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We previously generated 32 rotavirus-specific (RV-specific) recombinant monoclonal antibodies (mAbs) derived from B cells
isolated from human intestinal resections. Twenty-four of these mAbs were specific for the VP8* fragment of RV VP4, and
most (20 of 24) were non-neutralizing when tested in the conventional MA104 cell-based assay. We reexamined the ability
of these mAbs to neutralize RVs in human intestinal epithelial cells, including ileal enteroids and HT-29 cells. Most (18 of 20)
of the “non-neutralizing” VP8* mAbs efficiently neutralized human RV in HT-29 cells or enteroids. Serum RV neutralization
titers in adults and infants were significantly higher in HT-29 than MA104 cells and adsorption of these sera with recombinant
VP8* lowered the neutralization titers in HT-29 but not MA104 cells. VP8* mAbs also protected suckling mice from diarrhea
in an in vivo challenge model. X-ray crystallographic analysis of one VP8* mAb (mAb39) in complex with human RV VP8*
revealed that the mAb interaction site was distinct from the human histo-blood group antigen binding site. Since MA104 cells
are the most commonly used cell line to detect anti-RV neutralization activity, these findings suggest that prior vaccine and
other studies of human RV neutralization responses may have underestimated the contribution of VP8* antibodies to the

overall neutralization titer.

Introduction

Group A rotaviruses (RVs) are non-enveloped, double-stranded,
segmented RNA viruses with a triple-layered particle (TLP) com-
posed of inner layer (VP2), intermedia layer (VP6), and outer layer
(VP7, VP4) proteins (1). The RV surface spike protein, VP4, is pro-
teolytically cleaved into 2 non-covalently bonded subunits, a head
subunit (VP8%) and a stem subunit (VP5*). The VP4 cleavage is nec-
essary for efficient RV cell entry and infection (2). VP8* is thought
to be responsible for initial target cell binding, while VP5* is likely
involved in cell membrane penetration and cell entry (3). RVs rep-
licate primarily, but not exclusively, in mature enterocytes of the
small intestine and RV infection is highly species specific, such
that RV strains isolated from one animal species have significantly
reduced infectivity and ability to spread among heterologous ani-
mal species (1). RV infection induces a specific antibody response
that provides substantial protection from subsequent severe RV
reinfection and more moderate protection from mild or asymp-
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tomatic reinfection (4). Results primarily from monoclonal anti-
body (mAb) studies demonstrate that antibodies specific for VP7,
VP5*, or VP8* can all neutralize RV in cell culture and confer pro-
tection against RV infection in animal models in either a monotyp-
ic or heterotypic manner, depending on the particular antibody’s
serologic specificity (1). In some animal studies, antibodies against
RV proteins VP6 or NSP4 have also been implicated in inhibiting
RV infection or RV-induced diarrhea. However, these mAbs do not
have in vitro neutralization activity and their relevance to protec-
tion in vivo in humans or animals is not well established (5, 6).
Despite the availability of several safe and effective RV vac-
cines, RVs remain the single most important cause of severe diar-
rheal disease in infants and young children around the world. RV
infection results in approximately 200,000 annual deaths, pre-
dominantly in low-income countries (7). There are 2 main vaccine
strategies that are currently used for all licensed live attenuated
human RV vaccines. The RotaTeq (Merck Inc.) and Rotasiil (Serum
Institute of India) vaccines are both based on a so-called modified
Jennerian strategy in which animal-origin (bovine in these cases)
RVs, which are attenuated due to their host-range restriction, were
used to generate a multivalent set of reassortant RVs containing
human-origin VP7 G1, G2, G3, and G4 and a human-origin VP4.
The serotypic diversity of these vaccines is postulated to enhance
the breadth of their protective efficacy (8). On the other hand,
Rotarix (GSK) and Rotavac (Bharat) both consist of single, multiple
tissue culture passaged and hence attenuated human RV strains.
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They are postulated to generate protective immunity based on epi-
demiologic data demonstrating substantial protective immunity
following a single natural RV infection (9). Both types of RV vac-
cines have been shown to provide high levels of effective protec-
tion against severe RV diarrhea in various high- or middle-income
countries despite the serotypic heterogeneity of circulating human
RV strains, suggesting that vaccination by one serotype appears to
efficiently induce heterotypic protective immunity (9, 10).

The mechanism by which live attenuated RV vaccines induce
protection, as well as the RV protein targets of that protective
immune response, are still not fully understood. Vaccine effica-
cy correlates poorly with serum neutralization responses (11-14).
RV vaccine efficacy is significantly reduced in low-income coun-
tries and the reason for this lower efficacy is also not clear (9, 10).
Higher levels of preexisting maternal antibody, poor nutrition,
higher incidence of concurrent enteric infection, and differences
in the gut microbiome at the time of vaccination may be some of
the contributors to the reduced RV vaccine efficacy in less devel-
oped countries (9, 10).

In vitro, RVs replicate in many human and animal epithelial
cell lines with varying efficiencies. However, there does not appear
to be a clear enteric tissue tropism or species specificity for RV
replication in cell lines comparable to the replication restriction
encountered in vivo. A monkey kidney cell line, MA104, was found
to be highly permissive for RV replication over 40 years ago and it
has been very widely used for RV propagation, infectivity, and neu-
tralization studies ever since (15, 16). In fact, the great majority of
neutralization assays undertaken over the past 40 or more years of
RV research have been performed using MA104 cells.
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Figure 1. Neutralization of human RV WI61 (G9, P[8]) by recombinant
RV-specific human mAbs in human ileal enteroid monolayer cultures.
WI61 RV was incubated with the indicated human recombinant mAbs (100
ng/mL) for 1 hour at 37°C, and then added to the basolateral side of the
enteroid monolayer culture. Cells were fixed 16 hours after infection and
then stained with FITC-labeled polyclonal rabbit anti-RV antibody (green),
Texas red-phalloidin (red), and DAPI (blue). (A) No mAb, (B) mAb30
(anti-VP8* neutralizing in MA104 cells), (C) mAb2 (anti-VP5*), (D) mAb27
(anti-VP7) [against Wa (G1, P[8])], (E) mAb11 (anti-VP8* non-neutralizing
in MA104 cells), and (F) mAb72 (anti-VP6, non-neutralizing in MA104 cells).
Original magnification, x10.

Recently, we generated 32 recombinant human RV-specific
mAbs based on immunoglobulin (Ig) sequences derived from
selected antibody-secreting B cells isolated from resected small
intestinal tissues of adult bariatric surgery patients (17). We iden-
tified 3 VP5*-specific and 4 VP7-specific mAbs and all but one VP7
mADb effectively neutralized RV in either a homotypic or hetero-
typic manner. These mAbs were also able to prevent RV-induced
diarrhea in suckling mice in a passive protection assay (17). Inter-
estingly, the great majority (24 of 32) of the isolated, human small
bowel-derived, recombinant mAbs were VP8* specific. Surpris-
ingly, only 4 of these were found to neutralize RV when assayed
in a conventional MA104 cell-based neutralization assay. This
observation was noted as unusual at the time since multiple pri-
or mouse-based mAb studies had identified many neutralizing
VP8*-directed mAbs (18).

In this study, we provide data based on the reexamina-
tion of the neutralization activity of these “non-neutralizing”
VP8*-directed human mAbs examined in human small intestinal
enteroids and in the human HT-29 colon cancer-derived cell line
as opposed to MA104 cells. We find that most of the previously
“non-neutralizing” VP8* mAbs efficiently neutralize RV in the
human-origin intestinal cells but not in monkey kidney cell lines
(MA104 or CV1) or a human kidney cell line (HEK293).

Results

Neutralization of human RVs in human small bowel enteroid cultures.
We previously reported that among 32 recombinant mAbs generat-
ed from Ig sequences isolated from individual human small intes-
tinal B cells, 3 of 3 VP5*-directed and 3 of 4 VP7-directed mAbs
effectively neutralized selected RVsin a conventional MA104 cell-
based neutralization assay. On the other hand, only 4 of 24 anti-
VP8* mAbs demonstrated neutralizing activity (17). In the current
study, we reassessed our prior neutralization results using several
additional cell substrates, but focusing on human small intestinal
enteroid cultures and 2 human-origin colon cancer cell lines with
small intestinal characteristics (19). We observed that in a human
ileal enteroid monolayer culture, most of the previously non-neu-
tralizing VP8* mAbs effectively inhibited human RV replication by
more than 95% (Figure 1 and Table 1). On the other hand, VP5*
(mAb2 and mAb41), VP8* (mAb30), and VP7 (mAb27), which
were identified as neutralizing in MA104 (17), remained neutral-
izing in the enteroids versus human strain RVs WI161 (G9, P[8])
and Wa (G1, P[8]) (Figure 1 and Table 1). As expected from prior
MA104-based neutralization data, negative control VP6-specific
human mAbs did not neutralize RV in the enteroid assay (Figure 1
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Table 1. Neutralization of selected RV-specific human mAbs
versus human rotavirus, [WI61 (G9, P[8]) or Wa (G1.P[8])], in
human ileal enteroid monolayer cultures

mAbs RV protein specificity Focus reduction (%)*
2 VP5* >99
41 VP5* >99
30 VP8* >99
VP8* >99
VP8* 97
VP8* 80
VP8* 94
" VP8* 96
12 VP8* 92
13 VP8* 96
14 VP8* GE)
15 VP8* 93
16 VP8* 99
18 VP8* 52
19 VP8* <50
20 VP8* 95
23 VP8* <50
29 VP8* 96
35 VP8* <50
55 VP8* <50
278 VP7 97
578 VP7 >99
10 VP6 <50
69 VP6 <50
n VP6 <50

APercentage focus reduction at mAb concentration of 100 ng/mL.
8Percentage focus reduction of VP7 mAb (mAb27, mAb57) was measured
using Wa (G1,P[8]). Human recombinant mAb designations were previously
published (17).

and Table 1). Interestingly, in preliminary studies we observed that
RVs infected the basolateral side of the enteroid monolayer cul-
tures more efficiently than the apical surface, an observation made
previously by others in both intestinal cell lines and enteroids
(ref. 20 and S. Blutt, S. Crawford, and M. Estes, Baylor College of
Medicine, personal communication). Therefore, we carried out
the bulk of our enteroid monolayer neutralization assays and all
the results found in both Figure 1 and Table 1 using a basolateral
infection route in the enteroid monolayer cultures. However, we
did observe that our VP8* mAbs also neutralized RV efficiently
when an apical route of infection was used, even though RV infec-
tivity itself, from the apical side of the monolayers, was much less
efficient (Supplemental Figure 1; supplemental material available
online with this article; https://doi.org/10.1172/JC1128382DS1).
Inhibition of RV infectivity by VP8* mAbs was also observed in 3D
enteroid cultures where enteroids are embedded and grown in the
basement membrane matrix, Matrigel (Figure 2, A and B).
Human VP8* mAbs neutralize RV in human intestinal epithelial
cell lines but not in human or monkey kidney cell lines. We next tested
the neutralizing capacity of VP8*-specific mAbs in several other
commonly used cell lines including the HT-29 human colonic cell
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line, the HEK293 human kidney cell line, and the CV-1 monkey
kidney cell line in addition to the MA104 monkey kidney cell line.
As shown in Table 1 and Figure 2, VP8* mAb11, which neutralized
human RV WI161 (G9, P[8]) efficiently in enteroids, also neutral-
ized RV efficiently in HT-29, but not in MA104, CV-1, or HEK293
cells. The percentages of focus reduction of mAb11 in enteroid
monolayer culture and HT-29 cells were 97% and 94%, respec-
tively. The percentages of focus reduction of mAbll in MA104,
CV-1,and HEK293 were 0%, 11%, and 0%, respectively. Based on
these initial findings, we retested all our previously characterized
human RV-specific mAbs in MA104 and HT-29 cells by neutral-
ization versus 3 strains of human RVs including WI61 (G9, P[8]),
Wa (G1, P[8]), and DS1 (G2, P[4]). We found that neutralization
titers were similar between MA104 and HT-29 cells for all the
VP5*, VP8*, and VP7 mAbs that previously were shown to neutral-
ize RVs in MAO14 cells (Table 2 and ref. 17). However, the great
majority of VP8*-specific mAbs, which had little or no neutral-
izing activity in MA104 cells, now neutralized one or two of the
indicated human RV strains efficiently in HT-29 cells. Addition-
ally, several VP8* mAbs, including mAb9 and mAb11, efficiently
inhibited WI61 replication by at least 10-fold in HT-29 cells but
not in MA104 cells, as measured by a quantitative RT-PCR-based
assay (data not shown). Only 4 of 24 VP8* mAbs (mAb31, -35, -44,
and -55; Table 2) had no detectable neutralizing activity in any of
the cell lines examined (Table 2). Interestingly, the VP8* mAbs
in our study tended to neutralize human WI61 RV more effec-
tively than the Wa RV strain, even though both strains share the
same VP4 P[8] type. This suggests that, as has been shown previ-
ously with RV VP7-neutralizing mAbs (21), the VP8* protein can
demonstrate some level of P[8] subtype neutralization specificity
when assayed with mAbs.

Most (19 of 24) of the VP8* mAbs were monotypic, neutralizing
only P[8] VP8* RVs. However, 5 VP8* mAbs (mAb6, -9,-23,-30, and
-47) also neutralize P[4] RV strains. Only one of the 24 examined
VP8* mAbs (mAb30), neutralized a P[6] RV strain (17). In summa-
ry, when tested in the HT-29 cell line (or in enteroid monolayer
cultures) the percentage of neutralizing VP8* mAbs changed from
17% in the MA104 cell-based assay to 83% in the HT-29 cell-based
assay. On the other hand, the percentages of neutralizing VP5* and
VP7 mAbs remained unchanged in the 2 cell lines.

We next expanded our examination of cell lines that might
potentially be useful for detecting human anti-VP8* neutraliz-
ing activity by examining another frequently used human-origin
intestinal epithelial cell line, CaCo-2 cells (16). Neutralization
titers were generally similar between CaCo-2 and MA104 cells for
those VP7, VP5*, and the few VP8* mAbs that neutralized RV in
MA104 cells. However, for most of the VP8* mAbs that neutral-
ized only in HT-29 cells and enteroids but not in MA104 cells,
both the number and efficiency of neutralization in CaCo-2 cells
were significantly lower than in HT-29 cells, but higher than in
MA104 cells (Table 2).

VP8*-specific mAbs protect suckling mice from RV-induced diar-
rhea. We previously demonstrated that RV-neutralizing VP5* and
VP7 mAbs could protect suckling mice from either homotypic or
heterotypic heterologous human RV-induced diarrhea following
experimental challenge (17). Here we examined whether human
VP8*-specific mAbs with neutralizing activity in enteroids and
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A

HT-29 cells, but not in MA104 cells, could also protect suckling
mice from diarrhea following heterologous human RV challenge
in a passive protection assay. Human RV WI61 was preincubated
with anti-VP8* mAbll or mAbl4 (250 ng/mL) and then admin-
istered by oral gavage to 5-day-old 129sv suckling mice. Both
VP8* mAbs significantly reduced RV-associated diarrhea despite
the fact that these mAbs were non-neutralizing when assayed in
MA104 cells (Figure 3).

VP8*-specific neutralizing activity can be detected in normal
human adult sera using HT-29 but not MA104 cells. We next exam-
ined whether the HT-29 cell-based neutralization assay could be
used to directly detect and quantify RV anti-VP8* neutralizing

jei.org  Volume129 Number9  September 2019

The Journal of Clinical Investigation

Figure 2. Comparison of neutralization activity of human RV VP8*-
specific mAb11 against WI61 (G9, P[8]) RV in ileal enteroids and HT-29,
MA104, CV-1, and HEK293 cells. Indicated cell types were infected with
WI61in the presence or absence of human VP8* mAb11 (100 ng/mL) for 16
hours. Cells were then fixed and stained with FITC-labeled polyclonal rabbit
anti-RV antibody (green), Texas red-phalloidin (red), and DAPI (blue). lleal
enteroid 3D Matrigel culture with (A) or without (B) mAb. lleal enteroid
monolayer culture, basolateral infection with (C) or without (D) mAb. HT-29
cells with (E) or without (F) mAb. MA104 cells with (G) or without (H) mAb.
CV-1 cells with (1) or without () mAb. HEK293 cells with (K) or without (L)
mAb. Percentages of RV focus reduction by mAb11: ileal enteroid monolay-
er culture (97%), HT-29 cells (94%), MA104 cells (0%), CV-1 cells (11%), and
HEK293 cells (0%). Original magnification, x10.

activity in human sera that might be undetected by the conven-
tional MA104 assay. We first compared neutralization titers of 10
normal adult serum samples against Wa (a prototypic G1 human
RV strain) in HT-29 and MA104 cells (Figure 4A). Neutralization
titers in HT-29 cells were significantly higher than in MA104 cells
in 8 of 10 subjects. The median neutralization titer in the HT-29
cell assay was 384 versus 96 in the MA104 cell assay (P = 0.04 by
t test of means of log -transformed titers). The mean fold increase
of titers in the HT-29 cell assay was 4.4 (2.6 [SD]) (Figure 4A).
To test whether these increased titers resulted from the detec-
tion of anti-VP8* antibodies in the HT-29 cell-based assay, we
preincubated the adult serum samples with the indicated soluble
recombinant P[8], P[4], or P[6] VP8* (10 ng/mL). The increased
neutralization titers in HT-29 versus MA104 cells were complete-
ly eliminated by incubation with recombinant P[8] or P[4] VP8*
(Figure 4, B and C). Interestingly, despite the fact that none of
our HT-29-specific VP8*-neutralizing mAbs actually neutralized
P[6] RV strains, the antigenically distinct P[6] peptide efficiently
adsorbed out anti-VP8* activity from 4 of the serum samples (Fig-
ure 4D). To confirm if the addition of soluble recombinant VP8*
specifically blocked anti-VP8* antibody neutralization activity
in the serum specimens, we incubated recombinant P[8] or P[6]
VP8* with human mAbs against VP7 (mAb27), VP5* (mAb41), or
VP8* (mAb9) prior to carrying out neutralization assays against
Wa in MA104 or HT-29 cells (Supplemental Figure 2). We found
that VP8* mADb’s (mAb9) neutralizing activity was only eliminated
by incubation with recombinant P[8], but not recombinant P[6]
VP8*. VP7 or VP5* mAb neutralizing activities were not affected
by the addition of recombinant VP8* (Supplemental Figure 2).
Taken together, these results strongly suggested that the HT-29
cell-based assay detects human VP8*-specific neutralizing anti-
body responses that are underestimated or not detected at all by
the conventional MA104 cell neutralization assay.

Comparative MA104 cell and HT-29 cell neutralization titers
in infant sera from R1 RV vaccine studies in India and the US. Most
published vaccine studies have used MA104 cell-based neutral-
ization assays to evaluate vaccine immunogenicity and to look for
correlates of protection (11, 22, 23). Our findings strongly suggest-
ed that the MA104 cell-based assay significantly underestimates
neutralization activity by failing to detect neutralizing anti-VP8*
antibodies in adults. Therefore, we next examined if HT-29 cells
can also be used to detect anti-VP8* antibody neutralizing activity
in infant serum samples collected after R1 RV (Rotarix) vaccina-
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Table 2. Comparison of neutralization activity of RV-specific human mAbs against indicated human RV strains in HT-29, CaCo-2, and

MA104 cells
mAbs RV protein specificity RV WI61(G9,P[8])
HT-29 CaCo-2 MA104

2 VP5* 244 24 49
4 VP5* 49 49 24
33 VP5* 19.5 ND -
30 VP8* 12 12 12
47 Vp8* 391 39.1 78.1

Vp8* 49 3125 =

VP8* 12 156.3 -
8 VP8* 9.8 625.0 =
9 VP8* 49 3125 3125
n VP8* 24 3125 =
12 VP8 391 625.0 -
13 VP8* 781 = =
14 VP8 19.5 - -
15 VP8* 391 3125 =
16 Vp8* 12 781 -
18 VP8* 19.5 156.3 =
19 VP8* - - -
20 VP8* 19.5 = =
21 VP8* 781 - -
23 VP8 312.5 625.0 =
29 Vp8* 9.8 - -
31 VP8* = = =
35 Vp8* - - -
43 VP8* 78.1 625.0 =
44 VP8* - - -
55 VP8* = = =
60 VP8* 24 - -
27 VP7 781 156.3 156.3
46 VP7 - ND¢ -
57 VP7 = = =

RV Wa (G1,P[8]) RV DS1(G2,P[4])
HT-29 MA104 HT-29 MA104
-8 - 24 49
1.2 0.6 24 391
1.2 48 3125 -
= 312.5 1.2 1.2
1.2 1.2 1.2 49
781 = = =
1.2 - 24 -
24 = = =
1.2 781 195 -
625.0 - - -
625.0 = = =
49 - - -
9.8 781 - -
156.3 - - -
3125 = 3125 =
1.2 03 = =
24 24 - -
1.2 24 24 49

AMinimum mAb concentration (ng/mL) with 50% focus reduction. ®Minimum neutralization concentration greater than 625 ng/mL. °ND, not done. The
data shown are representative of at least 2 independent experiments of similar results.

tion. Neutralization titers in infant serum samples collected from
Indian and US R1 RV vaccine studies were examined in MA104
and HT-29 cells (Figure 5). In the Indian serum samples (Figure
5A), the median MA104 neutralization titer against the Wa RV
strain was 20, while it was 40 in the HT-29 cell-based assay (P =
0.01by ¢ test of means of log, -transformed titers). The average fold
neutralization titer increase in HT-29 versus MA104 cells was 2.8
(#2.2). In the US infant samples (Figure 5B), the median MA104
neutralization titer versus Wa was 160, while it was 480 in the
HT-29 cell-based assay (P = 0.01 by ¢ test of means of log,-trans-
formed titers). The average fold increase in neutralization titer in
the HT-29 cell assay was 4.3 (+5.8).

Crystal structure of scFv9 in complex with P[4] VP8*. To better
understand the structural basis of human VP8* mAb interaction
with VP8* and to potentially gain insight into the mechanism by
which these human VP8* mAbs inhibit RV replication, we gener-
ated a single-chain fragment variable (scFv) construct of P[8] and
P[4] VP8*-reactive mAb9 by connecting the variable domains
of the heavy (VH) and light chains (VL) with a flexible linker for

structural studies (24). We determined the cocrystal structure of
P[4] VP8* in complex with scFv9 to a resolution of 2.4 A (Supple-
mental Table 1). Three VP8* and 3 scFv9 molecules were found in
the crystallographic asymmetric unit, with each scFv9 binding to
1VP8*. No density for the flexible linker was observed. P[4] VP8*
displays a galectin-like fold and the VH and VL exhibit a typical Ig
fold (Figure 6A). The hypervariable complementarity-determin-
ing regions (CDRs) of both the heavy and light chains recognize
P[4] VP8*, with the heavy chain contributing the majority of the
interactions. The epitope on the P[4] VP8* recognized by scFv9 is
formed by residues from 4 regions: p-strands C and L; the C-D and
K-L loops (residues 94-99 and 195-199); the G-H loop (residues
145-148); and the B-hairpin (residues 122-124) (Figure 6, A and
B). The paratope of scFv9 consists of all CDRs: (a) Y33 and K34 of
CDRL]; (b) V58 and G59 of CDRL2; (c) D98 and S101 of CDRL3;
(d) S33 and T35 of CDRHI; (e) F54, S56, and S58 of CDRH2; and
(f) residues 100-105 of CDRH3 (Figure 6, C-E, and Supplemental
Figure 3). These CDRs of scFv9 bind to P[4] VP8* via an exten-
sive network of hydrogen bonding, electrostatic, and hydropho-
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bic interactions with a buried surface area of 371.9 A? and 545.6
A2 contributed by VL and VH, respectively. Some of the P[4] VP8*
residues in this extensive network of interactions include Q148
that forms both direct hydrogen bonds and hydrophobic interac-
tions with K34 of CDRL1 and D98 of CDRL3 (Figure 6C) and res-
idue N195 interacting with F54, S56, and S58 of CDRH2 (Figure
6D). In addition, 7 of the VP8* residues interact with Y101, Y102,
and Y103 of CDRH3 either through direct hydrogen bonding or
hydrophobic contacts (Figure 6E).

Structural basis of the genotypic specificity of human mAb9. To
investigate the molecular basis of the genotypic specificity of
mAb9, we carried out structure-based sequence alignment with
VP8*s of several genotypes using the program Chimera (Figure
7A). Sequence analyses show that the scFv9 binding residues are
conserved in the prevalent P[4] and P[8] human RV genotypes,
consistent with its genotype-specific binding and neutralizing
activities (17). These residues are not conserved in other human
RVs, such as P[6], P[11], and P[14], or animal RVs, including P[3]
and P[7]. Because P[6] human RVs are phylogenetically closely
related to P[4] and P[8] human RVs, we sought to understand why
scFv9 does not recognize P[6] VP8*. Structural superimposition
of P[6] VP8* with the P[4] VP8*/scFv9 complex reveals that there
are several critical sequence changes in P[6] VP8* that lead to the
loss of antibody binding (Figure 7, B and C). The residue Q148 in

Figure 4. Effect of soluble VP8* on RV neutraliza- A
tion titers of normal adult human sera in HT-29 512+

and MA104 cells. Diluted normal adult serum 256 -
samples (in duplicate) were preincubated with 1
or without soluble recombinant VP8*s (10 ug/
mL) for 1 hour at 37°C and incubated with Wa (G1,
P[8]) for an additional hour. The mixtures were
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Figure 3. Passive protection assay of human RV-specific VP8* mAb in
suckling mice. Five-day-old suckling 129sv mice were orally inoculated
with WI61 human RV with or without indicated mAbs (250 ng/mL). At
indicated days after infection mice were observed for diarrhea. The figure
represents the combination of 2 independent experiments. Number of
mice per group: no Ab, 19; mAb11, 12; and mAb14, 14. *P < 0.001 compared
with mAb groups by Fisher’s exact test.

P[4] VP8*, which interacts with CDRLY], is changed to S148 in P[6]
(Figure 7B), and residue N98, which interacts with 3 of the CDRs
via hydrogen bonding and hydrophobic interactions, is mutated
to K98 in P[6] VP8* (Figure 7C). Furthermore, P[6] VP8* contains
several mutations in the amino acid sequence 195-199 that also
contribute to the loss of binding to scFv9.

ScFv9 does not bind to the glycan receptor binding site on VP8*.
Recent biochemical, epidemiological, and structural studies have
shown that P[4] VP8* binds to H-type 1 human histo-blood group
antigen (HBGA) that may act as a cell attachment factor during RV
entry (25). To investigate whether mAb9 neutralizes RV infections
by blocking the HBGA binding site, we superimposed the P[4]
VP8*/scFv9 structure onto the structure of the P[4] VP8*/H-type 1
HBGA complex (Figure 8A). The structural comparison shows that
scFv9 binds to a site distant from the HBGA binding site, indicat-
ing that the mechanism by which mAb9 neutralizes the virus is not
by blocking the glycan binding. Further structure-based sequence
comparisons with VP8%*s of other genotypes reveal that scFv9
epitope is also distinct from other known glycan binding sites on
VP8*, such as the precursor HBGA binding site on P[11] VP8* and
the sialic acid binding site on P[3] and P[7] VP8*s (Figure 8A). We
modeled the binding of mAb9 in the context of an RV TLP (Figure
8B). Consistent with X-ray crystallography studies, mAb9 did not
block the binding of P[8] VP8* to H-type | HBGA (data not shown).

B = MA104 cells
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then added to MA104 or HT-29 cells for infection 8- 8-

(1-hour adsorption at 37°C and 16-hour incubation). 4 4-

Focus-forming units (FFUs) of RV were measured 172 3 45 6 7 8 910 1.2 3 45 6 7 8 910
by immunostaining using rabbit polyclonal anti-RV Serum sample ID Serum sample ID
antibody 16 hours after infection. Focus reduction c

titer was defined as the maximum serum dilution 512 512

that resulted in a 50% or more focus reduction. 256 - 256 -

The data shown are representative of 2 indepen-
dent experiments of similar results. (A) Without
soluble VP8* preincubation. The neutralization
titer difference between MA104 and HT-29 cells
was statistically significant (P = 0.04 by Student’s
t test of means of log,-transformed titers. (B) With
P[8] VP8* preincubation. (C) With P[4] VP8* prein- 1
cubation. (D) With P[6] VP8* preincubation.
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Discussion

Numerous prior studies, using both hyperimmune and/or mono-
clonal anti-RV antibodies generated in various animal species,
demonstrated that antibodies against both VP7 and VP4 were able
to neutralize RVs (1, 26-28). Depending on the specific antibody,
the neutralization specificity could be either highly strain (sero-
type) specific or heterotypic to a greater or lesser degree (29). For
VP4-directed antibodies, both VP8* and VP5* were identified
as targets of neutralization, with VP8* generally being a more
type-specific target and VP5*-directed antibodies being more het-
erotypic in their neutralization specificity (18). It has been more
difficult to directly examine the protein specificity of neutralizing
responses in humans, but experiments employing reassortant RVs,
and one case of an experiment in which 3 human mAbs obtained
through a phage display library were examined, generally con-
firmed the results derived from animal studies (30, 31). Recently
we were able to isolate a modest-sized library of human-derived
anti-RV TLP mAbs from small intestinal B cells of adults undergo-
ing bariatric surgery (17). A very surprising observation from that
study was the finding that most (20 of 24) of the VP8*-directed
mAbs isolated did not neutralize RVs when assayed in the stan-
dard MA104 monkey kidney cell assay.

In the current study, we took advantage of the recent avail-
ability of a human small intestinal enteroid culture system to
reexamine our library of human anti-RV mAbs and to compare
enteroid culture neutralization results with those of a traditional
MA104 cell assay. While the mAbs against VP7 and VP5* neutral-
ized RV efficiently in both cell substrates, we found that most of
the previously “non-neutralizing” human VP8*-specific mAbs
now efficiently neutralized RVs in the enteroids, either cultivated
as monolayers or as 3D spherules (Figures 1 and 2 and Table 1).
As previously noted by others (ref. 20 and S. Blutt, S. Crawford,
and M. Estes, personal communication), when polarized enteroid
monolayers are infected with RV, infection occurs much more
efficiently from the basolateral than the apical surface. However,
infection at both surfaces was neutralized with similar efficiency
by mAbs directed against VP8%, as well those against VP5* and
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Figure 5. Neutralization titers of post-RV1 vacci-
nation serum samples from Indian or US infants
measured in MA104 or HT-29 cells. Diluted infant
serum samples (in duplicate) and Wa (G1P[8])
mixtures were added to MA104 or HT-29 cells and
incubated at 37°C. At 16 hours after infection, RV
FFUs were determined by immunostaining using a
rabbit polyclonal anti-RV antibody. Focus reduction
titers were defined as the maximum serum dilution
that resulted in a 50% or greater focus reduction.
(A) Infant serum samples from India RV1 vaccine
study (45). (B) Infant serum samples from US RV
vaccine study (46, 47). Infant serum samples from
the US were tested 2 times with similar results and
infant serum samples from India were tested only
once due to small sample volumes. The neutral-
ization titer differences between MA104 and HT-29
cells were statistically significant (P = 0.01 by t test
of means of log -transformed titers for both Indian
and US samples).

VP7. Whether the basolateral specificity for infection found in the
enteroid system accurately recapitulates what takes place in vivo
remains to be determined. However, it does appear likely that
whatever the mechanism is by which the VP8* mAbs inhibit RV
infection, it is similar on both cell surfaces.

The human enteroid culture system proved very sensitive
for detecting previously undetectable neutralizing activity in our
human VP8* mAb collection. However, the enteroid system was
not easily adapted to large numbers of serologic assays and their
repetition. We therefore examined several other commonly used
cell lines as possible substitutes for the enteroid monolayer sys-
tem (Figure 2 and Table 2). Two other commonly used kidney cell
lines (CV-1 and MA104) of monkey origin were similar to human
HEK293 cells, in that we could not detect neutralizing activity in
any of our previously negative VP8*-specific mAbs. Interestingly,
we did detect neutralizing activity in some of the VP8*-directed
mAbs using the human intestine-derived CaCo2 cell line, but the
activity was much less efficient than that observed with the HT-29
cells (Table 2). Given these findings, we concluded that HT-29 cells
were the best cell substrate available to more fully examine the role
of human anti-VP8* immunity in RV infection and immunization.

As reported for the binding specificity of the VP8* mAbs (17),
the neutralization specificity was also found to be primarily P-gen-
otype specific, and in this case, directed primarily at P[8] human
RV strains. This specificity is not unexpected considering the fact
that the labeled RV TLP used to initially select the RV-directed
enteric B cells for this study was a P[8] strain (17). However 4 of 22
VP8* mAbs also neutralized the prototypic DS1 P[4] strain, while
none neutralized a P[6] RV (Table 2 and data not shown). These
findings are consistent with, and would be supportive of, the recent
change to a multivalent formulation of the candidate VP8* recom-
binant RV vaccine currently undergoing clinical trials (32, 33). Of
interest, the VP8* mAbs did not neutralize P[6] strains efficiently
and neutralization activity was not affected by preincubation with
recombinant P[6] VP8* (Supplemental Figure 2). However, the
recombinant P[6] VP8* was able to adsorb out VP8*-specific neu-
tralizing activity from several adult sera (Figure 4D). A plausible
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Figure 6. Crystal structure of scFv9 in complex with P[4] VP8*, (A) The overall structure of scFv9 in complex with P[4] VP8* The scFv9 heavy chain (VH)
and light chain (VL) are colored in blue and light blue, respectively. P[4] VP8* is shown in gold. The B-sheets and C-terminal a-helix of VP8* are labeled.

(B) The footprint of scFv9 on P[4] VP8* The surface of VP8 is shown with 60% transparency, and the antibody binding residues are shown as stick models.
(C-E) Molecular interactions between P[4] VP8* and CDRs of scFv9. The proteins are colored as in A. The interacting residues of P[4] VP8* and scFv9 are
represented with stick models and are labeled. The hydrogen bonds and electrostatic interactions are shown using dashed black lines.

explanation for this finding is that the serum specimens we stud-
ied almost certainly contained a much wider VP8* serotypic reper-
toire than our limited sampling of human VP8* mAbs. We hypoth-
esize that found within some serum samples there are neutralizing
antibodies with [P]6 binding ability that can also neutralize [P]8 or
[P]4 RVs and these antibodies are adsorbed by the added recom-
binant P[6]. The isolation of an expanded library of human anti-
VP8* mAbs will be needed to test this hypothesis.

A variety of animal studies indicated that VP8*-directed
antibodies can protect animals from experimental RV challenge
(29). It has been more difficult to directly evaluate the role of
VP8*-specific immunity in people. We tested the in vivo activi-
ty of human anti-VP8* antibodies using a murine RV model of
heterologous human RV-induced diarrhea (17). We found that
2 representative human VP8* mAbs significantly suppressed
human P[8] RV-associated diarrhea following challenge, indi-
cating that the in vitro ability to suppress human RV replication
of these mAbs correlated with an in vivo suppression of diarrhea
in a small animal model system (Figure 3) and providing exper-
imental support for the rationale of testing a recombinant RV
VP8* vaccine in humans.

We next evaluated the utility of the HT-29 cell neutralization
test for measuring the overall neutralization potency of anti-RV
antibodies in normal adult sera (Figure 4). Our findings demon-
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strate that a substantial fraction of overall neutralization capaci-
ty in these normal US adult sera specimens (50% to 88%, aver-
age 69%) appeared to be contributed by antibodies against VP8*
and, therefore, could be adsorbed out of specific serum speci-
mens using bacterially expressed fragments of either a P[8] or a
P[4] VP8*. Following VP8* adsorption, neutralization titers in
HT-29 cells and MA104 cells were equalized, suggesting that the
inequality in titers prior to adsorption was likely to be specifically
accounted for by antibodies against VP8*. Interestingly, although
recombinant P[4] quite efficiently removed VP8*-neutralizing
activity from adult sera, our human VP8* mAbs did not neutralize
a prototype P[4] RV strain very efficiently (Table 2). The precise
reason for this difference is currently unknown but likely relates
to the affinity of the mAbs for P[8] versus P[4] or P[6] proteins. Of
interest, all the human mAbs in our library were initially selected
for their ability to bind to a P[8] TLP. Therefore, these VP8* mAbs
might represent a biased selection sample of what is actually pres-
ent in the total normal adult VP8* repertoire.

We also thought it useful to examine the role of anti-VP8* anti-
bodies in mediating neutralization in 2 quite different sets of sera
from children in the US or India after R1 RV (G1, P[8]) vaccination
(Figure 5). If we assume, as with the adult sera, that the majority
of the difference in neutralization titer between HT-29 cells and
MA104 cells can be accounted for by anti-VP8* antibody detec-
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tion present only in the HT-29 cells, then in the Indian samples
(0% and 88%, average 31%) and in the US samples (0% and 94%,
average 59%) all of the neutralization activity measured in the
post-R1 vaccination HT-29 cell assays was due to anti-VP8* reac-
tivity. This observation, if correct, has some potentially import-
ant implications. We examined 20 RV vaccine trials published
between 1996 and 2017 that contained neutralization-testing
data using a variety of neutralization assay protocols. All carried
out their neutralization assays using an MA104 cell system. Fifty
percent of these studies attempted to correlate neutralization titer
responses with vaccine efficacy. Our preliminary findings suggest
that the neutralization-response data previously obtained using
the MA104-based assay may have significantly underestimated
actual responses. Perhaps some of these past vaccine studies can
now be reexamined using an HT-29 or other neutralization assay
that more reliably detects anti-VP8* responses. It will then be

interesting to determine if HT-29-based neutralization data cor-
relate better with protection outcomes than the current MA104-
based neutralization data.

It is challenging to speculate as to the mechanistic basis for
the difference between the neutralization results obtained in the
MA104 and HT-29 cell-based assays. Prior studies using murine
anti-VP8* mAbs and MA104 cells indicated that these anti-VP8*
mouse mAbs functioned primarily by inhibiting binding of the sim-
ian rhesus RV (RRV) strain to an MA104 cell monolayer. VP8* is
the RV hemagglutinin and is responsible for RBC binding (34, 35).
If our current library of VP8* mAbs are also mediating neutraliza-
tion by inhibiting human RV binding to HT-29 cells, then it seems
reasonable to postulate that MA104 cells have an RV receptor that
efficiently mediates infection, is not blocked by the current set of
human mAbs, and that this receptor is not present on HT-29 cells.
Studies are currently underway to explore this and other mechanis-
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Figure 8. Structural basis for how mAb9 may interact with VP8*. (A) Superimposition of scFv3/P[4] VP8* structure onto the VP8* domain of the VP4
spike in the P[3] RRV structure (PDB ID: 4V7Q) along with the superposition of the structure of P[4] VP8* in complex with H-type 1 HBGA (PDB ID: 5VX5)
to show the HBCA binding site. The glycan molecules are presented as ball-and-stick models in green. The inset shows a close-up view of the VP8*
domain. (B) Modeling of binding of an IgG to VP4 spike on an RV TLP based on the scFv3/P[4] VP8* structure. The crystal structure of an IgG (PDB ID: 1IGT)
molecule is docked near the VP4 spikes to show that 1 mAb9 molecule can bind to adjacent VP4 spikes separated by approximately 150 A, around the

icosahedral 5-fold axis on the TLP.

tic hypotheses that might account for the RV VP8* neutralization
differences observed between MA104 and HT-29 cells.

Recently, the non-sialylated human HBGAs have been found
to bind to VP8* and proposed as cellular receptors for human RVs
(36). Status of HBGA expression (secretor or nonsecretor sta-
tus) has been clearly associated with RV susceptibility (37-40)
and vaccine “take” (41, 42) in several recent studies. The sites
of VP8*/HBGA interactions have recently been identified (25,
35). However, neutralizing antibodies that function by blocking
VP8* interactions with HBGA were not well documented in peo-
ple after natural infection or vaccination, unlike what has been
observed for norovirus (43). In this study we find that, for at least
1 neutralizing human VP8* mAb (mAb9), the HBGA binding site
and the VP8* mAb binding sites do not overlap (Figure 8) and this
mAb does not block VP8* binding to HBGA, suggesting that the
RV-neutralizing effects of this VP8*-directed antibody are unlike-
ly to be due to inhibition of the HBGA/RV interaction. Detailed
analysis of HBGA binding to VP8* and the potential interference
of VP8* mAbs with RV/HBGA interactions, along with delineation
of the mechanisms of neutralization mediated by VP8* mAbs are
important issues that will require additional studies.

Methods

Cells, RV strains, human RV-specific mAbs, human serum samples, and
recombinant VP8* reagents. The MA104 monkey kidney cell line was
maintained in medium 199 (M199) (Gibco). The CV1 monkey kidney
cell line, human kidney HEK293 cell line, and human colonic HT-29
epithelial cell line were maintained in Advanced DMEM/F12 (Adv
DMEM) (Gibco). The human colonic cell line CaCo-2 was maintained
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in DMEM (Gibco). All these cell lines were originally obtained from
ATCC. All the above media were supplemented with L-glutamine, pen-
icillin and streptomycin (Corning), and 10% fetal bovine serum (FBS)
(Gibco). Propagation and titer determination of human rotaviruses
Wa (G1, P[8]), WI61 (G9, P[8]), and DS1 (G2, P[4]) were as described
previously (44). The RV protein specificity and neutralization activity
in MA104 cells of the recombinant human anti-RV mAbs in this study
were previously described (17). Normal adult serum samples were
obtained from the Stanford Blood Center. Antibody levels in these
adult sera in general reflect antibody responses after natural RV infec-
tion since the current RV vaccines were not licensed in the US until
2006 to 2008. Indian infant post-RV vaccination serum specimens
were collected at 14 weeks of age (4 weeks after vaccination) and US
infant post-RV vaccination serum specimens were collected at 24-38
weeks of age (4-6 weeks after vaccination) as part of prior RV (G1,
P[8]) vaccine studies in India and the US (45-47). All adult and infant
sera used in this study were deidentified. The human vaccine studies
in which these samples were originally collected were approved by
the relevant institutional review boards. The recombinant P[8], P[4],
and P[6] VP8*s were derived from Wa (G1, P[8]), DS1 (G2, P[4]), and
1076 (G2, P[6]), respectively, as previously described (48) and were a
gift from the Program for Appropriate Technology in Health (PATH)
(Seattle, Washington, USA). These bacterially expressed VP8*s were
originally developed as part of an alternative parenterally adminis-
tered RV vaccine program (48).

Ileal enteroid culture. Ileal enteroids were derived from deidenti-
fied intestinal tissues from secretor patients collected after pediatric
endoscopy and were generated as part of an NIH-funded U19 grant
program at Stanford. Ileal enteroids were grown as 3D cultures in
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Matrigel matrix (BD Bioscience) using enteroid growth media (49).
Methods for making enteroid monolayer cultures were previously
described (50). Briefly, Matrigel was dissolved using 0.5 mM EDTA
in Ca**- and Mg**-free PBS at 4°C for 1 hour and enteroids were isolat-
ed. Enteroids were digested with trypsin-EDTA (Gibco) for 10 min-
utes to obtain a single-cell suspension. After washing, 5 x 10° cells
were added to 33 pug/mL collagen IV-coated (MilliporeSigma) 0.33
cm?, 0.4-um polycarbonate transwell plates (Costar). The enteroid
monolayer cultures were grown in enteroid differentiation media
consisting of enteroid growth media without WNT and R-spondin
at 37°C and 10% CO,. RV infection and neutralization assays were
performed when the transepithelial electrical resistance (TEER) of
the culture exceeded 3000 Q/cm?.

Neutralization assay. General methods for RV neutralization assays
have been previously described and the method used here was similar
for MA104, HT-29, CaCo-2, CV-1,and HEK293 cells (44). Briefly, seri-
ally diluted human RV-specific mAbs or serum specimens from adults
or infants were incubated with indicated RV strains at 37°C for 1 hour.
The mixtures were then added to cells in 96-well plates (Costar) for
a 1-hour adsorption at 37°C. Cells were washed and medium without
FBS was added back to the cells for an additional 16-hour incubation.
The cells were fixed with 10% formalin and stained with rabbit poly-
clonal anti-RV antibody and followed by peroxidase-conjugated goat
anti-rabbit IgG (y chain specific [MilliporeSigmal). A color reaction
was developed using the 3-amino-9-ethylcarbozole (AEC) substrate
(Vector). Neutralization titers were expressed as the minimum mAb
concentration (ng/mL) or maximum dilution of sera that resulted
in at least a 50% reduction in the number of foci as compared with
a no-antibody control. Because RV infectivity was highest in MA104
cells and significantly lower in the other cell lines used in this study,
using the same dose of RV as used for MA104 cells for neutralization
assays would have resulted in too few foci to evaluate in the other cell
lines. We generally added 5 to 10 times more virus to HT-29, CaCo-2,
CV-1, and HEK293 cells to reach a similar infected-cell density as in
the MA104 cells so that neutralization titers could be calculated accu-
rately and consistently.

RV neutralization assays in 3D enteroid cultures were performed
by first isolating enteroids from Matrigel using 0.5 mM EDTA, as
described above. Isolated enteroids were washed and then incubat-
ed with an RV and mAb (100 ng/mL) mixture in Adv DMEM without
FBS for 1 hour at 37°C. Enteroids were then washed again and re-
embedded in Matrigel for an additional 16-hour incubation at 37°C
in enteroid growth media. RV neutralization using enteroid monolay-
er cultures was performed in transwell plates after TEER was above
3000 Q/cm? RV and mAb mixtures were added to the lower cham-
ber of the transwells for 1 hour. Cells were washed and differentiation
media was added back for an additional 16-hour incubation at 37°C
and 10% CO,. Enteroid cells in both 3D or monolayer cultures and
the cell lines listed in Figures 1 and 2 were then fixed and stained with
FITC-labeled rabbit polyclonal anti-RV antibody (green), Texas red-
labeled phalloidin (red), and 4',6-diamidino-2-phenylindole (DAPI)
(blue). Cells were observed and images acquired using a Keyence
BZ-X710 All-in-one fluorescence microscope.

Soluble recombinant VP8* competition assay. To investigate whether
the quantity of human serum neutralization activity detected in HT-29
cells differed from that detected in MA104 cells and whether the dif-
ference was mediated by anti-VP8* antibodies, we first preincubated
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serially diluted human sera specimens with soluble recombinant P[8],
P[4], or P[6] VP8* (10 pg/mL) for 1 hour at 37°C. Wa RV was then add-
ed to the mixture for 1 hour at 37°C. The Wa/serum/recombinant VP8*
mixtures were added to MA104 or HT-29 cell monolayers in 96-well
plates for a 1-hour adsorption at 37°C and then incubated for an addi-
tional 16 hours, as described above. Cells were then immunostained
and neutralization titers determined as described above. For confir-
mation of the specificity of recombinant VP8* to inhibit VP8*-directed
neutralization activity, we preincubated serially diluted human mAbs
against VP7 (mAb27), VP5* (mAb41), or VP8* (mAb9) with soluble
P[8] or P[6] VP8* (10 pg/mL) and performed neutralization assays
against Wa in MA104 and HT-29 cells, as described above.

VP8* human mAb passive protection studies. Human recombinant
VP8* mAb passive protection studies were done as described previ-
ously (17). Briefly, VP8*-specific mAbl1 or mAbl4 (250 ng/mL) was
incubated with human RV W161 (1 x 10¢ PFU per mouse) for 1 hour at
37°C. The mixtures were then orally administered by gavage to 5-day-
old suckling 129sv mice. At indicated days after infection mice were
observed for diarrhea as previously described (51).

Expression and purification scFv9 and VP8* proteins. The cDNA of
scFv9 was synthesized with a 15-amino acid linker, (GGGGS),, con-
necting the VH and VL domains of mAb9 (24). The synthesized gene
was subcloned into the bacterial expression vector pET28 with an
N-terminal His tag followed by a TEV protease cleavage site (Epoch
Life Science). Escherichia coli Shuffle cells (NEB) were transformed
with the scFv9/pET28 plasmid and induced with 0.5 mM isopro-
pyl B-D-1-thiogalactopyranoside (IPTG) (MilliporeSigma) when the
optical density at 600 nm reached 0.6. Cells were resuspended in
50 mM Tris-HCI (pH 8.0), 300 mM NaCl, and 10 mM imidazole,
supplemented with protease inhibitor cocktail (Roche). Cells were
lysed using a microfluidizer (Microfluidics), followed by removal of
cell debris by centrifugation at 39,000 g for 30 minutes at 4°C. His-
tagged scFv9 was bound to Ni-NTA Agarose (Qiagen) and eluted
using a gradient of 50 mM Tris-HCI (pH 8.0), 300 mM NaCl, and 250
mM imidazole. The eluted His-tagged scFv9 was concentrated using
a 10-kDa centrifugal filter unit (Millipore) and dialyzed into 50 mM
Tris-HCI (pH 8.0), 300 mM NaCl, and 10 mM imidazole for His-TEV
protease cleavage overnight at 4°C. The cleaved protein mixture was
reloaded onto the Ni-NTA column to remove the His-TEV protease
and uncleaved His-scFv9. The human rotavirus G2P[4] VP8* was
expressed in E. coli BL21(DE3) cells (Novagen) and purified with a
Glutathione Sepharose 4 Fast Flow (GE Healthcare) affinity column
as previously described (25).

Production of scFv9/P[4] VP8* complex and crystallization. The
scFv9/P[4] VP8* complex was formed by incubation at a molar ratio of
1:1.2 in a buffer containing 10 mM HEPES (pH 8.0) and 150 mM NacCl
at 4°C overnight before loading onto a HiLoad 16/60 Superdex 75
prep-grade column (GE Healthcare). The fractions with the scFv9/P[4]
VP8* complex were collected and concentrated to 8 mg/mL in 10 mM
HEPES (pH 8.0) and 150 mM NacCl for crystallization. The scFv9/P[4]
VP8* crystals were grown at 20°C by hanging-drop vapor diffusion
using the Mosquito crystallization robot (TTP LabTech) and imaged
using a Rock Imager (Formulatrix). Each drop contained 0.2 pL of
scFv9/P[4] VP8* and 0.2 uL of crystallization buffer containing 100
mM HEPES (pH 7.0) and 20% w/v PEG 8000. The crystals were trans-
ferred into cryoprotectant solution with 20% glycerol and flash-frozen
in liquid nitrogen.
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Data processing, structure determination, and refinement. X-ray
diffraction data for scFv9 complexed with P[4] VP8* were collected
on the Beamline 5.0.1 at Advanced Light Source, Lawrence Berkeley
National Laboratory. Diffraction data were processed using the pro-
gram HKL2000 (52). The native structure of human rotavirus G2P[4]
VP8* (PDB ID: 5VX4) and the predicted structure of scFv9 as gen-
erated by the antibody modeling software ABodyBuilder (53) were
used as search models for molecular replacement using PHASER
(54). Iterative cycles of refinement were carried out using PHENIX
(55) and further model building using COOT based on the difference
maps (56). Data collection and refinement statistics following the final
refinement cycle are given in Supplemental Table 1. The interactions
between P[4] VP8* and scFv9 were analyzed using the program Lig-
Plot+v.2.1 (57). The figures were prepared with Chimera (58).

Statistics. Statistical analysis was performed using SPSS Statistics
21 (IBM). Neutralization titers of human sera in MA104 or HT-29 cells
were log, transformed and analyzed using a 2-tailed Student’s ¢ test.
Percentages of diarrheal disease in suckling mice in the passive pro-
tection study were analyzed using Fisher’s exact test. A P value less
than 0.05 was considered significant.

Study approval. 129sv mice were bred in-house at the Veterinary
Medical Unit of the Palo Alto VA Health Care System (PAVAHCS).
The animal study was approved by the Institutional Animal Care and
Use Committee (IACUC) at PAVAHCS. Infant sera in this study were
obtained as deidentified samples from vaccine studies of India (45)
and the US (46, 47). The human vaccine studies were approved by the
IRBs of the respective institutions.
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