1.8mg/L bacterial culture [33]. Similarly, Bellido et al. (2009) expressed
the Brucella spp. lumazine synthase-truncated bovine rotavirus VP8* chimeric protein in £.
coli and obtained ~15 mg/L of a soluble protein [35]. In the current study, we obtained a
soluble AVP8* protein in high yields, ranging from ~70mg/L of DS-1 P[4] VP8* to ~40mg/
L of Wa P[8] VP8*.

Although immunity to rotavirus is not completely understood, since rotavirus primarily
infects mature villus epithelial cells of the small intestine, mucosal immunity is considered
to play a critical role in the prevention of diseases caused by rotavirus infection [47-51].
Administration of live oral rotavirus vaccines that mimics natural rotavirus infection has
been well documented to be effective in inducing protection against rotavirus disease,
presumably because it can elicit both mucosal and systemic immune responses. On the other
hand, parenteral administration of a subunit vaccine, in general, elicits primarily a systemic
immune response. It is noteworthy, however, that the role of serum antibodies in preventing
rotavirus infections has been demonstrated in various animal models [52-54]. Recently,
Westerman and his colleagues (2005) demonstrated that passively transferred circulating
antibodies with certain levels of rotavirus-specific 1gG or neutralizing activities were
associated with mucosal immunity against rotavirus infection in a non-human primate model
[55]. These findings have provided clear implications for the development of parenteral
rotavirus vaccines.

It has been well established that rotavirus G-P combinations G1P[8], G2P[4], G3P[8] and
G4P[8] are of global epidemiologic importance with G1P[8] being the most important [56].
Currently available two live oral rotavirus vaccines are selected or designed to provide
antigenic coverage to such epidemiologically important G and P types since data obtained
from experimental animal studies as well as vaccine clinical trials and volunteer studies
appear to suggest that the induction of serotype-specific immunity may be important for
optimal protection [57,58]. It is of note that recently, unusual G and P types causing a high
incidence of human infection have been reported in various regions of the world including
G8, G9, G10, G12, and P[6] [59-66] that are not covered serotypically by Rotarix® and
RotaTeq®. Since in nature, almost all human rotavirus G types have been detected in
combination with P[8], P[4] or P[6] specificity, the P[8], P[4] and P[6] AVP8* proteins
generated in this study could be used at a minimum singly or preferably in multivalent
formulations of two or more components to provide antigenic coverage to almost all the G
(\VP7) types of global as well as regional epidemiologic importance.
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Figurel.

SDS-PAGE analysis of purified recombinant AVP8* proteins Wa P[8] (panel A), DS-1 P[4]
(panel B) and 1076 P[6] (panel C). The AVP8* proteins were expressed in £. coli, induced
at 18°C (Wa P[8] and 1076 P[6]) or at 37°C (DS-1 P[4]) and purified as described in
Materials and Methods. Lane M contains molecular size markers.
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Figure 2.

Western blot analysis of recombinant AVP8* proteins of Wa P[8] (probed with guinea pig
anti-Wa strain antiserum, panel A), DS-1 P[4] (probed with guinea pig anti-DS-1 antiserum,
panel B) and 1076 P[6] (probed with guinea pig anti-ST3 antiserum, panel C) as described
in Materials and Methods. Lanes M contains molecular size markers; lane 1 contains
supernatant of lysed recombinant £. coli cells and lane 2 contains pellets of lysed
recombinant £. coli cells. Arrows indicate the recombinant AVP8* proteins.
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Figure 3.

Dosage-immunogenicity experiment of recombinant Wa P[8] AVP8* protein in guinea pigs.
Guinea pigs were immunized IM with 10 pg (n=4), 20 ng (n=4), 40 ng (n=4), 80 g (n=2)
or 160 pg (n=2)/dose of the purified P[8]AVP8* protein 3 times at 2-week intervals as
described in Materials and Methods. The error bars represent standard errors of the means.
Columns with letter A do not differ significantly.
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Neutralization characteristics of hyperimmune guinea pig antisera raised against AVP8* protein with P[8],

P[4] or P[6] specificity

Rotavirus antibody titer@ of serum raised to indicated subunit protein

Strain Pand Gtype W

aP[S]JAVP8*  DS-1P[4] AVPS*

1076 P[6] AVP8*

Wa P[8]G1 76
P P[8]G3 51
wiel  P[8]GY 51
DS-1  P[4]G2 51
M37  P[6]G1 32
69M  P[10]G8 80

800 1280
20 1280
20 1280
20 5120
0 320
80

320

160
160
240
1280
40

a60% plaque reduction neutralizing antibody titer (reciprocal)

bHomotypic values in bold
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Table 2

1gG enzyme-linked immunosorbent assay unit (EU) of serum samples derived from mice immunized
subcutaneously three times with DS-1 P[4]AVP8* protein

Mouse # 1gG antibody in EU toindicated protein

DS-1P[4+] VP8*  WaP[8] VP8*C

1 692 111

2 271 24

3 28 7

4 175 179

5 25 47

6 69 22

7 126 (1609 16 (809)

8 830 (160 16 (809)
Geometic mean 140 31

rEIReciprocal of 60% PRN antibody titer to DS-1 strain
bReciprocaI of 60% PRN antibodly titer to Wa strain

c
Full-length Wa VP8* was used to coat ELISA plate.

Note: Serum samples from mice 1-6 were not tested by neutralization assay.
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