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Abstract

Human rotaviruses (RVs) are the leading cause of severe diarrhea in young children worldwide. 

The molecular mechanisms underlying the rapid induction of heterotypic protective immunity to 

RV, which provides the basis for the efficacy of licensed monovalent RV vaccines, have remained 

unknown for more than 30 years. We used RV-specific single cell–sorted intestinal B cells from 

human adults, barcode-based deep sequencing of antibody repertoires, monoclonal antibody 

expression, and serologic and functional characterization to demonstrate that infection-induced 

heterotypic immunoglobulins (Igs) primarily directed to VP5*, the stalk region of the RV 

attachment protein, VP4, are able to mediate heterotypic protective immunity. Heterotypic 

protective Igs against VP7, the capsid glycoprotein, and VP8*, the cell-binding region of VP4, are 

also generated after infection; however, our data suggest that homotypic anti-VP7 and non-

neutralizing VP8* responses occur more commonly in people. These results indicate that humans 

can circumvent the extensive serotypic diversity of circulating RV strains by generating frequent 

heterotypic neutralizing antibody responses to VP7, VP8*, and most often, to VP5* after natural 
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infection. These findings further suggest that recombinant VP5* may represent a useful target for 

the development of an improved, third-generation, broadly effective RV vaccine and warrants 

more direct examination.

INTRODUCTION

Human rotaviruses (RVs) are the leading global cause of severe diarrhea in infants and 

young children (1). Two effective RV vaccines, the pentavalent RotaTeq (Merck) and the 

monovalent Rotarix (GlaxoSmithKline), are recommended by the World Health 

Organization for worldwide use in young children. Other monovalent RV vaccines are 

licensed for use in India, Vietnam, and China. The mechanisms by which monovalent 

vaccines impart heterotypic or serotype cross-reactive immunity against multiple human RV 

serotypes are unknown. The elucidation of these mechanisms is critical for the development 

of improved, next-generation RV vaccines needed in developing countries where the efficacy 

of current licensed, live attenuated vaccines is lower than in developed countries (2).

RVs are nonenveloped, double-stranded, segmented genome RNA viruses with a triple-

layered protein (TLP) capsid composed of two surface proteins (VP4 and VP7) and a major 

inner protein (VP6). RVs infect mature enterocytes of the small intestine. Virus entry and 

infectivity are increased by proteolytic cleavage of the trimeric attachment protein VP4 to 

yield its stalk (VP5*) and globular head (VP8*). VP8* mediates cell attachment; VP5* 

facilitates cell membrane penetration. VP7 is a trimeric calcium-binding surface 

glycoprotein (3).

Sequence divergence and reassortment of the genes encoding VP4 and VP7 result in great 

serotypic diversity worldwide among the circulating human RV strains and a binary 

classification system including G (VP7) and P (VP4) serotypes and/or genotypes. In 

children, protection against RV infection is mediated primarily by neutralizing antibodies 

(Abs) that target epitopes on VP4, VP7, or both (4). The near-atomic structure of 

neutralizing epitopes on VP4 and VP7 from animal and human RVs has been elucidated (5–

8). Most isolated murine VP7-specific neutralizing monoclonal antibodies (mAbs) are 

serotype-specific; however, the antigenic region (1) containing amino acids 94 to 99 is 

targeted by heterotypic and homotypic neutralizing mAbs (9). VP5* is the target of 

heterotypic and homotypic murine mAbs; heterotypic epitopes on VP4 have been mapped to 

antigenic region II at amino acids 392 to 433 (11, 12). In contrast, multiple murine 

neutralizing mAbs to VP8* appear to be primarily serotype-specific (10, 13).

Epidemiologic and clinical studies demonstrate that heterotypic protective immunity is 

generated after a single RV infection (14) or immunization (15, 16). The molecular basis for 

protective immunity after monotypic exposure is unknown. Individual anti-VP4 and anti-

VP7 Ab molecules generated after monotypic RV infection or immunization could mediate 

broad-based protection to new serotypes. This hypothesis is supported by the comparable 

efficacy of the monovalent Rotarix and the pentavalent RotaTeq vaccines (2). Alternatively, 

heterotypic immunity could be generated by an array of individual Ab molecules, each with 

restricted specificity against individual RV G or P type. Only one previous study examined 

the serotypic specificity of human anti-VP4 and anti-VP7 mAbs. In it, two heterotypic VP4 
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(VP8*) mAbs and a single homotypic VP7 mAb were identified (17). An additional 

hypothesis is that Abs to a shared common internal protein epitope on the RV virion (such as 

VP6) may provide heterotypic protection in vivo, although they lack neutralizing activity in 

traditional in vitro assays (18, 19).

Here, we demonstrate that individual human mAbs, induced after natural infection and 

specific for either VP4 (primarily VP5*) or VP7, mediate potent heterotypic neutralizing 

activity, whereas most of the human VP8*-binding mAbs are inactive in a traditional in vitro 

neutralization assay. These findings reveal a molecular basis for the broad-based, serotype 

cross-reactive, heterotypic protection against RV observed in humans.

RESULTS

Isolation of RV TLP-specific intestinal B cells by flow cytometry

Intestinal B cells were isolated from adults undergoing bariatric surgery for obesity. 

Virtually all adults in the world have been infected with RV at least once and therefore have 

a notable frequency of RV-specific B cells in the intestine at steady state (20). To identify 

intestinal B cells that recognize RV by flow cytometry, we used purified TLPs (CDC-9, 

G1P[8]) labeled with Cy5 as bait. The structural integrity of the labeled TLPs was confirmed 

by electron microscopy (fig. S1A). The binding specificity of TLP-Cy5 to B cells expressing 

surface VP4- or VP7-specific immunoglobulin (Ig) was assessed using mouse hybridomas 

specific for VP6 and for serotypically distinct VP4s (P[8] or P[3]) and VP7s (G1 or G3) (18, 

21). CDC-9 TLP-Cy5 stained G1- and P[8]-specific hybridomas with mean fluorescence 

intensity (MFI) of 9800 + 71 and 12801 ± 282 (MFI ± SD), respectively, but not G3- or 

P[3]-specific hybridomas (fig. S1, B and C). Preincubation of G1- or P[8]-specific 

hybridomas with unlabeled TLPs reduced TLP-Cy5 binding to both hybridomas (fivefold for 

G1 and sevenfold for P[8]). The binding of CDC-9 TLP-Cy5 to VP6-specific hybridomas 

(737 ± 89, MFI ± SD) was lower than to G1-specific hybridomas (13-fold) or P[8]-specific 

hybridomas (17-fold). Treatment of the TLP-Cy5 with EDTA, which dissociates the outer 

capsid proteins, resulted in a 24-fold increase in VP6-specific hybridoma binding (fig. S1C). 

Preincubation of VP6-specific hybridomas with unlabeled TLPs reduced TLP-Cy5 staining 

by twofold. Blocking with unlabeled TLPs reduced TLP-Cy5 staining of total intestinal IgA
+ Ab-secreting cells (ASCs) (10-fold) and IgA− ASCs (4-fold) (fig. S1, D and E).

TLP-Cy5 was next used to isolate RV-reactive B cells from proximal jejunum resections 

from five adults (Fig. 1 and table S1). ASCs were identified by CD20lo/−CD27hiCD38hi 

surface expression (Fig. 2A) as described (20, 22). Most intestinal ASCs were IgA+ (median 

frequency, 59.4%); IgA− ASCs were detected at a frequency of 40.6%. Within the ASCs, 

most TLP binding was detected among IgA+ ASCs at a frequency of 0.13% (0.09 to 1.30%). 

Some TLP-binding cells were observed among IgA− ASCs (0.01%; 0.00 to 0.04%) (Fig. 

2B). An enzyme-linked immunospot (ELISPOT) assay using RV double-layered particles 

(DLPs) as capture antigen, which detects Abs directed at VP6, confirmed that all donors had 

detectable Ab-secreting anti-RV intestinal B cells. The frequency of total IgA+ ASCs as a 

proportion of total intestinal B cells was 35.2% (10.0 to 61.6%). The frequency of VP6-

specific IgA+ ASCs as a proportion of total IgA+ ASCs was 0.16% (0.03 to 0.37%) (Fig. 

2C).
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Barcode-based sequencing of RV TLP-reactive IgA+ intestinal ASCs

A total of 1026 IgA+ ASCs were single cell–sorted, and complementary DNAs (cDNAs) 

from individual Ig mRNAs were synthesized to incorporate well- and plate-specific barcodes 

(23). The barcodes were used to pair heavy-chain (HC) and light-chain (LC) Ab sequences 

derived from the same B cell. Paired IGHV/IGLV sequences (821) were retrieved from the 

five donors (~80% efficiency). The median number of paired Ab sequences recovered per 

donor was 207 (range, 82 to 227). Sequences of the HCs and LCs from each Ab were used 

to construct dendrograms to visualize Abs with identical germline IGHV and IGLV genes in 

each donor (Fig. 3) (23). Briefly, HC and LC variable regions (FR1 to FR4) from each cell 

were concatenated, the sequences were sorted by IGHV gene family, and concatenated 

sequences were aligned and clustered within each family. Clonal families and singletons 

were defined as described (23). Clonally related Abs were identified at an overall frequency 

of 29% of paired sequences from all donors (9 to 60% in individual donors) (Fig. 3).

Determination of the specificity of human mAbs

Thirty-four IGHV/IGLV paired sequences from clonal families and 27 singletons were 

expressed as recombinant IgG mAbs with an expression efficiency of roughly 73% (Fig. 3). 

Abs were selected for expression from each subject by identifying an even distribution of 

clonal family sequences from across IGHV and IGLV gene families, proportionally to the 

gene family’s prevalence. Where clonal families were not present in sufficient numbers in a 

given subject or gene family, singletons were selected to represent the family. From the 

available clonal/singleton sequences in each category, preference was given to sequences 

with IGHV mutations from germ line close to the median number and to sequences 

represented by the highest number of sequencing reads. Each mAb was screened by 

enzyme-linked immunosorbent assay (ELISA) to determine its binding reactivity to 

recombinant VP2/VP6 (rhesus RV) DLPs, human Wa strain RV-derived DLPs to ascertain 

binding reactivity against simian and human VP6, respectively, and to replication-competent 

CDC-9 TLPs (G1P[8]) that were used to identify RV-reactive B cells by fluorescence-

activated cell sorting (FACS). Anti-RV VP4 or VP7 mAbs were defined as those binding to 

TLPs but not DLPs. Anti-VP6 mAbs were defined as those binding to purified DLPs 

whether or not they bound to TLPs (Table 1). Thirty-two of the 61 expressed mAbs bound to 

TLPs, but not DLPs, and were denoted VP4- or VP7-specific. One mAb bound to both TLPs 

and DLPs and was denoted VP6-specific. Therefore, 54% of the selected ASCs encoded Ab 

sequences that were RV-specific. Of the 33 RV-specific mAbs, 22 were derived from clonal 

families and 11 were singletons (Fig. 3 and Table 1).

The binding reactivity of the VP4/VP7-reactive recombinant mAbs was examined using a 

set of biochemistry and virology approaches including immunostaining of RV-infected 

African green monkey kidney epithelial (MA104) cells, immunostaining of baculovirus 

(BV)–infected Sf9 cells expressing recombinant RV proteins, ELISA binding to the 

recombinant VP8* or VP5*, and immunoprecipitation of recombinant RV proteins 

expressed in vitro (Table 1 and tables S2 and S3) (24). All 32 VP4- or VP7-specific mAbs 

bound to Wa (G1P[8])–infected cells (table S3). Twenty-five of these mAbs also bound to 

DS1 (G2P[4])–infected cells. Several mAbs displayed weak binding to cells infected with 

nonhuman simian, bovine, or porcine RVs (table S3). Hence, most isolated VP4/VP7-
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specific mAbs displayed some degree of heterotypic binding to different RV serotypes. Six 

VP4/VP7-specific mAbs bound only to cells infected with Wa RV including three of the four 

VP7 mAbs (table S3).

The protein binding specificity of the mAbs was determined using Sf9 cells expressing 

recombinant RV VP4s, VP7 (Wa G1), or VP6 (rhesus rotavirus) (table S3) (25). Of the 32 

anti-VP4/VP7 mAbs, 28 bound to recombinant VP4 and 4 bound to recombinant VP7 (Table 

1 and table S3). The binding specificity among the 28 anti-VP4 mAbs varied considerably 

(table S3). The single DLP-binding mAb (#10, Table 1, bound to VP6. Further resolution of 

the binding specificity of anti-VP4 mAbs revealed that most (22 of 28) bound to 

recombinant VP8* (table S3), and most of these bound only to the VP4s derived from Wa 

alone or Wa and DS1. Four of the anti-VP4 mAbs bound to recombinant VP5* (Table 1 and 

table S3) (26). The VP8* versus VP5* specificity of non-neutralizing mAb #62 was unable 

to be determined (Table 1 and table S3).

In vitro neutralizing activity of VP4- and VP7-specific intestinal mAbs

The VP4- and VP7-binding recombinant mAbs were examined by in vitro neutralization 

(Table 2). Eight of the 32 (25%) RV surface protein–reactive mAbs efficiently neutralized at 

least one of these RV strains in vitro, whereas two VP8* mAbs (#9 and #19) had only 

minimal neutralization activity (Table 2). Three of the eight strongly neutralizing mAbs 

(#27, #46, and #57) were VP7-specific, four were VP4-specific (#2, #30, #33, and #41), and 

one was VP8*-specific (#47) (Tables 1 to 3). Other than mAb #47, none of the 22 VP4-

directed mAbs that bound to a recombinant VP8* demonstrated efficient neutralizing 

activity, as defined by a minimum neutralizing concentration of less than 78.1 ng/ml, 

although two (#9 and #19, Table 2) demonstrated minimal plaque reduction potency (Table 2 

and Fig. 4).

Homotypic neutralizing mAbs were defined as mAbs for which the minimum neutralization 

concentration to a single serotype (G or P) was >10-fold lower than to any other serotype. 

Heterotypic mAbs were defined as those with minimum neutralization concentration within 

10-fold for two or more distinct P or G serotypes. Two of the eight potent neutralizing Abs 

were homotypic: VP7-directed mAbs #27 and #46. The remaining six potent neutralizing 

Abs all had heterotypic activity: anti-VP5* mAbs #2, #30, #33, and #41; anti-VP8* mAb 

#47; and anti-VP7 mAb #57 (Table 2). Several serotypically uncommon human RV strains 

69M (G8P[10]), 116E (G9P[11]), and #321 (G10P[11]) were not neutralized by any of these 

mAbs at concentrations up to 625 ng/ml. The two weakly neutralizing VP8*-reactive mAbs 

(#9 and #19) only neutralized Wa and WI61 and did not neutralize 100% of Wa or WI61 

even at high concentrations (Table 2). Analysis of the molecular features of all 10 

neutralizing mAbs did not reveal any preferential skewing in the molecular profiles of the 

variable regions. In contrast, the mAbs had distinct VH and VL gene segment usage and 

CDRH3 amino acid sequence and length (table S4).

Determination of the functional interactions between VP8* and VP5* mAbs

To further investigate the functional relevance of the weakly or non-neutralizing mAbs to 

VP8*, we examined whether these mAbs could modify the neutralization capacity of the 
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anti-VP5* or anti-VP8* mAbs. None of the 20 non-neutralizing VP8* mAbs (Table 1) 

enhanced or inhibited VP5*, VP8*, or VP7 mAb-mediated neutralization. However, both 

weakly neutralizing VP8* mAbs, #9 and #19 for Wa (Table 2), reduced the ability of the 

VP5* mAb #41 and VP8* mAb #47, but not any of the VP7 mAbs, to neutralize, even at 

their highest concentration. The minimum concentration of mAb #9 required for inhibition 

of neutralization by mAb #41 was 4.9 ng/ml. Further decrease in the concentration of mAb 

#9 had neither neutralization inhibition activity nor significant focus reduction activity (Fig. 

4). In contrast, the two neutralizing VP5* mAbs, #33 for ST3 and #41 for DS1, did not 

inhibit the neutralization of these specific viral strains by the potent neutralizing mAbs #41 

or #30, respectively. These results suggest that the neutralization inhibition phenomena is 

restricted to the weakly neutralizing Abs against VP8* and not those against VP5*.

In vivo homotypic and heterotypic neutralizing activity of VP4- and VP7-specific intestinal 
mAbs

The ability of mAbs to protect against RV-induced diarrhea in vivo was examined in a 

suckling mouse model using a simian RV (RRV, G3P[3]), a human RV VP7-RRV 

monoreassortant DxRRV (G1P[3]) with the human G1 VP7 on an RRV genetic background, 

a monoreassortant SB1A × DS1 (G5P[4]) with a human P[4] VP4 on a porcine SB1A 

genetic background, and human Wa RV (G1P[8]) as challenge strains (11). VP7-specific 

mAb #27 (G1-specific) prevented DxRRV-induced but not RRV-induced diarrhea (Fig. 5A). 

VP7-directed heterotypic mAb #57 efficiently protected suckling mice against both RRV- 

and DxRRV-induced diarrhea (Fig. 5B). Heterotypic VP5* mAb #41 had a protective 

efficacy of 67% against the P[4] SB1A × DS1 monoreassortant and a 100% protective 

efficacy against the Wa strain (Fig. 5C). Thus, the anti-VP7 mAb #27 was able to inhibit RV-

induced diarrhea in a VP7 serotype-specific manner, whereas anti-VP7 mAb #57 and anti-

VP5* mAb #41 inhibited RV-induced diarrhea in a heterotypic manner.

Identification of escape mutation sites of RV neutralizing human mAbs

To identify potential neutralizing mAb binding sites on VP4 or VP7, we first cocultured 

mAb #41 or #47 with Wa and mAb #27 or #57 with DxRRV and isolated respective escape 

variants. To identify the escape mutation sites for various neutralizing mAbs, we sequenced 

VP4 of Wa RV escape variant (denoted Wa41v-1–1) that is resistant to neutralization by 

mAb #41 (Table 3) (27). Wa41v-1–1 had a single-nucleotide mutation from cytosine to 

adenine at position 1175, resulting in a substitution from alanine to glutamic acid at amino 

acid 392. This mutation maps to a previously identified putative membrane interaction loop 

of VP5* (7, 28). Notably, Wa41v-1–1 also resisted neutralization by mAb #33, but not by 

mAb #47, suggesting that mAbs #33 and #41 bind to related epitopes on VP5*. mAb #47, 

the only VP8* mAb identified that had potent neutralization activity, selected an escape 

mutation at amino acid 123 in VP8*, a site near the tip of the VP4 spike and not previously 

identified as an escape mutation site (Table 3). The escape phenotypes for the other two 

VP5*-specific mAbs (#2 and #30) have not yet been identified (Table 2). VP7-specific mAb 

#57 selected an escape mutation at amino acid 126, a site not previously associated with 

VP7 escape mutations. This mutation did not lead to escape from neutralization by the two 

homotypic VP7 mAbs (#27 and #46) (Table 3). mAb #27 selected an escape mutation at 

amino acid 151 in VP7, a site previously linked to Ab escape. This mutation also led to 
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escape from neutralization by the other homotypic G1-specific mAb #46, but not from 

heterotypic mAb #57.

DISCUSSION

RVs, including human RVs, are antigenically and serotypically diverse, suggesting that 

broadly protective immunity requires immunization or infection with multiple antigens, such 

as is the case for influenza viruses. However, it has been observed that young children 

develop substantial resistance to severe RV illness after one or two natural infections or 

monotypic RV vaccination (2). The mechanisms underlying this heterotypic resistance to 

multiple RV serotypes have remained unknown for more than 30 years. This is due, in part, 

to the fact that previous attempts to characterize human VP4- or VP7-specific B cells have 

been unsuccessful because only very young children are susceptible to RV illness, and it is 

difficult to acquire acute-phase plasmablast-rich blood from this vulnerable population. 

Because RV TLPs uncoat during storage and/or experimental manipulations, attempts to 

isolate anti-VP4 or anti-VP7 B cells using recombinant TLPs as a sorting ligand resulted in 

the selection of numerous anti-VP6 B cells. Here, the use of a naturally occurring, stable 

TLP-forming human RV strain (CDC-9), optimized labeling and sorting conditions and 

small bowel resections as an ample source of human IgA B cells, enabled an excellent 

discovery rate of 52% (32 of 61) for anti-RV VP4 and VP7 Igs. The isolation of only one 

VP6 Ig attested to the stability of the CDC-9–Cy5 construct during B cell isolation. Using 

the CDC-9–Cy5 TLP as bait in flow cytometry sorting coupled with barcode-based deep 

sequencing of Ig repertoires, mAb expression, and serologic and functional characterization, 

we demonstrate that broadly cross-neutralizing Igs produced by enteric B cells and directed 

at VP4 (VP5*), VP7, and VP8* represent one potential mechanism for the evolution of 

broadly cross-reactive immunity in people induced by single natural infection or monotypic 

RV vaccination.

One of the principal findings of this work is that heterotypic, but not homotypic, Igs against 

VP5* are generated by infection, and these Igs are capable of mediating broad-based 

protection against serotypically distinct RV strains. On the basis of the 10 neutralizing mAbs 

analyzed in this study, it appears that VP5*-directed heterotypic responses are more frequent 

than heterotypic responses to VP8* or VP7 and homotypic responses to VP5*, VP8*, or 

VP7. Because of the limited number of neutralizing mAbs identified in total and the fact that 

only a single neutralizing mAb was identified in four of the five adults analyzed, additional 

neutralizing mAbs from adults and children will need to be characterized to determine 

whether heterotypic responses to VP5* are the dominant protective neutralizing Abs induced 

after natural infection or monotypic vaccination in young children.

Most of the VP4-reactive mAbs (virtually all directed at VP8*) were inactive in traditional 

neutralization assays and did not prevent RV-associated diarrhea in suckling mice. In 

contrast, all four of the isolated anti-VP5* mAbs were neutralizing, and all demonstrated 

heterotypic reactivity both in vitro and in vivo functional protection assays. RV neutralizing 

epitopes have been mapped to both the VP5* and VP8* domains of VP4 using mAbs 

primarily isolated from parenterally immunized mice (29, 30). The VP8*-directed murine 

mAbs were generally type-specific, consistent with the greater degree of sequence 
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divergence in this region of the VP4 molecule. The only previously isolated human anti-VP4 

mAbs, both of which were selected by a neutralization screening assay, were directed at 

VP8*, and both of these demonstrated heterotypic specificity (31), similar to the one potent 

VP8* neutralizer isolated in this study (#47). VP5*-directed murine mAbs have been less 

commonly isolated but have demonstrated more cross-reactive serologic specificity (7). The 

cross-reactivity of anti-VP5* Abs is consistent with the sequence conservation and 

functional constraints on this region of molecule (28). The fact that all the VP5*-directed 

Abs isolated here had the ability to restrict RV replication would suggest that, like VP7, 

much of the VP5* antigenic surface, including the area targeted by the heterotypic VP5* 

neutralizing mAb #41 that is exposed on TLPs, plays an important role in mediating viral 

entry and initiating infection. The precise epitope specificity of the VP5* mAb binding and 

mechanisms of the homotypic versus heterotypic neutralization warrant structural studies 

using these and other human origin neutralizing versus non-neutralizing mAbs and 

homotypic versus heterotypic mAbs specific for VP5* of various RV strains.

We observed that heterotypic Igs against VP7 can also be generated after RV infection. 

Although only a few mAbs were isolated, anti-VP7 heterotypic responses were identified at 

half the frequency as anti-VP7 homotypic responses. Strong homotypic responses were only 

observed to VP7 and not to VP4. Neutralizing Abs represented a limited subset of the 

immune repertoire generated to VP4 but a larger proportional component (three of four) of 

VP7-directed mAbs. The four anti-VP7 mAbs identified are too few to predict what 

proportion of the human immune response to virion-associated VP7 restricts RV replication, 

but these initial data suggest that most Abs that bind to the trimeric VP7 found on the RV 

surface inhibit viral replication (32).

Our results also indicate that VP8* is not a frequent target of either heterotypic or homotypic 

protective Abs in humans. This finding is in stark contrast to published studies where murine 

mAbs raised against animal RVs identified VP8* as a frequent target of neutralizing Abs 

(11, 33). Vaccine studies have demonstrated that a truncated VP8* subunit protein vaccine 

candidate elicits RV neutralizing Ab responses in animal models (34) and boosts 

neutralizing Ab titers in RV-experienced adults when administered parenterally (35). Twenty 

of the 23 individual anti-VP8* Abs isolated in this study had no activity in traditional in 

vitro neutralization assays or in passive protection challenge experiments in suckling mice. 

In addition, the neutralizing activity of two of the three VP8*-directed mAbs that reduced 

Wa replication was very limited.

Note that all 21 of the non-neutralizing or minimally neutralizing VP8* mAbs bound to 

bacterially expressed VP8*, indicating that the epitopes defined by these non-neutralizing 

mAbs were unlikely to require posttranslational eukaryotic modification for proper folding. 

The one potent neutralizing VP8* mAb (#47) only bound to VP8* when present on the 

virion or when expressed as part of the full-length VP4 molecule, suggesting that it reacted 

with a more conformation-dependent epitope not well expressed on the recombinant VP8*. 

Future structural studies will be needed to confirm these conjectures and to better define the 

reason for mAb #47’s restrictive binding dependence. Whether the large number of selected 

VP8* mAbs that lacked neutralization capacity represent a sampling error due to the limited 

number of adults and Abs examined, an unknown bias in our B cell selection strategy, or 
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whether VP8* neutralizing epitopes are differentially presented in the intestinal milieu of 

people, remains unknown.

The two VP8* directed mAbs, which expressed minimal neutralizing capacity, also have the 

capacity to partially inhibit the neutralization potency of other VP5*-specific and VP8* (but 

not VP7)–specific neutralizing mAbs in vitro. It remains unknown whether this in vitro 

effect has relevance to protection in vivo. It will also be important to determine whether any 

anti-VP8* mAbs, despite their lack of in vitro neutralizing activity, are able to interfere with 

RV binding to specific glycoarrays, which might reflect the enterocyte binding specificity of 

specific RV strains (36). The primarily negative results observed here with human VP8*-

directed mAbs suggest some caution regarding the potential of recombinant VP8* to 

function as an effective human RV vaccine candidate.

The precise location of the binding sites of all the heterotypic human VP5* mAbs described 

here and their mechanism of neutralization are beyond the scope of this study. Such Abs are 

unlikely to function by inhibiting viral binding but are probably involved in restricting cell 

entry (33). Previous studies using murine mAbs identified a binding site that relied on amino 

acid 393 of RRV as a critical location for VP5*-directed heterotypic mAbs (11). This finding 

is consistent with the assignment of a mAb #41 escape mutation to amino acid 392 of the 

Wa RV strain. Given that escape mutations at amino acid 392 also reduced the neutralizing 

activity of mAb #33, it seems likely that this mAb binds to an identical or related epitope. 

Direct evidence of the involvement of this epitope in mediating protection in children has 

been demonstrated (37). Further analysis will be needed to identify the binding regions on 

VP5* of mAbs #2 and #30. Recombinant VP5* antigens that interact with any or several of 

these potent heterotypic mAbs would be promising candidates for novel third-generation RV 

vaccines needed in developing countries where live, orally delivered RV vaccines 

demonstrate reduced efficacy compared to developed countries (2). Parenterally 

administered subunit RV vaccines have the potential to be safer and to overcome inhibition 

of vaccine virus growth by transplacentally acquired or breast milk Ab, interference by other 

pathogens in the gut and gut-associated factors, such as enteropathy, commonly observed in 

developing countries (38). The induction of high Ab titers by the adjuvanted parenteral 

injection of nonreplicating RV vaccines may result in mucosal protection mediated by the 

induction and transfer of Abs into the gut.

With regard to VP7 epitope mapping, the single heterotypic VP7 mAb we identified selected 

an escape mutation at amino acid 126, whereas the two homotypic VP7 mAbs lost reactivity 

to a variant with a mutation at amino acid 151. Structural studies will be needed to 

determine the precise binding sites and relationships between the heterotypic and homotypic 

human VP7 mAbs.

In summary, our findings provide a plausible mechanism to the fundamental question 

regarding how heterotypic immunity to RV illness is generated after natural infection or 

monotypic vaccination. It appears that VP7, VP5*, and VP8* each have antigenic regions 

capable of eliciting potent heterotypic neutralizing responses. One of the limitations of this 

study was the small number of neutralizing mAbs that were analyzed. In our analysis of 10 

neutralizing mAbs from five donors, such potent heterotypic mAbs to VP5* were isolated 
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from three of five subjects and heterotypic reactivity was the most common type of VP5* 

reactivity observed, whereas one of three isolated anti-VP7 mAbs from one subject also 

exhibited a potent heterotypic neutralization phenotype. On the other hand, only 1 of 23 

VP8*-directed mAbs exhibited potent heterotypic reactivity. These findings suggest that a 

vaccine containing or expressing authentic VP4, VP8*, VP7, or more likely VP5*, 

represents a promising approach for the development of third-generation, nonreplicating RV 

vaccine candidates. Identification of the regions of VP5* that are the targets of these 

heterotypic neutralizing Abs would aid in the design of more effective, next-generation 

vaccines needed to reduce the high disease burden attributed to RV in developing countries.

METHODS

Study design

The study was designed as an exploratory study to isolate and characterize Abs specific to 

RV VP4 and VP7. Five adult donors undergoing bariatric surgery were included. B cells 

from the entire tissue resection obtained from each donor were analyzed, and TLP-binding 

IgA+ ASCs were single cell–sorted for paired IGHV/IGLV sequencing, mAb expression, 

and functional characterization.

Human subjects

Proximal jejunum tissue resections were obtained from adults undergoing bariatric surgery 

at the Stanford Hospital in accordance with approved institutional review board protocols 

(protocol ID #1726). Written informed consent was obtained from all patients before 

inclusion in this study. Subjects with chronic viral infections or acute gastroenteritis at the 

time of surgery were excluded.

Isolation of B cells from jejunum tissue

Viable B cells were isolated from jejunum resections within 2 hours of surgery as described 

(20). Briefly, tissues were digested for 1 hour at 37°C with 0.26 Wünsch units/ml Liberase 

TL (Roche). Intestinal B cells were enriched using EasySep Human B cell Enrichment Kits 

without CD43 depletion (STEMCELL Technologies) according to the manufacturer’s 

instructions.

RV strains, propagation, and preparation of TLPs, DLPs, and VLPs

RVs (table S3) were grown in Vero cells (American Type Culture Collection) in the presence 

of trypsin (39). RV TLPs were purified from MA104 cell lysates as described (40). DLPs 

were prepared by treating TLPs with 5 mM EDTA for 20 min at 37°C. VP2–enhanced green 

fluorescent protein (eGFP)/VP6 particles were prepared as described (41). TLPs (CDC-9) 

were labeled with Cy5 as described (42) with modifications. TLPs (100 μg) were washed 

with 10 mM Hepes (pH 8.2), 5 mM CaCl2, and 140 mM NaCl, labeled at 4:1 molar ratio of 

Cy5 monoreactive dye (GE Healthcare) to TLPs at room temperature for 1 hour followed by 

the addition of tris-HCl (pH 8.8) to a final concentration of 50 mM. Labeled viruses were 

purified by dialysis using Amicon Ultra Centrifugal filter unit (Millipore). The integrity of 

TLP-Cy5 was determined by electron microscopy (43).
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Flow cytometry

Murine hybridomas specific for VP6 (1e11), VP4 P[8] (1a10) or P[3] (7a12), VP7 G1 (5e8) 

or G3 (159) (18, 21), or enriched human B cells were stained with TLP-Cy5 (2 μg) for 45 

min on ice as described (20) with modifications. Intestinal B cells were stained with LIVE/

DEAD Fixable Aqua Dead Cell Stain Kit (Life Technologies) for 20 min. The cells were 

washed and stained with a cocktail of fluorescently labeled Abs (table S1) for 30 min at 4°C. 

IgA+ ASCs were single cell–sorted into a 96-well polymerase chain reaction (PCR) plate 

using the BD FACSAria III. A total of 200,000 events were acquired per sample. Data were 

analyzed using Cytobank.

Enzyme-linked immunospot

The frequencies of intestinal IgA+ ASCs and VP6+ IgA+ ASCs were determined by 

ELISPOT as described (20). Briefly, 96-well plates (Millipore) were coated with affinity-

purified goat anti-human IgA + IgG + IgM (H + L) (KPL) at a concentration of 4 μg/ml. 

Wells were coated with phosphate-buffered saline (PBS) as a negative control. Plates were 

incubated overnight at 4°C and blocked for 2 hours at 37°C with complete medium before 

use. B cells were suspended in complete medium containing peroxidase-conjugated goat 

anti-human IgA (Sigma-Aldrich), distributed in ELISPOT plates, and incubated for 4 hours 

at 37°C in 5% CO2. Plates were washed and developed with 3-amino-9-ethylcarbazole 

(AEC) substrate (Vector Laboratories). The total ASCs per well was determined by counting 

the spots using the ImmunoSpot Analyzer (Cellular Technology Limited). Background 

ASCs detected in the wells coated with PBS were subtracted from the quantities of ASCs in 

treated wells.

Barcode-based sequencing of paired IGH/IGL genes

Reverse transcription and PCR with well-ID and plate-ID oligo-nucleotide barcode adaptors 

(which together serve as cell barcodes) were performed (23). Amplified DNAs were pooled, 

purified with AMPure XP beads (Beckman Coulter), and sent to Roche for 454 sequencing. 

Compound barcode assignment, assembly of sequences, V(D)J and clonal assignment, and 

clustering of sequences were performed (44). Original nucleotide sequences were submitted 

to GenBank. IMGT/HighV-Quest data were read into R, and B cells with shared HC VJ and 

LC VJ gene segments were clustered (table S6). Within these groups, CDR3 amino acid 

sequences were compared using the string-dist package to calculate the Levenshtein 

distance. Clonal families were defined as sharing HC and LC VJ genes and having a CDR3 

amino acid Levenshtein distance of ≤3 for both. Dendrograms of the paired IGH/IGL 

sequences were produced as described (22, 45) by IGHV-anchored MUSCLE alignment and 

PHYML clustering of concatenated IGH/IGL variable regions from each B cell. Trees were 

visualized using the ete2 module in Python (45).

Cloning and expression of recombinant Abs

Ab cloning and expression were performed as described with modification (23). V(D)J gene 

regions from Iga HCs and VJ regions from kappa or lambda light chains were synthesized 

(Integrated DNA Technologies) and inserted into pFUSE-CHIg-hG1 (IgG1) and pFUSE2-

CLIg-hK (IgK) or pFUSE2-CLIg-hL2 (IgL) expression vectors (InvivoGen) using the Cold 
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Fusion Cloning Kit (SBI). Plasmids encoding HC and LC V(D)J and VJ inserts were 

cotransfected into Expi293T cells (Life Technologies).

Enzyme-linked immunosorbent assays

The quantity of total Ig was assessed in transfection supernatants using the Human IgG 

ELISA kit (ZeptoMetrix). Binding reactivity was determined using TLPs (CDC-9), virus-

like particles (VLPs) VP2-eGFP/VP6, bacterially expressed VP8* conjugated to tetanus 

toxoid (PATH), or VP5* (1 μg/ml) as capture antigens and detection of bound mAb using 

goat anti-human IgG horseradish peroxidase (KPL) (19).

Immunostaining

Immunostaining was performed as described (25) using Sf9 cells infected at a multiplicity of 

infection (MOI) of 0.1 with recombinant BVs expressing VP7 (G1) or VP4 (Ku, DS1, 

1076). Infected Sf9 cells were fixed with 10% formalin (Sigma-Aldrich) for 30 min at room 

temperature and permeabilized with 1% Triton X-100 (Sigma-Aldrich) in 10 mM tris, 100 

mM NaCl, and 1 mM CaCl2 (pH 7.4) for 2 min at room temperature. mAbs were serially 

diluted and incubated for 1 hour at 37°C. mAbs that bound to specific BV-infected Sf9 cells 

were detected with peroxidase-conjugated goat anti-human IgG (KPL), followed by 

incubation with AEC substrate (Vector Laboratories). The endpoint immunostaining 

concentration was assigned as the highest dilution at which cell staining could be detected 

using an inverted microscope. All samples were run in duplicate, and each assay was 

repeated twice.

Immunoprecipitation

MA104 cells were infected with human Wa strain at MOI of 3 for 16 hours. Total RNA was 

isolated using the RNeasy Mini Kit (Qiagen), and cDNA was prepared using High-Capacity 

cDNA Reverse Transcription Kit (Applied Biosystems). VP4, VP5*, and VP8* coding 

sequences were amplified using Phusion polymerase (New England Biolabs), and the 

primers are listed in table S5. Amplified sequences were cloned into pCMV6-XL6 vector 

(OriGene) containing SP6 promoter using Kpn I and Hind III restriction sites.

VP4, VP5*, and VP8* proteins were translated in vitro using TNT Quick Coupled 

Transcription/Translation Systems (Promega) with rabbit reticulocyte lysate and SP6 

polymerase. The translated proteins or whole virus particles were mixed with human anti-

RV mAbs and incubated overnight at 4°C with continuous mixing. The protein-mAb 

complexes were incubated for 1 hour at room temperature with PureProteome Protein A/G 

magnetic beads (Thermo Scientific) and precipitated using a magnetic field. The immune 

complexes were resolved in denaturing SDS–polyacrylamide gel electrophoresis and 

immunoblotted to polyvinylidene difluoride membrane. The membranes were probed with 

anti-VP5* IgG (HS-2). Immunoprecipitated proteins were visualized using ECL Plus 

Western blotting substrate (Thermo Scientific).

Virus neutralization assays

Virus neutralizations were performed as described (46) with recombinant mAbs (5 μg/ml) 

that were serially diluted and mixed with RVs (table S2) for 1 hour at 37°C. The mAb-virus 
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mixture was transferred to MA104 cell monolayers in a 96-well plate and incubated for 1 

hour at 37°C in 5% CO2 after which the mAb-virus mixture was removed, and the cells were 

washed twice and incubated overnight at 37°C with 100 μl of M199 media without serum or 

trypsin. The cells were fixed with 10% formalin for 30 min and permeabilized with 1% 

Triton X-100 for 2 min.

The cells were washed and incubated with polyclonal rabbit anti-RV IgG for 2 hours at 37°C 

followed by washing and a 1-hour incubation with peroxidase-conjugated goat anti-rabbit 

IgG (γ chain–specific) (Sigma-Aldrich). After the incubation, a color reaction was detected 

with the AEC substrate. The neutralization activity was defined as the highest dilution at 

which virus-positive foci were reduced by at least 50% compared to the wells that were not 

treated with mAb and was expressed as minimum neutralization concentration (nanograms 

per milliliter). All samples were run in duplicate, and each assay was repeated twice.

Mouse passive challenge studies

RVs were incubated with human anti-RV mAbs (5 μg/ml) for 1 hour at 37°C. The RV-mAb 

mixture was used to orally gavage 5-day-old 129/Sv suckling mice (Taconic Biosciences). 

Human anti-VP7 mAbs (#27 and #57) were mixed with RRV or a DxRRV monoreassortants 

containing a G1 VP7 on an RRV background, and human anti-VP4 mAb (#41) was mixed 

with Wa or a DS1xSB1A monoreassortant containing DS1 VP4 on an SB1A background. 

Six to 11 suckling mice were included per test group. The RV dose for each inoculum was 

106 PFU. Mice were monitored for 4 days for diarrheal disease (table S7). All experiments 

were conducted in accordance with Stanford University and the VA Palo Alto Health Care 

System guidelines (protocol ID #GRH1397).

Isolation of mAb escape variant

Wa or DxRRV escape variants of the neutralizing mAbs #41, #47, and #57 were isolated as 

described (27). Briefly, parental strain Wa (106 PFU/ml) was incubated with mAb #41 or 

#47 (50 ng/ml), and parental strain DxRRV (107 PFU/ml) was incubated with mAb #57 (50 

ng/ml) for 1 hour and added to MA104 cells for 1 hour. The inoculant was removed, and 

mAbs (50 ng/ml) were added back to cells and incubated for 5 to 6 days. The preparation 

was then plaque-purified on MA104 cells in the presence of mAbs. Putative mAb escape 

variants were plaque-purified twice. The viral RNA of putative mAb escape variants and 

parental Wa or DxRRV was obtained using TRIzol-chloroform extraction and converted to 

cDNA using High-Capacity Reverse Transcription Kit (Thermo Fisher). VP8* and VP5* 

fragments were amplified using Phusion high-fidelity polymerase (New England Biolabs, 

M0530) and the following primers: VP8*, 5′-ATGGCTTCACTCATTTATAGACAGC-3′ 
(forward) and 5′-TACTGGCCATGCACCTACTG-3′ (reverse); VP5*, 5′-

CAAGTAACCGCACACACCAC-3′ (forward) and 5′-

TCACAATTTACATTGTAGTATTAACTGTTCAAT-3′ (reverse). PCR products were gel-

purified using Wizard SV Gel and PCR Clean-Up kit (Promega) and cloned into Zero Blunt 

TOPO PCR4 vector (Thermo Fisher, K270040) for Sanger sequencing. VP7 fragments were 

amplified from cDNA using the primers 5′-TAGCGGACACACTTTCACGG-3′ (forward) 

and 5′- TCCCATCAACGACATCCACT-3′ (reverse), and PCR products were purified and 

subjected to sequencing.
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Effects of VP8* mAbs on VP5* mAbs in vitro neutralization activity

Wa was preincubated with VP8* mAb #9, #19, or #20 (200 ng/ml) for 1 hour at 37°C. The 

mixture was added to serially diluted VP5* mAb #41 or #47 for 1 hour at 37°C. The mixture 

of Wa, VP8* mAb, and VP5* mAb was added to MA104 cells for 1 hour at 37°C. This 

mixture was removed and cells were washed. M199 media without serum and trypsin were 

added back to cells for 16 hours. Plates were stained as in a neutralization assay (46). 

Neutralization titers of individual mAb (#9, #19, #41, or #47) against Wa were measured as 

controls. The results were presented as percentage of focus reduction at different mAb 

concentrations.

Statistics

One-way analysis of variance (ANOVA) and Tukey’s multiple comparisons test were used to 

compare differences between multiple groups. P values <0.05 were considered significant. 

Analyses were performed using GraphPad Prism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Experimental workflow for identification of heterotypic and homotypic RV human mAbs.
Intestinal tissue from five bariatric surgery patients were isolated, B cells were enriched and 

live, TLP-binding IgA+ ASCs were single cell–sorted. Barcode-based amplification of 

paired IGHV/IGLV genes from the same B cell was used to generate dendrograms of paired 

intestinal Ab sequences from each donor. Selected clonal and singleton Ab sequences were 

cloned and expressed as recombinant human mAbs. mAbs were characterized in terms of 

binding specificity to RV proteins and in vitro and in vivo neutralization capacities against 

distinct RV serotypes.
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Fig. 2. Identification of TLP-binding intestinal ASCs in adult donors.
(A) CDC-9 TLP-binding intestinal ASCs were identified on the basis of 

CD20lo/−CD27hiCD38hi surface expression. Contour plots from a representative donor are 

shown. At least 200,000 events were acquired per sample. (B) The frequency of IgA+ and 

IgA− ASCs as a proportion of total intestinal ASCs (left) and of TLP-binding IgA+ and IgA− 

ASCs as a proportion of total IgA+ and IgA− ASCs (right), as determined by FACS in five 

donors. (C) Frequency of IgA+ ASCs as a proportion of total intestinal B cells (left) and 

DLP-binding IgA+ ASCs as a proportion of total IgA+ ASCs (right), as determined by 
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ELISPOT. Symbols represent the frequencies of individual donors. Red lines and bars 

represent the median frequency.
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Fig. 3. Dendrograms of sorted RV TLP-reactive intestinal IgA+ ASCs.
HC and LC dendrograms of sorted TLP-binding intestinal IgA+ ASCs from five donors. 

Each peripheral node depicts sequenced VH and VL regions derived from a single cell. Red 

lines indicate clonal families. Ig V gene sequences that were selected for cloning and 

expression of recombinant mAbs are numbered. Stars denote Abs that bound to RV proteins. 

Circled stars denote neutralizing Abs. Squares denote Abs that did not bind to RV.
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Fig. 4. Minimally neutralizing VP8* mAb interferes with the capacity of strong neutralizing 
VP5* or VP8* mAbs.
VP8* mAb #9 (200 ng/ml) was preincubated with Wa for 1 hour before the addition of 

potent neutralizing mAb #41 (VP5*) (A) or #47 (VP8*) (B) for an additional hour. The 

mixtures were then added to MA104 cells, and the neutralization assays were run as 

described.
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Fig. 5. Human mAbs mediate heterotypic and homotypic protection from RV-induced diarrheal 
disease in mice.
Five-day-old 129sv suckling mice (six to eight per group) were inoculated with 106 plaque-

forming units (PFU) of indicated RV strains preincubated for 1 hour with human anti-VP7 

(A and B) and anti-VP4 (C) mAbs (5 μg/ml) or with media. The percentage of pups with 

diarrhea up to 4 days after challenge is shown.
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Table 3.

Neutralizing potency of different VP4 or VP7 mAbs against escape variants.

Parental virus/variants Mutation site VP4 Neutralizing mAbs*

#41 #33 #47

Wa 0.6 4.9 1.2

Wa41v-1–1 Amino acid 392 (A→E) >625.0 >625.0 1.2

Wa41v-2–1 Amino acid 123 (G→D) 0.6 4.9 156.3

VP7 Neutralizing mAbs*

#27 #57 #46

DxRRV 0.6 2.4 2.4

DRV57v-30–1 Amino acid 126 (D→N) 0.6 >625.0 2.4

DRV27v31–1 Amino acid 151 (D→H) 19.5 0.6 78.1

*
Minimum neutralizing concentration (nanograms per milliliter).
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