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SUMMARY

Non-replicating rotavirus vaccines are an alternative strategy to improve the
efficacy and safety of rotavirus vaccines. The spike protein VP4, which could be
enzymatically cleaved into VP8* and VP5*, is an ideal target for the development
of recombinant rotavirus vaccine. In our previous studies, we demonstrated that
the truncated VP4 (aa26-476, VP4*) could be a more viable vaccine candidate
compared to VP8* and VP5*. Here, to develop a human rotavirus vaccine, the
VP4* proteins of P[4], P[6], and P[8] genotype rotaviruses were expressed. All
VP4* proteins can stimulate high levels of neutralizing antibodies in both guinea
pigs and rabbits when formulated in aluminum adjuvant. Furthermore, bivalent
VP4*-based vaccine (P[8] + P[6]-VP4*) can stimulate high levels of neutralizing an-
tibodies against various genotypes of rotavirus with no significant difference as
compared to the trivalent vaccines. Therefore, bivalent VP4* has the potential
to be a viable rotavirus vaccine candidate for further development.

INTRODUCTION

Diarrheal disease is a leading child killer (Kotloff et al., 2013), and rotavirus is the leading cause of diarrhea-

associatedmorbidity andmortality in infants and children younger than 5 years old (Lanata et al., 2013). The

annual number of death due to rotavirus infection is approximately 146,480 worldwide, and the vast major-

ity of these deaths occurred in the low-income countries in Africa and Asia (Faris, 2018). Four live attenuated

rotavirus vaccines have been prequalified byWHO, amongwhich Rotarix (GlaxoSmithKline Biologicals) and

RotaTeq (Merck & Co., Inc.) have been implemented in the national immunization schedule worldwide

(AuthorAnonymous, 2013). The live attenuated vaccines are effective in reducing rotavirus-associated

morbidity and mortality (Clark et al., 2019; O’Ryan and Linhares, 2009). However, the effectiveness of these

vaccines is significantly decreased in low- and middle-income countries (LMIC) compared to high-income

countries (Armah et al., 2010; Bhandari et al., 2014; Isanaka et al., 2017; Kulkarni et al., 2017; Stockman,

2011; Zaman et al., 2010).

The decreased efficacy of live attenuated rotavirus vaccines in LMICs could be due to several reasons,

such as high titers of maternal antibodies (Armah et al., 2010; Bhandari et al., 2014; Zaman et al., 2010),

enteric virome (Kim et al., 2022), enteropathy (Parker et al., 2018), and differences in host receptor human

histoblood group antigens (HBGAs) (Nordgren et al., 2014; Coulson, 2015). Non-replicating rotavirus vac-

cines could potentially overcome the efficacy issues of live attenuated vaccines, because they may circum-

vent the interference of maternal antibody, enteropathy, and the differences in HBGAs. Moreover, the

safety of non-replicating rotavirus vaccines should be also higher than oral vaccines. Therefore, different

parenteral, non-replicating rotavirus vaccines have been developed, including inactivated vaccines (Jiang

et al., 2008; Wu et al., 2015), virus-like particles (Azevedo et al., 2013; Changotra and Vij, 2017), and single

subunit vaccines (Groome et al., 2020; Xue et al., 2015).

A series of rotavirus antigens, such as VP4 (Li et al., 2018), VP7 (Khodabandehloo et al., 2012), VP6 (Afchangi

et al., 2019), and NSP4 (Liu et al., 2021) can stimulate protective immunity and confer protection in animal

models. Among these antigens, the spike protein VP4, which mediates rotavirus attachment and internal-

ization, was most explored (Dunn et al., 1995; Jia et al., 2017; Li et al., 2010, 2018; Wen et al., 2012). VP4 can

be enzymatically cleaved into VP8* and VP5*, and both VP8* and VP5* can stimulate neutralizing antibodies
iScience 25, 105099, October 21, 2022 ª 2022 The Authors.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

mailto:litingdong@xmu.edu.cn
mailto:sxge@xmu.edu.cn
https://doi.org/10.1016/j.isci.2022.105099
https://doi.org/10.1016/j.isci.2022.105099
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2022.105099&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


ll
OPEN ACCESS

iScience
Article
(Nair et al., 2017; Trask et al., 2012). The most advanced recombinant rotavirus vaccine was based on the

distal hemagglutinin domain of VP4 (DVP8) (Wen et al., 2012), which was fused to the Th2 epitope of tetanus

toxin (P2) to improve the immunogenicity of DVP8 (P2-VP8) (Groome et al., 2017). However, Dunn et al.

found that VP4 can stimulate higher immune responses and confers higher protective efficacy than VP8

and VP5 (Dunn et al., 1995). In our previous studies, we also found that the immunogenicity of truncated

murine and lamb rotavirus VP4*, which contains VP8 and VP5 antigen domain, was also higher than VP8*

and VP5* alone (Li et al., 2018). Immunization with VP4* provided 100% protection against fecal shedding

of rotavirus and severe diarrhea inmice when formulated with aluminum adjuvant (Li et al., 2018). Therefore,

VP4* was expected to be a viable candidate antigen for recombinant rotavirus vaccines.

In human, P[4], P[6], and P[8] are the most prevalent P genotypes of rotaviruses (Gupta et al., 2019).

Therefore, in this study, VP4* protein of P[8], P[4], and P[6] genotypes was expressed and purified, and their

immunogenicity were evaluated. The results show that all the three genotypes of VP4* proteins are highly

immunogenic, and bivalent VP4*-based vaccine (P[8]+ P[6]) can stimulate high level of protective

antibodies against the common genotypes of rotaviruses.
RESULT

Purification and characterization of truncated VP4 proteins

Among prevalent human rotaviruses, P[8] are the most prevalent P genotypes, followed by P[4] and P[6],

and these three P genotypes account for more than 95% of human rotaviruses (Doro et al., 2014). To

develop a human rotavirus vaccine, the VP4* proteins of P[4], P[6], and P[8] strains were expressed in

E.coli BL21(DE3), and the soluble proteins were purified from the supernatant. After ion exchange and

hydrophobic exchange chromatography, the purity of VP4 proteins was higher than 95% as analyzed by

SDS-PAGE, and the identity was confirmed by Western blot (Figures 1A and 1B). Native-PAGE results

showed that the size of VP4* protein ranged from 130 to 170 kDa. We hypothesized that VP4* protein ex-

isted as trimer in TB8.8 buffer (Figure 1C). The homogeneity of the purified VP4* proteins was analyzed by

HPSEC, and the results showed that the purified VP4* proteins were eluted in a single peak with a retention

time of about 14 min (Figures 1D–1F). As analyzed by differential scanning calorimetry (DSC), two peaks

were observed for all the three genotypes of VP4* proteins, indicating that there were two distinct thermal

transitions during the unfolding process. We speculated that the first peak represents the transition of VP4*

from trimers tomonomers, while the second peak represents the unfolding of VP4*monomers (Figures 1G–

1I). The endotoxin in VP4* proteins was further removed by Detoxi-Gel endotoxin removing columns, and

the endotoxin level in VP4* proteins were lower than 20 EU/mg as analyzed by limulus amebocyte lysate

(LAL).
Dose-dependent immunogenicity of P[8]-VP4*

To evaluate the immunogenicity and optimal immunization dose of VP4* proteins, guinea pigs and rabbits

were immunized intramuscularly with different amount of P[8]-VP4* proteins formulated with aluminum

adjuvant for three doses. In both guinea pigs and rabbits, homotypic VP4*-specific binding antibody

(IgG) and neutralizing antibody (nAb) titers were detectable after the first dose of immunization (Figure 2).

The antibody titers and nAb titers increased after the second and third immunization in the low dose group;

while in the high dose group, no significant difference was observed after the second and third immuniza-

tion (Figure 2). After three doses of immunization, the nAb titers reached 271 (100–550), 1153 (289–2660),

and 1375 (566–2277) in low-, middle-, and high-dose groups in guinea pigs (Figure 2C). In rabbits, the

neutralizing antibody titers reached to 888 (400–1768), 2099 (1107–3547), and 2336 (2151–2630) in low-,

middle-, and high-dose groups, respectively (Figure 2D). The nAb titers in the low dose groups were signif-

icantly lower than those in high-dose groups, while there was no significant difference in the neutralizing

antibody titers between the middle- and high-dose groups in both guinea pigs and rabbits (Figures 2C

and 2D). Thus, 10 and 25 mg per dose was selected for guinea pigs and rabbits in the following studies.

The Immunogenicity of VP4-P[8], VP4-P[4], and VP4-P[6] in guinea pigs and rabbits.

To evaluate the immunogenicity of rotavirus VP4* proteins of P[4], P[6], and P[8] rotavirus, guinea pigs and

rabbits were immunized with 10 or 25 mg VP4* proteins for three doses, respectively. After three doses of

immunization, P[4]-, P[6]-, and P[8]-VP4* proteins all stimulated robust antibody responses in guinea pigs

and rabbits (Figure 3). In guinea pigs, the GMT of nAbs after three dose of immunization was 694, 1363, and
2 iScience 25, 105099, October 21, 2022



Figure 1. Purification and characterization of VP4* proteins

(A) SDS-PAGE analysis of VP4* proteins of P[4], P[6], and P[8] genotype rotaviruses.

(B) Western blot analysis of VP4* proteins using a broadly reactive mAb 9C4.

(C) Native PAGE analysis of VP4* proteins.

(D–F) HPSEC analysis of VP4* proteins using G3000PWXL.

(G–I) DSC analysis of VP4* proteins.
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4852 for P[4]-, P[6]-, and P[8]-VP4* proteins, respectively (Figure 3C); while in rabbits, the GMT of nAbs was

1520, 2714, and 4768, respectively (Figure 3D).

The heterotypic neutralizing antibody responses induced by VP4* proteins

To evaluate whether VP4* proteins could stimulate heterotypic nAbs, the nAb levels of the serum samples

to heterotypic G or P genotype rotaviruses were determined. P[8], P[6], and P[4] genotype VP4* proteins all

stimulated nAbs against the heterotypic rotaviruses (Figure 4 and S1). For DS-1, P[8]-VP4* stimulated

similar titers of nAbs compared to the homotypic P[4]-VP4* (Figure 4). However, for both P[8] and P[6] ro-

taviruses, the neutralizing antibody levels stimulated by a heterotypic P genotype VP4* were significantly

lower than those stimulated by homotypic VP4* proteins in guinea pigs (Figure 4A). Thus, bivalent or triva-

lent vaccines based on VP4* should be developed to stimulate protection against most prevalent human

rotaviruses. In addition, the differences in guinea pigs were higher than that in rabbits, so the immunoge-

nicity of bivalent and trivalent vaccines was evaluated in guinea pigs.

Bivalent VP4* stimulates protective antibodies against common human rotaviruses

Considering the fact that P[8] was the most prevalent P genotypes and P[8]-VP4* stimulated higher titers of

neutralizing antibodies against P[8] rotaviruses, the bivalent vaccine was composed of P[8]-VP4* and P[6]-

VP4*. Guinea pigs were immunized with the bivalent and trivalent vaccines using the same dose and

schedule as the monovalent vaccines. After 3 doses of immunization, the neutralizing activity of the serum

samples from guinea pigs against different G and P genotype rotaviruses was determined. Both bivalent

and trivalent vaccines stimulated high levels of nAbs against the rotaviruses tested. In addition, for all
iScience 25, 105099, October 21, 2022 3



Figure 2. Dose-dependent immunogenicity study of P[8]-VP4* in guinea pigs and rabbits

The guinea pigs and rabbits were immunized intramuscularly (IM) with VP4* proteins formulated in aluminum adjuvant for

three times with 2-week interval. The serum samples were collected individually from the guinea pigs and rabbits before

immunization and 2 weeks after each dose of immunization.

(A) Antibody titers against P[8]-VP4* in guinea pig sera.

(B) Antibody titers against P[8]-VP4* in rabbit sera.

(C) Neutralizing antibody titers against human rotavirus of Wa in guinea pig sera.

(D) Neutralizing antibody titers against human rotavirus Wa in rabbit sera. The bars represent mean and standard error of

the means in each group (n = 5). *, **, ***, **** represents p < 0.05, 0.005, 0.0005, 0.0001; ns represents p > 0.05.
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the rotaviruses tested, bivalent and trivalent vaccines stimulated similar levels of nAbs compared to the

monovalent homotypic VP4*. There was no significant difference between the bivalent vaccine and triva-

lent vaccine for the nAbs against all the rotaviruses tested (Figure 5). Thus, a bivalent vaccine based on

VP4* could stimulate protective immunity against most of the prevalent rotaviruses.

DISCUSSION

In this study, the truncated VP4* of human rotavirus P[4], P[6], and P[8] genotypes were expressed and all of

the VP4* proteins can stimulate high level of neutralizing antibodies. It was found that a bivalent

VP4*-based vaccine (P[8]+P[6]) can stimulate protective antibodies against rotaviruses of common G and

P genotypes. The results in this study are encouraging and suggest that the bivalent VP4* could be a viable

vaccine candidate for further development.

The spike protein VP4 mediates the attachment and penetration of rotaviruses, and was widely explored

as candidate antigens for rotavirus vaccines (Dunn et al., 1995; Jia et al., 2017; Li et al., 2010, 2018; Wen

et al., 2012). VP4 could be enzymatically cleaved into VP8* and VP5* by trypsin, which enhances the infec-

tivity of rotavirus (Clark et al., 1981). Both VP8* and VP5* can stimulate neutralizing antibodies, however,

most rotavirus vaccines based on the hemagglutinin domain of VP8 (DVP8) (Mohanty et al., 2018; Ramesh

et al., 2019; Wen et al., 2012; Xue et al., 2015). There were several reasons for the focus on VP8. First,

VP8* binds to the cell surface receptors, and antibodies specific for VP8 could inhibit the first step of

rotavirus infection (Ruggeri and Greenberg, 1991); second, the immunogenicity of VP8* was higher

than VP5*(Padillanoriega et al., 1992); third, DVP8 could be expressed in soluble from in high level

that the production process should be simple and the cost should be low (Kovacs-Nolan et al., 2001;

Kraschnefski et al., 2005).
4 iScience 25, 105099, October 21, 2022



Figure 3. The immunogenicity of VP4* in guinea pigs and rabbits

The guinea pigs and rabbits were immunized intramuscularly (IM) with VP4* proteins formulated in aluminum adjuvant for

three times with 2-week interval. The serum samples were collected individually from the guinea pigs and rabbits before

immunization and 2 weeks after each dose of immunization.

(A–D) (A) The antibody titers in serum of guinea pigs, (B) the antibody titers in the serum of rabbits, (C) the neutralizing

antibody titers in serum of guinea pigs, (D) the neutralizing antibody titers in serum of rabbits. Rotavirus Wa (G1P[8]),

DS-1 (G2P[4]), and VR-2104 (G3P[6]) were used for detecting the homotypic neutralizing antibodies stimulated by P[4]-,

P[6]-, and P[8]-VP4* proteins, respectively. The bars represent mean and standard error of the means in each group (n = 5).

*, **, ***, **** represents p < 0.05, 0.005, 0.0005, 0.0001; ns represents p > 0.05.
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In our previous studies, we also explored truncated VP8 as the candidate antigen for rotavirus antigen, and

found that theN-terminus (aa26-64) was critical for VP8 to stimulate neutralizing antibodies (Xue et al., 2015);

however, the immunogenicity of VP8 was not high enough when formulated in aluminum adjuvant (Xue

et al., 2016). Later, we found that the truncated VP4 (VP4*), which contains both VP8 (aa26-231) and VP5 an-

tigen domain, could be a more viable candidate for rotavirus vaccine. VP4* stimulated significantly higher

immune responses than VP8* and VP5* alone, and conferred higher protective efficacy in mice (Li et al.,

2018). In the early studies, Dunn et al. also found that the full-length VP4 was more efficient than VP8*

and VP5 (1)* in generating protective immunity (Dunn et al., 1995), and the antibodies against VP5 (1)*

were more effective than antibodies against VP8*. Moreover, most of the heterotypic neutralizing anti-

bodies are specific for VP5 (Nair et al., 2017). Compared to VP8, the sequences of VP5weremore conserved,

and inclusion of VP5 antigen in the vaccine candidate may stimulate higher heterotypic protection.

Rotaviruses can be classified into different G and P genotypes based on the sequences of VP7 and VP4,

respectively (Desselberger, 2014). Globally, G1, G2, G3, G4, G9, and G12 are the most common G geno-

types, while P[8], P[4], and P[6] are the most dominant P genotypes (Doro et al., 2014). Due to the variable

efficacy of monovalent rotavirus vaccines based on animal rotaviruses (Lanata et al., 1996), multivalent re-

assortant vaccines were developed. In the development of reassortant rotavirus vaccines, G genotypes

were more concerned, which could be due to that VP7 was the dominant immunogen for production of

neutralizing antibodies after intestinal infection (Ward et al., 1990). The reassortants contain a G1 to G4

VP7 in Rotateq and G1-G4 andG9 VP7 in Rotasiil. Twomonovalent rotavirus vaccines based on human rota-

virus, Rotarix (G1P[8]) and Rotavac (G9P[11]), have been prequalified by WHO, and proven to be effective

(Bernstein andWard, 2006; Bhandari et al., 2014). However, in recent years, it was found that G2P[4] became

the dominant genotypes in countries where Rotarix was implemented in the immunization schedule

(Gurgel et al., 2007). Compared to the G genotype, the P genotype of rotavirus infecting humans is mainly
iScience 25, 105099, October 21, 2022 5



Figure 4. The cross-neutralizing antibodies against different rotavirus induced by P[8]-VP4* in guinea pigs and

rabbits

The neutralizing activity of serum samples after three doses of immunization described in Figure 3 against different

rotaviruses were determined.

(A and B) (A) The cross-neutralizing antibodies in the serum of guinea pigs after 3 doses immunization, (B) the cross-

neutralizing antibodies in the serum of rabbits after 3 doses immunization. The serum was collected to detected

neutralizing antibodies against homotypic rotavirus and heterotypic with ELISpot. The bars represent mean and standard

error of the means in each group (n = 5). *, **, ***, **** represents p < 0.05, 0.005, 0.0005, and 0.0001, respectively; ns

represents p > 0.05.
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P[8], P[4], and P[6], and these three P genotypes accounted for more than 95% (Doro et al., 2014). These

results suggest that a rotavirus vaccine with P[8], P[4], and P[6] genotype can induce the protection against

most common genotypes of rotaviruses. The most advanced non-replicating rotavirus vaccine was the

trivalent vaccine based on VP8 (P[4], P[6], and P[8]).

Due to the host restriction of rotaviruses, animal rotavirus VP4* proteins were expressed and evaluated in

our previous studies. We demonstrated the protective efficacy of animal rotavirus VP4* immunization
Figure 5. Cross-neutralizing antibodies detected by ELISpot for the serum of guinea pigs immunized with

monovalent, bivalent, and trivalent vaccine

(A–D) the neutralizing antibodies against different genotype rotavirus in the serum of guinea pigs immunized

three doses of monovalent, bivalent, or trivalent VP4* proteins. The bivalent and trivalent VP4* formulations include

10 mg VP4* proteins of each P genotype. The bars represent mean and standard error of the means in each group

(n = 5). *, **, ***, **** represents p < 0.05, 0.005, 0.0005, and 0.0001, respectively; ns represents p > 0.05.
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against rotavirus infection and diarrhea in mice (Li et al., 2018). In this study, we found that human rotavirus

VP4* (aa26-476) can also be expressed in soluble form in E.coli and stimulate high titers of neutralizing

antibodies in both guinea pigs and rabbits, though one more amino acid was expressed compared to

the animal rotavirus VP4* (aa26-476) after alignment. P[8]-VP4* and P[4]-VP4* stimulated similar levels of

neutralizing antibodies to rotavirus DS-1 (G2P[4]) (Figure 4). This is consistent with the fact that P[8] and

P[4] rotaviruses belong to the same serotype (P1) (Desselberger, 2014). In previous studies, Wen et al.

also found that P[4]-VP8 stimulated heterotypic antibodies to P[8]-VP8 and can neutralize rotavirus Wa

(G1P[8]) (Wen et al., 2012). In addition, bivalent VP4* (P[8] and P[6]) could stimulate similar levels of neutral-

izing antibodies compared to the trivalent VP4* (Figure 5). Thus, bivalent VP4* could be considered as a

viable vaccine candidate. Compared to a trivalent vaccine, the total dose of VP4* antigens in bivalent

vaccine should be lower, and the safety would be higher.

Limitations of the study

This study is a step forward toward the development of VP4*-based recombinant rotavirus vaccines. However,

more work still needs to be done. First, only one P[4] and P[6] rotavirus was evaluated in this study, the neutral-

izingactivity againstmore rotaviruses, especially thedominant viruses in recent years should beevaluated. Sec-

ond, the immunogenicity of the bivalent and trivalent VP4* proteins was only evaluated in guinea pigs in this

study. The immunogenicity and protective efficacy against rotavirus diarrhea and shedding should be evalu-

ated in large animals, such as pigs or monkeys in further study. In summary, the truncated VP4* of human rota-

virus could stimulate high titers of neutralizingantibodies in bothguineapigs and rabbitswhen formulatedwith

aluminum adjuvant. Bivalent VP4* could be a viable candidate vaccine against common human rotaviruses.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell and viruses

MA104 cells (ATCC�CRL2378.1, Washington, USA) were grown in DMEMmedia with 10% FBS, cultured at

37�C, 5% CO2. Human rotavirus strains Wa(G1P[8]), WI61(G9P[8]), DS-1(G2P[4]), VR2104(G3P[6]) were pur-

chased from ATCC and cultured in MA104 cells. The infectious titers of the viruses were determined by an

enzyme-linked immunospot (ELISpot) assay as described previously (Li et al., 2014a).

Ethics statement

All experiments were conducted according to the guidelines of laboratory animals of China and the pro-

tocol was approved by Xiamen University Laboratory Animal Center.

Animals

Famale guinea pigs weighing 450–500g and female rabbits weighing 2 kg were purchased from Shanghai

Songlian Experimental Animal Farm (Shanghai, China) and feed in Xiamen University Laboratory Animal

Center.

METHOD DETAILS

Protein expression and purification

The expression and purification of VP4* was described previously (Li et al., 2022). In briefly, the genes en-

coding P[4]-, P[6]- and P[8]-VP4* were cloned into pTO-T7 and the proteins were expressed in E.coli

BL21(DE3) in the soluble form. The bacteria were harvested by centrifugation and the pellets were resus-

pended in 50 mM Tris-HCl (pH = 8.0). The VP4 proteins were purified from the supernatant by anion ex-

change chromatography in combination with hydrophobic interaction chromatography. The purity of

the VP4* was analyzed by SDS-PAGE and the concentration was determined by BCA assay (Thermo Fisher

Scientific, Waltham, MA). The endotoxin was further removed by Detoxi-Gel Endotoxin Removing Columns

(Thermo Fisher Scientific, Waltham, MA) according to the manufacturer’s instructions. The endotoxin level

was measured using limulus amebocyte lysate (LAL, Fuzhou XinBei Biochemical Industrial Co.,Ltd. Fujian,

China).

Western blot

The identity of VP4* was analyzed by western blot as follows: the P[8], P[6], P[4]-VP4* proteins were

separated by SDS-PAGE, then transferred to nitrocellulose membrane. After blocking, the membrane

was incubated at 37�C with 1:2000 diluted horseradish peroxidase (HRP)-conjugated anti-VP4 antibody

9C4 (9C4-HRP) for 1 h. The broadly reactive antibody 9C4 was screened in our previous studies using

hybridoma technology, and the mouse were immunized with his-tagged VP4* proteins. Finally, the

Western Bright� ECL substrate (Advansta, Menlo Park, CA) was add to the membrane following five times

washing with Phosphate Buffered Saline-Tween (PBST). The membrane was imaged immediately with

ImageQuant LAS4000 (GE Healthcare Life Sciences, Pittsburgh, PA).

Analytical high-performance size exclusion chromatography (HPSEC)

The homogeneity of VP4 proteins was determined by HPSEC using Waters e2695 HPLC system (Waters,

Milford, MA) with an analytical TSK Gel G3000PWXL (TOSOH, Tokyo, Japan) as described previously (Li

et al., 2018). Briefly, 50 mM Tris-HCl (pH8.8) was used as elution buffer, and the flow rate was maintained

at 0.5 mL/min. The absorbance at 280 nm was monitored for 30 min to detect the protein in the eluent.

Analytical differential scanning calorimetry (DSC)

Microcal VP capillary DSC (GE Healthcare, Uppsala, Sweden) was used to evaluate the thermostability of

VP4* proteins according to the protocol described previously (Li et al., 2014c). In brief, all samples were

diluted to 0.2 mg/mL andmeasured at a scan rate of 1 �C/min with the scan temperature from 15�C to 90�C.

Immunizations of Guinea pigs and rabbits

Before immunization, the proteins were mixed with aluminum adjuvant at a ratio of 1:1 (v/v) at 4�C for 4 h.

The guinea pigs and rabbits were immunized intramuscularly (IM) with VP4* proteins formulated in

aluminum adjuvant for three times with 2-week interval. Five animals were immunized in each group.
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The serum samples were collected individually from the guinea pigs and rabbits before immunization and

2 weeks after each dose of immunization.
Antibody titer detection

Indirect binding enzyme-linked immunoassay (ELISA) was performed to detect the antibody titers in the

sera of guinea pigs and rabbits immunized with the VP4 proteins. The protocol is similar to that previously

reported (Xue et al., 2016). In brief, 96 well microtiter plates were coated with 500 ng/mL of VP4* proteins

(100 mL/well) at 4�C overnight. After blocking, the serum samples were 10-fold serially diluted and added to

the precoated microplates (100 mL/well), and incubated at 37�C for 30 min. After washing, Horseradish

peroxidase (HRP) conjugated goat anti-guinea pig IgG antibody (abcam, 1:5000) or goat anti-rabbit IgG

antibody (abcam, 1:5000) was added and incubated at 37�C for 30 another minutes. After color develop-

ment and termination, the absorbance at 450 and 630 nm were detected using a microplate reader

(PHOmo, AutoBio, Zhengzhou, China). For each serum sample, the dilution with an OD450/630 between

0.2 and 3.0 was used to calculate the antibody titer, and the antibody titers were calculated using the

following formula: dilution fold * OD450/630/0.1.
Virus neutralization assay

The neutralizing antibodies titer in sera from guinea pigs and rabbits immunized with the VP4* proteins was

detected by Enzyme-linked Immunospot (ELISpot) assay as previously described (Li et al., 2014b). Briefly,

the serum samples were diluted at 2-fold serially after inactivation at 56�C for 30 min, and incubation with

equal volume of indicated rotavirus at 37�C for 1 h; Then, 100 mL of each serum-rotavirus mixture was added

to MA104 cells in 96-well cell culture microplates. After 14 h of incubation, the reductions in rotavirus infec-

tivity by serum were measured by ELISPOT and the inhibition rate was calculated by the following formula:

100 x [1 - (average number of spots in experiment wells/average number of spots in control wells)]. The 50%

neutralization titer (NT50) was automatically plotted by nonlinear regression using GraphPad Prism 7

(GraphPad Software, Inc. San Diego, CA).
QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism� version 7.0 (GraphPad Software, Inc. San Diego, CA) was used for data analysis. The

experimental results are expressed as mean Gstandard errors of mean after log2 or log10 transformation.

Significant differences between 2 groups were determined using two-way ANOVA. p < 0.05 was consid-

ered as significant difference.
ADDITIONAL RESOURCES

None.
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