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disease. In addition, by EBA we examined (i) serotype-
specific responses to the VP7 of each of four rotavirus
serotypes, (ii) differential responses to two epitopes of
serotype 1 or 3 that map to different sites on the VP7, (iii)
responses to a human rotavirus cross-reactive antigenic site
on the VP4, and (iv) responses to a rhesus monkey rotavirus
(RRV) strain-specific VP4 antigenic site. In these studies,
antibodies to certain epitopes were found to correlate with
protection against rotavirus challenge.

MATERIALS AND METHODS

Administration of rotavirus D strain to adult volunteers.
Adult volunteers were studied at the National Institutes of
Health and the University of Maryland in six separate
phases as previously described (21, 22). Eighteen individuals
between 18 and 35 years of age were administered by the oral
route 1 ml of a 0.2% human stool filtrate derived from patient
D, who had a diarrheal illness. The 2% stool filtrate was
considered at the time of the study as rotavirus rich by
electron microscopy, and the rotavirus was later found to
belong to VP7 serotype 1 (22, 43). Serum samples were
collected before and about 1 month after challenge (with a
single exception when serum was obtained approximately 2
months after challenge). Two volunteers were challenged
with the same inoculum about 19 months later. Clinical data
have been described previously (21, 22).

PRN. Plaque reduction neutralization (PRN) assays were
performed as previously described (43). Titers are expressed
as the reciprocal of the serum dilution that caused 60%
reduction in the number of plaques per well and were
reported previously (21).

EBA. EBA was performed as previously described (14).
Characteristics of the monoclonal antibodies (MAbs) used in
this study were summarized previously (14). Briefly, the
protein specificity and amino acid residue to which each
MADb mapped by sequence analysis of neutralization-resis-
tant mutants were as follows: MAb 2C9, serotype 1 VP7,
amino acid 94; MAb KU-4, serotype 1 VP7, amino acid 213;
MAb S2-2G10, serotype 2 VP7, amino acid 190; MAb
YO-1E2, serotype 3 VP7, amino acid 221; MAb 954/159,
serotype 3 VP7, amino acid 94; MAb ST-2G7, serotype 4
VP7, amino acid 145 (16a); MAb 954/23, RRV VP4, amino
acid 100; and MAb YO-2C2, YO VP4, amino acid 305. MAbs
KU-4, S2-2G10, YO-1E2, ST-2G7, and YO-2C2 were kindly
supplied by Koki Taniguchi and Shozo Urasawa (Sapporo
Medical College, Sapporo, Japan), and MAb 2C9 was kindly
supplied by Harry Greenberg (Stanford University, Palo
Alto, Calif.). The EBA titer represents the reciprocal of the
serum dilution that gave an optical density at 410 nm that
was =50% of that of the unblocked control. The starting
dilution of sera in the EBA was either 1:10 or 1:20, depend-
ing on the quantity of serum available. With the exception of
YO-2C2, which exhibited cross-reactivity with the VP4 of
human rotavirus VP7 serotypes 1, 3, and 4 (37), each of the
MADbs has homotypic neutralization activity.

RESULTS

Analysis of rotavirus-specific neutralizing serum antibody
by PRN. Eighteen adult volunteers were given serotype 1
human rotavirus D strain by the oral route; two of them (A
and B) were challenged a second time 19 months later. The
relationship between prechallenge serum neutralizing anti-
body to homotypic serotype 1 (Wa), heterotypic serotype 2
(DS-1), or serotype 6 (UK) strains and the development of
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illness or virus shedding following rotavirus challenge has
been described previously (21, 22). In brief, the presence of
a critical level of preinoculation neutralizing antibody to
each of these three strains individually correlated with
resistance to diarrheal illness or virus shedding. For exam-
ple, only 1 of S volunteers who developed illness or shed
rotavirus possessed a prechallenge neutralizing antibody
titer of =1:100 to the homotypic Wa virus, whereas 12 of 13
individuals who did not develop illness or shed virus had
such antibody (P < 0.008). The D virus has been reported as
similar to the Wa strain in hybridization (11) and antigenic
(18, 43) studies. A similar pattern was observed in neutrali-
zation assays with heterotypic DS-1 or UK strains, indicat-
ing that either homotypic or heterotypic serum neutralizing
antibody was associated with protection.

Further examination of available selected sera by PRN
employing the DS-1 strain as antigen in place of the reassor-
tant DS-1X UK strain (VP7:2; VP4:UK) that was used in the
original study was essentially confirmatory (data not shown).

Analysis of rotavirus-specific serum antibody by EBA. In an
attempt to identify rotavirus epitopes associated with pro-
tection against challenge, we reexamined the sera from the
volunteers by EBA in an attempt to measure specific anti-
body responses to epitopes on the outer capsid protein VP7
or VP4 of various rotavirus strains. MAbs that reacted with
either of two epitopes on VP7 of serotype 1 or 3, a single VP7
epitope of serotype 2 or 4, a single VP4 epitope representing
a cross-reactive VP4 epitope shared with most human rota-
virus strains, and a single VP4 epitope of RRV were avail-
able.

Table 1 shows the prechallenge serum antibody titer of
each of the volunteers by neutralization or by EBA for VP7
serotypes 1 and 2 and by EBA only for VP7 serotypes 3 and
4. The EBA antibody responses to a cross-reactive human
rotavirus VP4 epitope defined by MAb YO-2C2 and a RRV
VP4 epitope are also shown. With regard to a comparison of
the sensitivity of the EBA and neutralization assay, antibody
titers were consistently higher by the latter assay (Table 1).
However, the efficiency of detection of a =fourfold antibody
response by these assays was comparable when the total
number of EBA responses was compared with the number of
neutralization responses. Nine of 16 volunteers developed a
response to the homotypic VP7 epitope defined by MAb
2C9. It was of interest that only 2 of 16 volunteers developed
a response to the other homotypic VP7 serotype 1 epitope
defined by MAb KU-4.

Antibody levels in prechallenge sera to VP7 epitopes of
serotype 1, 2, 3, or 4 and the cross-reactive human rotavirus
or RRV VP4 epitopes were examined in an attempt to
determine whether one or more correlates of resistance to
challenge could be identified (Table 2). It was striking that
the presence of serum antibody to the homotypic 2C9
epitope of rotavirus serotype 1 correlated to a high degree
with resistance to illness or shedding (P = 0.0007) or illness
and shedding (P = 0.009) with the homotypic strain, whereas
antibody to the other serotype 1 epitope KU-4 that mapped
to a different site failed to correlate with such resistance
(Table 2). Antibody to serotype 2 or 4 VP7 epitopes also
failed to correlate with resistance. However, antibody to the
serotype 3 VP7 epitope defined by MAb 954/159 was asso-
ciated with resistance to illness or shedding (P = 0.02) with
a trend for protection against illness and shedding (P = 0.07),
whereas antibody to the other serotype 3 VP7 epitope,
YO-1E2, which mapped to a different site, was not signifi-
cantly associated with resistance. In addition, serum anti-
bodies to the cross-reactive human rotavirus VP4 epitope
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defined by MAb YO-2C2 (located in the VPS5 cleavage
fragment of VP4) or to the VP4 of RRV (located in the VP8
cleavage fragment of VP4), although not significantly asso-
ciated with protection, showed a trend in that direction
(Table 2). Human rotavirus-specific MAbs directed against
the VP8 cleavage fragment of VP4 that has been reported to
contain serotype-specific antigens (24) were not available for
this study. As noted in Table 2, the coefficient of association
was highest with antibody to the MAb 2C9 epitope. Thus, it
appears that EBA antibody to a serotype 1 VP7 epitope
defined by MAb 2C9 was a major correlate of resistance to
rotavirus challenge. )

Volunteers A and B, both of whom developed a diarrheal
disease after initial challenge, were rechallenged about 19
months later with the same inoculum and failed to develop a
diarrheal illness on rechallenge. Prerechallenge serum anti-
body titers for volunteer A were as follows: by neutralization
versus serotype 1 (Wa), 1:227, and versus serotype 2 (DS-
1xUK), 1:38; by EBA versus serotype 1 VP7 (defined by
MAD 2C9), 1:80; versus serotype 1 VP7 (defined by MAb
KU-4), <1:10; versus serotype 2 VP7 (defined by MAb
S2-2G10), 1:20; versus serotype 3 VP7 (defined by MAb
954/159), 1:80; versus serotype 3 VP7 (defined by MAb
YO-1E2), 1:80; versus serotype 4 VP7 (defined by MADb
ST-2G7), <1:10; versus a human rotavirus cross-reactive
VP4 epitope (defined by MAb YO-2C2), 1:160; and versus an
RRV-specific VP4 epitope (defined by MAb 954/23), 1:40.
Prechallenge serum from volunteer B was not available for
testing by EBA. The presence of antibody to the homotypic
VP7 epitope defined by 2C9 and the absence of antibody to
the homotypic KU-4 epitope with resistance of volunteer A
to diarrheal illness upon rechallenge is consistent with the
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correlation with resistance described above for these
epitopes in the initial challenge.

DISCUSSION

Correlates of resistance to rotavirus illness in adult volun-
teers challenged with a serotype 1 rotavirus strain were
evaluated in this study. Previously, certain levels of serum-
neutralizing antibodies to human rotavirus VP7 serotype 1 or
2 or bovine serotype 6 were shown to be associated with
resistance to illness or shedding following challenge (21, 22).
A significantly greater number of adult volunteers who were
resistant to illness than those who were not protected
following challenge with the VP7 serotype 1 D strain pos-
sessed a serum-neutralizing antibody titer of (i) =1:100
against the homotypic Wa strain or (ii) =1:60 against the
heterotypic serotype 2 reassortant DS-1x UK strain (22). In
addition, the presence of serum-neutralizing antibody to the
homotypic Wa strain (=1:100) or the heterotypic DS-1xUK
reassortant (=1:60) or the bovine UK strain (=1:10) was
associated with resistance to shedding of rotavirus. Thus, it
was suggested that heterotypic as well as homotypic anti-
body may be important in protection. Because individuals
older than 5 years of age through adulthood only infre-
quently become ill with rotavirus diarrhea, it has been
suggested that rotavirus reinfections induce heterotypic im-
munity via cross-reactive epitopes among rotavirus strains
(14).

In the present study, the sera from the same volunteers
were examined by EBA in an attempt to dissect the speci-
ficity of the antibodies associated with protection previ-
ously. The presence of serum antibodies that blocked the

TABLE 1. Pre- and postchallenge serum antibody titers of adult volunteers as determined by neutralization and EBA“

hall

Antibody titers (prechallenge/postc

ge serum [reciprocal]) against various antigens by indicated assay

Volun- Serotype 1 VP7 Serotype 2 VP7 Serotype 3 VP7 s‘e‘“\’,tgge YO VP4 RRV VP4
teer -
EBA EBA EBA EBA EBA EBA
PRN Wa EBAXSY  EBAKDA  eioUk  S22G10 954159  YOIE2  ST2GT  YOC2 95423
aa 190® aa 94° aa221®  aa 145%¢ aa 305° aa 100°
A? <201,259  <10/320 <10/<10  20/86 <10/80  <10/160 <10/320 <10/<20 <10/=640 <10/160
c 771,324 <10/80 <20/<20  53/549 20160 <1010 <1020 <10/<10 <10/40  <20/80
D? 83/>5,120  <20/320 <20/>40 <20/506 1040  <20/40 NT  <10/<10 <10/160  <20/=1,280
E° <20/125 <10/<10 <20/<20 <20/<20  <10/<20 <10/ <1020 <10/<20 <10/20  <20/<20
F* 1,881 320/=1,280  20/320  95/610 80/=640 1040 20160 <10/<10 =640/  <20/40
G* 69/996 <60/320 <60/40  118/445 NT NT NT NT NT NT
He 288/2,845  <100/800 <280/  109/10,863 - NT NT NT NT  <100/<400 200/
I 221/452 160/640 <20/<20  23/<20  <10/10 80/80  160/160 <10/<10  40/160  20/40
) 357/334 20/40 <20/<20  82/94 80/160  80/80  160/160 <10/<10  80/160  20/20
K* 227/1,558 2020 <20/<20 528/1,098  40/40 80/80  <10/<10 <10/<10  10/<10 20120
Lf  >51202,399  1,600/400  <100/<100 364/900 NT NT NT NT NT 100/100
M# 388/417 40/320 <20/<20 399265 40/40 80/40 1020 <10/<10  160/160 2020
N¢  2,219/896 320/160 <20/<20  89/40 <10/<10 2020 2010  <10/<10  40/40 20/<20
o* 363/288 80/40 <20/<20 <20/<20  <10/<20  <10/<10 <10/<10 <10/<10 <10/<10  <20/<20
p* 540/784 160/160 <20/<60  45/47 NT 80/ NT NT NT NT
Q¢ >5,120%2,485 =1,280 160/160 2691267 80/40  160/160  400/400  40/40  =640/160  <20/<20
Rf 12021354  200/640 20080  271/438 NT NT NT NT NT <100/

o Baired sera were not available for volunteer B for testing by EBA; numbers in boldface indicate serologic response as indicated by a =fourfold rise in titer
in paired sera obtained before and after challenge. PRN data from Kapikian et al. (21). NT, not tested; aa, amino acid.

& MADb reviewed by Green et al. (14).

< Data from reference 16a.

4 Developed diarrheal illness and shed rotavirus following challenge.

¢ Did not develop diarrheal illness but shed rotavirus following challenge.
/ Titer reported is from analysis of prechallenge serum only.

# Did not develop diarrheal illness or shed rotavirus after challenge.

# Data modified from Kapikian et al. (21).
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TABLE 2. Relationship of prechallenge serum rotavirus
antibody by EBA and the development of diarrheal
illness or virus shedding following oral challenge
with human rotavirus serotype 1 strain D

No. of volun-
teers (%) who
Prechallenge antibody titer . developed P¢ (Kendall
by EBA with indicated cg-lasll-\r::iloltlalc?:uss coefficient of
MAD (specificity) after challenge association)
Yes No
2C9 (VP7 serotype 1)
<1:20 4 (100) 0 0.0007 (1.00)
=1:20 0 11 '
KU-4 (VP7 serotype 1)
<1:20 4 (36) 7 0.5% (0.33)
=1:20 0 3
S2-2G10 (VP7 serotype 2)
<1:20 3 (50) 3 0.55% (0.35)
=1:20 1 )
YO-1E2 (VP7 serotype 3)
<1:20 3 (50) 3 0.18% (0.56)
=1:20 0 S
954/159 (VP7 serotype 3)
<1:20 4 (67) 2 0.02 (0.72)
=1:20 0 7
ST-2G7 (VP7 serotype 4)
<1:20 4 (36) 1.0% (0.21)
=1:20 0
YO-2C2 (VP4 human
cross-reactive)
<1:20 4 (67) 2 0.06° (0.70)
=1:20 0 6
954/23 (VP4 RRV)
<1:20 4 (57) 3 0.07% (0.63)
=1:20 0 7

“ Fisher exact test, two-tailed.
5 Not significant.

binding of MAb 2C9, a VP7 serotype 1-specific MAb map-
ping to amino acid 94 of VP7, correlated with resistance to
illness or shedding in the adult volunteers. EBA antibody
against another VP7 epitope (954/159), known to be serotype
3 specific and mapping to the same antigenic site (amino acid
94), was also found to correlate with resistance to illness or
shedding. Amino acid 94 is located in antigenic site A, as
described previously (9). Amino acids involved in the for-
mation of both homotypic and heterotypic VP7 epitopes
have been mapped to antigenic site A by using several
different MAbs (25, 36). Thus, antibodies (whether homo-
typic or heterotypic) directed against or near this region
of the VP7 may be important in the development of re-
sistance to rotavirus illness. Of interest is that the majority
of VP7s from serotype 1 or 3 rotavirus strains examined
thus far share the amino acid asparagine at residue 94 (13). It
has been suggested that serotypes 1 and 3 share an immu-
nodominant neutralization site (7), and it is possible that
amino acid residue 94 is involved in the formation of this
shared site.

A prechallenge EBA antibody titer of =1:20 against other
serotype-specific 1, 2, 3, or 4 VP7 epitopes examined in this
study that mapped to sites other than A did not correlate
with resistance to illness or shedding. This may be because
of the role of antigenic site A as an immunodominant
protective epitope. Alternatively, it is possible that the
failure to correlate the presence of antibodies to antigenic
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sites other than A with resistance to illness or shedding in
this study was due to experimental limits related to the
sensitivity of the EBA. In addition, the use of different
MADbs and antigens in the EBA may yield additional infor-
mation regarding protective epitopes.

Because rotavirus vaccines have induced variable protec-
tion against illness, it has been difficult to define an absolute
correlate of resistance by studying serum antibody re-
sponses. Moreover, in young infants lacking prior experi-
ence with rotavirus, the serum antibody response to a
vaccine is predominantly serotype specific (14, 42). Al-
though in the present study it appeared that homotypic
serum antibodies (as defined by blocking of the 2C9 sero-
type 1 VP7 epitope) had a high degree of correlation with
resistance to illness in adults, it is clear from data generated
from at least two recently described rotavirus vaccine stud-
ies in which protection was independent, at least in part, of
the development of serotype-specific serum antibodies (26,
41) that other antigens or host factors may be important in
the development of immunity. In addition, antigenic varia-
tion in circulating strains must also be considered in
the analysis of vaccine efficacy trials. It is possible that
critical amino acid substitutions in key epitopes among
circulating strains may allow escape from the limited anti-
body repertoire of young infant vaccinees. Studies are in
progress to determine whether the presence of antibodies
specific for the epitopes associated with resistance to illness
in adults correlates with resistance to illness in younger
individuals who receive rotavirus vaccines. Perhaps exami-
nation of antibody responses to VP7 antigenic site A, which
is associated with homotypic and heterotypic antibodies,
will enable us to better understand the natural history of
rotavirus infection.
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