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In the present investigation we characterized the antigenic diversity of the VP4 and VP7 proteins in 309 and
261 human rotavirus strains isolated during two consecutive epidemic seasons, respectively, in three different
regions of Mexico. G3 was found to be the prevalent VP7 serotype during the first year, being superseded by
serotype G1 strains during the second season. To antigenically characterize the VP4 protein of the strains
isolated, we used five neutralizing monoclonal antibodies (MAbs) which showed specificity for VP4 serotypes
P1A, P1B, and P2 in earlier studies. Eight different patterns of reactivity with these MAbs were found, and the
prevalence of three of these patterns varied from one season to the next. The P genotype of a subset of 52
samples was determined by PCR. Among the strains characterized as genotype P[4] and P[8] there were three
and five different VP4 MADb reactivity patterns, respectively, indicating that the diversity of neutralization
epitopes in VP4 is greater than that previously appreciated by the genomic typing methods.

Group A rotaviruses are a leading cause of severe diarrhea
in the young of humans and animals (16). Both of the rotavirus
surface proteins, VP4 and VP7, are able to induce neutralizing
antibodies; hence, the serotypic specificity of these viruses is
dual and is termed G and P for VP7 and VP4, respectively (4,
11, 14). Rotavirus serotypes were originally defined on the
basis of neutralization assays with hyperimmune sera, and later
it was shown that such specificity depends mostly on VP7 (G
serotypes) (4, 11). More recently, P serotypes have been de-
fined by neutralization assays with sera hyperimmune to bac-
ulovirus-expressed VP4 proteins or to reassortant viruses (4, 8,
11). At least 10 G serotypes (G1 to G6, G8 to G10, and G12)
and seven P serotypes (P1A, P1B, P2A, P3, P4, PS5, and P8)
have been found among human rotaviruses (HRVs) (4, 7, 12).

By sequencing the VP4-coding gene, eight genomic P types
(genotypes) have been defined among HRVs, and these geno-
types have been further shown to correspond to some of the
described P serotypes. In addition to nucleotide sequencing,
dot blot hybridization- and PCR-based assays have also been
used to determine the VP4 genotypes (6, 17).

The availability of neutralizing monoclonal antibodies
(NtMADs) specific for different VP7 serotypes has allowed ex-
tensive epidemiological studies to be carried out, and these
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studies have identified serotypes G1 to G4 as being the epide-
miologically relevant serotypes worldwide. On the other hand,
knowledge about the diversity of P serotypes among circulating
HRYV strains is scarce, due to the lack of readily available VP4-
typing polyclonal sera, as well as the lack of monoclonal anti-
bodies (MAbs) specific for different VP4 serotypes; therefore,
P-genotyping methods have been used as a surrogate for se-
rotyping.

In the several genotyping studies conducted worldwide, ge-
notypes P[4] (associated with a VP7 protein with G2 specific-
ity) and P[8] (associated with the G1, G3, or G4 VP7 protein)
have emerged as the most frequent genotypes, altogether rep-
resenting about 95% of the typeable strains (7). In those stud-
ies, the single strain most frequently found was serotype P[8],
G1, followed by P[8], G4; P[4], G2; and P[8], G3 (7). These
surveys are providing relevant information about the preva-
lence of rotavirus P genotypes; however, the nonserological
typing methods used do not necessarily reflect the antigenic
diversity of the protein. In fact, exceptions to the correlation
between P genotypes and the serologically defined P serotypes
have been reported (10, 11, 15, 21), indicating the need for an-
tigenic characterization, in addition to genomic typing, of the
VP4 proteins of circulating HRV strains.

Recently, neutralizing anti-VP4 MAbs directed to HRV
strains having serotype P1A, P1B, and P2A specificities have
been produced and evaluated as serotype-specific reagents (3,
22). In this study, using these MAbs we have characterized the
antigenic diversity and variability of the VP4 protein associated
with HRYV strains circulating during two epidemic seasons in
three different geographic regions of Mexico. We found that
the antigenic diversity of VP4 is greater than that suggested by
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the genomic typing methods and that the prevalent antigenic
VP4 type may vary from one epidemic season to the next.

MATERIALS AND METHODS

Stool specimens. A total of 1,091 and 605 stool specimens from infants with
acute diarrhea were collected during two consecutive rotavirus epidemic seasons,
October 1994 to March 1995 and October 1995 to March 1996, respectively. The
infants included in the first year of the study had been admitted for acute
diarrhea to hospitals or outpatient clinics in three geographic regions of Mexico:
the central region (Oral Rehydration Unit, Hospital Infantil de México, and
Iztapalapa Outpatient Clinics 15 and 31, Instituto Mexicano del Seguro Social
[IMSS] in Mexico City; Outpatient Clinic of Ministry of Health, in Tlaxcala,
Tlaxcala; and Hospital of the University of San Luis Potosi in San Luis Potosi,
San Luis Potosi), the northeastern region [Hospitals 4, 6, and 17, IMSS, in
Monterrey, Nuevo Ledn), and the southeastern region (Oral Rehydration Unit,
O’Horéan Hospital, and Clinics 12, 17, and 59 and “El Fénix,” IMSS, in Mérida,
Yucatédn). The same clinics participated in the second year of the study, with the
exception of the clinics in the central region of Mexico, where fecal samples were
collected only from patients in the Hospital Infantil de México and the Hospital
of the University of San Luis Potosi.

Rotavirus screening. Fecal specimens were initially screened for rotavirus
either by a rapid (15-min) enzyme-linked immunosorbent assay (ELISA; Merid-
ian Laboratories) or by silver staining of viral double-stranded RNA segments
separated by gel electrophoresis (9) and were later confirmed to be positive by an
ELISA (Dako Co.) known to be sensitive and specific for rotavirus detection (5).
Of the 1,091 stool specimens obtained during the first season, 593 (54%) were
positive for rotavirus, while in the second season 323 of 605 (53%) were positive.
Of all these samples, 309 from the first year and 261 from the second year were
characterized in this study. The samples were chosen so that similar numbers of
samples from each of the three geographic regions were studied.

Rotavirus VP4-typing nomenclature. The nomenclature described in a review
by Estes (4) is followed in this report. Rotavirus VP4 has been classified on the
basis of both genomic (genotype) and antigenic (serotype) characteristics. Since
the correlation between VP4 (P) serotypes and genotypes is not completely
established, both classification criteria are used to describe rotaviruses. P geno-
types are included within brackets, while P genotypes with open numbers are
restricted to serotypes. Thus, the full description of human rotavirus Wa strain
would be P1A[8], G1. Rotaviruses for which only the P genotype [in addition to
the VP7 (G) serotype] has been determined would be described, for instance, as
P[8], G3 or P[4], G2.

MAbs. Five serotype-specific VP7 MAbs were used: serotype G1, MAbs KU-4
(27) and 5E8 (22); serotype G2, MADb 1C10 (22); serotype G3, MAb 159 (25, 26);
and serotype G4, MAb ST-2G7 (27). In addition, the cross-reactive VP7 MAb
129 (25, 26) was also used. To characterize the VP4 protein, five MAbs were
used: F45:4 (hereafter referred to as F45), derived from the serotype P1A strain
F45 (3); 1A10, derived from the serotype P1A strain Wa (23); RV5:2 (hereafter
referred to as RV5), derived from the serotype P1B strain RV5 (3); and HS6,
derived from the serotype P2 strain ST3 (23). These VP4 MAbs had previously
been shown to be specific for HRV strains having the same serotype as that of the
immunizing virus, P1A, P1B, or P2, when assayed by ELISA (3, 23).

VP7-serotyping ELISA. The G-serotyping ELISA was carried out as described
previously (22). A virus was assigned to a specific serotype when the optical
density at 410 nm (OD,,,) with the MAD corresponding to that serotype was
higher than 0.2 and at least twice as high as the value corresponding to any other
serotype.

VP4-typing ELISA. The VP4-typing ELISA was performed as described pre-
viously (23). MAbs were used to capture viral antigen, and bound antigen was
detected with an equivolumetric mix of rabbit antisera hyperimmune to Wa,
DS1XRRYV, RRV, and ST3 rotaviruses. A MAb was considered to react with a
virus when the ODy,,,, value for that MAb was at least 0.4. A second and/or a
third MAb was also considered to interact with the same virus strain when it
reacted with an OD,,, value higher than 0.2 and was also higher than one-half
of the value for the MAb with maximum reactivity. An OD,,, of 0.4 was chosen
as the cutoff value for the MAb with the highest reactivity in order to be able to
include low-level reactivity with multiple MADbs.

Identification of P genotypes by reverse transcription-PCR. The identification
of genomic types P[4], P[6], P[8], and P[9] was done as described by Gentsch et
al. (6).

Statistical analysis. Comparisons of the proportions of HRV G serotypes and
the VP4 MAD patterns of reactivity were performed by the chi-square test or
Fisher’s exact test.

RESULTS

Temporal and geographic distributions of HRV G serotypes.
Three hundred nine and 261 rotavirus-positive specimens col-
lected in three geographic regions of Mexico during epidemic
seasons of 1994-1995 and 1995-1996, respectively, were char-
acterized (Table 1). In the 1994-1995 season, G3 was the prev-
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TABLE 1. Distribution of human rotavirus G serotypes during
two epidemic seasons, 1994-1995 and 1995-1996,
in three geographic regions of Mexico

No. of specimens with the indicated VP7 serotype®

Geogr‘aphic Epidemic NI
region season G1 G2 G3 G4 Total
Mix VP7(+) VP7(-)
Central 1994-1995 3 — 74 — — 2 6 85

1995-1996 65 4 11 1 16 4 35 136

Northeast 1994-1995 38 — 32 1 7 — 13 91
1995-1996 41 — — — — 1 11 53
Southeast 1994-1995 38 11 70 — 5 2 7 133
1995-1996 24 14 — 2 3 8 21 72

Total 1994-1995 79 11 176 1 12 4 26 309

1995-1996 130 18 11 3 19 13 67 261

“ NI, the G serotype was not identified; Mix, specimens that reacted with more
than one VP7 serotype-specific MAb; VP7(+), specimens that reacted only with
the cross-reactive VP7 MAb 129; VP7(—), specimens that were not reactive with
any of the VP7 MAbs used, including MAb 129; —, no specimen of the indicated
G serotype was detected.

alent serotype in the central region of Mexico, while in the
other two regions, G1 and G3 viruses were frequently detected
(P < 0.0001). In the second epidemic season, serotype G1
HRYVs were predominant in all geographic regions studied.

The relative frequency of serotypes, considering the two
seasons together, was similar in the southeastern and central
regions: the most prevalent serotype in both areas was G3 (36%
for the regions combined), followed by G1 (31%), G2 (7%),
and G4 (<1%). In contrast, in the northeastern region the
predominant serotype was G1 (55%), followed by G3 (22%)
and G4 (<1%), with no serotype G2 viruses being detected.
This difference in the relative frequency of serotypes between
regions reached statistical significance (P < 0.0001). Further-
more, by splitting by season, in the southeastern and central
regions combined, a clear shift in the predominant serotype
between the 1994-1995 and the 1995-1996 periods was ob-
served; in the first season the most common serotype was G3
(66%), as opposed to the G1 serotype (43%) in the second
season (P < 0.0001). In contrast, in the northeastern region,
G1 was the most prevalent serotype during both seasons.

Diversity and variation of HRV VP4 antigenic types. To test
if the VP4 protein varied from one epidemic season to the
next, as was found with VP7, we antigenically characterized the
viruses with NtMAbs that have been proposed to be VP4 sero-
type specific (3, 23). We used MAbs 1A10 and F45, proposed
to recognize P1A strains; MAb RVS5, proposed to recognize
P1B viruses; and MAb HS6, suggested to interact with serotype
P2A rotaviruses.

Overall, eight different VP4 MAD patterns of reactivity were
detected among the HRVs characterized; for simplicity these
patterns were named A to H (Table 2). With the exception of
one serotype G3 HRYV specimen that reacted with MAb HS6
(pattern H), the serotype G1 and G3 HRYV strains collectively
had five patterns of reactivity with the VP4 MAbs (patterns A
to E). Considering both epidemic seasons combined, VP4 pat-
tern A was by far the most frequently occurring pattern among
the G3 strains, while patterns A and B seemed to be equally
distributed among serotype G1 viruses (P < 0.0001), with the
other patterns being represented less frequently. Among the
serotype G2 specimens, three VP4 patterns were detected (pat-
terns C, F, and G), with patterns F and G representing all but



1690 PADILLA-NORIEGA ET AL.

J. CLIN. MICROBIOL.

TABLE 2. Relationship between the patterns of reactivity with VP4 NtMAbs and the G serotype of HRV specimens
collected during two epidemic seasons, 1994-1995 and 1995-1996, in Mexico

No. (%) of specimens that reacted with the indicated MAb?

VP7 sero-

tyne? Season . F45, 1A10, , ]
yp F4S, 1AI0 (A9)  F45 (B) 1A10(C) 'pud(p) F4S.RVS () 1AIO.RVS () RVS(G) HS6(H)  Neg'  Total
Gl 1994-1995 32(40)  30(38) 2(3) 3 (4) 1(1) _e — — 114 7
1995-1996 45(35) 22(17)  3(2) 8(6) 4(3) — - — 48337 130

G2 1994-1995 - - - - - 5 (46) 5 (46) - 1(9) 1
1995-1996 — — 1(6) — — 5(28) 9 (50) — 317) 18

G3 1994-1995  101(57)  11(6)  6(4) 14 (8) 1(1) — — 1(1) 42024 176
1995-1996 2(17) 2(17)  3(25) - - — - = 4(33) 11

G4 1994-1995 - - - - - - - - 1(100) 1
1995-1996 — — 2067 — — — — — 1(33) 3

Total  1994-1995  133(50)  41(15) 8(3) 17 (6) 2(1) 502 52) 1(04) 55(21) 267
1995-1996 47(29)  24(15)  9(6) 8(5) 4(3) 5(3) 9(6) — " 56(34) 162

“ The results for 141 viruses whose G serotype could not be identified are not included here.
® The P serotypes of the viruses used to generate the VP4 Nt-MAbs are P1A for MAbs 1A10 and F45, P1B for MAb RVS5, and P2A for MAb HS6.
< For simplicity during their reference in the text, the VP4 MAD patterns found were designated A to H.

4 Neg, specimens that were not reactive with any of the MAbs used.
¢ —, no specimen reacting with the indicated VP4 MAbs was detected.

one of the characterized G2 strains. VP4 pattern C was the
only one shared by serotype G1 to G4 viruses.

Seven of the eight VP4 patterns detected were present in the
two seasons analyzed (Table 2). In general, the distribution of
these patterns was similar during both years; only the fre-
quency of HRV strains with pattern A showed a decrease
(from 50 to 29%) in the two consecutive seasons (P < 0.0001).
Likewise, the analysis of the temporal variation in the VP4
antigenic types according to their association with G serotypes
showed minor differences, except for the VP4 proteins with
reactivity patterns A, B, and C among serotype G3 viruses. The
prevalence of viruses with pattern A decreased from 57 to 17%
in the two consecutive seasons, while the prevalence of viruses
with patterns B and C increased from 6 to 17% and from 4 to
25%, respectively (P < 0.0001).

Including the results for both epidemic seasons, 262 speci-
mens (61%) reacted with either or both MAbs F45 and 1A10,
14 specimens (3%) reacted with MAb RVS5, and one specimen
(0.2%) reacted with MAb HS6 (Table 2). Interestingly, 41
specimens (10%) reacted with the P1B-derived MAb RV5 as
well as with one or both of the P1A-derived MAbs (MAbs F45
and 1A10).

Diversity of the VP4 gene and correlation with the VP4 MAb
reactivity. To understand the apparent paradox of the exis-

tence of HRV-containing specimens that were reactive with
MADs raised against rotaviruses of different P-serotype speci-
ficities, we investigated the correlation between the VP4
genomic type and the reactivity with VP4 MAbs. A represen-
tative sample of 52 specimens that included all the different
NtMAD patterns of reactivity detected was genotyped by PCR.
All HRYV strains having patterns of reactivity A, B, D, and E
were found to be genomic type P[8] (Table 3). Like the spec-
imens that were recognized only by MAb RVS5 (pattern G), the
strains having pattern F were all genomic type P[4]. The strains
with pattern C could be either genotype P[4] (one G2 strain) or
genotype P[8] (two G3 strains). The single strain reacting with
MADb HS6 (pattern H) was, as expected, genomic type P[6]. No
strain was genomic type P[9]. These results indicate that the
epitopes recognized by MAbs 1A10 and RVS can be present
in both P[4] (presumably P1B) and P[8] (presumably P1A)
strains. Of relevance, among the strains characterized as P[4]
and P[8], there were three and five different VP4-MAb pat-
terns of reactivity, respectively (Table 3), indicating that the
diversity of neutralization epitopes in VP4 is greater than that
previously appreciated by the genomic typing methods.
Prevalence of rotavirus genomic P types. The correlation
between the VP4 MAD patterns of reactivity and the genomic
P types, along with the observation that among specimens

TABLE 3. Relationship between the patterns of reactivity with VP4 NtMAbs and the genomic P types of HRV-positive specimens

No. of specimens that reacted with the indicated MAbs?

VP4 geno-

mic type* F45, 1A10 (A°) F45 (B) 1A10 (C) F45, 1A10, RV5 (D) F45, RV5 (E) 1A10, RV5 (F) RV5 (G) HS6 (H) Total
P[8] 27 7 2 7 2 —d — — 45
P[4] — — 1 — — 2 3 — 6
P[6] — — — — — — — 1 1
Total 27 7 3 7 2 2 3 1 52

“ All genotype P[8] strains had a G1 or G3 VP7 serotype specificity; all P[4] viruses were serotype G2; the single P[6] strain belonged to serotype G3. These findings
are in agreement with the known association between G serotypes and genomic P types.

> The P serotypes of the viruses used to generate the VP4 NtMAbs are P1A for MAbs 1A10 and F45, P1B for MAb RVS5, and P2A for MAb HS6.

< For simplicity during their reference in the text, the VP4 MAD patterns found were designated A to H.

4 __ no specimen having the indicated pattern of reactivity with the VP4 MAbs and genomic P type was identified.
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having a VP4 pattern C the serotype G2 viruses are genotype
P[4] while other G serotypes are type P[8], allowed us to infer
the prevalence of the different genomic P types in the epidemic
seasons studied. Three hundred fifteen strains whose G sero-
type could be determined and which were reactive with at least
one VP4 MAb were used to make this inference. Genomic type
P[8] was the most prevalent in all three geographic regions,
totaling from 62.5 to 100% of the specimens for different
regions and epidemic seasons, while genomic type P[6] was the
least prevalent (less than 1%). The prevalence of genomic type
P[4] was highly variable; it was absent from the northeastern
region in both epidemic seasons, while in the central and
southeastern regions its prevalence increased from 0 to 6.5%
and from 10.3 to 37.5%, respectively, in the consecutive sea-
sons analyzed.

The results of this study are in agreement with the findings
from previous surveys carried out in several countries, includ-
ing Japan, Brazil, the United States, and South Africa, where
it was found that P[8] is the genomic type with the highest
prevalence, followed by P[4] as the second most prevalent virus
and with other types, like P[3], P[6], and P[9], being detected
less frequently (7). However, important deviations from this
general pattern have recently been described. In a study car-
ried out in India, it was found that genotype P[6] strains with
G1, G2, G3, G4, and G9 specificities represented 43% of the
typeable strains, with P[6], G9 being the most prevalent virus
(24).

DISCUSSION

In this investigation we have characterized the antigenic
variability of the VP4 protein from HRYV strains isolated dur-
ing two epidemic seasons in different regions of Mexico. This
variability was correlated with the VP7 serotypes and the VP4
genotypes of the viruses studied.

As has been previously observed in Mexico (2, 22, 28) and
has also been documented in many other studies around the
world (1, 7, 16), we observed a change in the prevalent G
rotavirus serotype from one season to the next. Serotype G3
viruses were the most prevalent during the first epidemic sea-
son, while during the second season they were superseded by
serotype G1 strains. Also, the relative predominance of either
of these two G serotypes during a single epidemic season was
different among the geographic regions analyzed.

Since VP4 is an important inductor of neutralizing antibod-
ies in natural infections of children (20, 29) and it segregates
independently of VP7 (13), we investigated if, like VP7, it
changes over time. To characterize the antigenic changes in the
VP4 protein we used VP4 NtMADs that had previously been
described as P serotype specific (3, 23). The use of these MAbs
allowed the recognition of eight different patterns of reactivity
among the specimens studied, and the relative frequency of
three of these VP4 patterns (all associated with G3 VP7 pro-
teins) was found to change from one season to the next. It is,
however, difficult to draw conclusions from the observed VP4
variability, since the reactivities of the viruses with the VP4
NtMAbs were not all-or-nothing events (see below), and, in
addition, the number of G3 viruses collected during the first
year was small compared with the number analyzed in the
second year (11 versus 176). More studies are needed to con-
firm if the observed variability in VP4 indeed occurs and to
determine if the putative changes of VP4 over time are inde-
pendent of the associated VP7 protein or are just the conse-
quence of the variability in the VP7 protein. Also, the signifi-
cance of the potential variation in VP4 for the induction of
protective immunity should be investigated.
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In this study, the interaction of an HRV strain with more
than one VP4 MADb was scored as positive when the second or
third MAb recognized the virus with at least one-half the
reactivity obtained with the MAb with the highest reactivity.
The same twofold difference criterion has been used to deter-
mine the G-serotype specificity with VP7 MAbs (22). By
changing this criterion, considering as significant reactivities
that were at least one-fourth or one-eighth the value of the
MAD with the highest reactivity, we found that the virus strains
reacted with a wider spectrum of MAbs (data not shown),
indicating that there is a difference in the degree rather than
in the absolute reactivity of the P[8] and P[4] specimens with
the MADs tested. The high cross-reactivity observed with these
VP4 MADbs is consistent with the known level of serologic
cross-reactivity of VP4, even for the most serotypically diverse
regions of the molecule (8, 18, 19).

The reactivities of the VP4 MAbs in our particular format
were found not to be entirely restricted to a given VP4 geno-
mic type. MAb 1A10 was found to react with 80% of P[8]
strains and 50% of P[4] strains, while RVS reacted with 20% of
P[8] strains and 83% of P[4] strains. In a previous study, anal-
ysis of a limited number of rotavirus-positive stool samples
showed that when hyperimmune sera matched to the VP7
serotype of the strains being characterized were used as cap-
ture antibodies, MAbs F45, ST3:3, and RVS specifically rec-
ognized strains with inferred genotypes P[8], P[6], and P[4],
respectively. However, when a mixture of hyperimmune sera to
different G serotypes was used as the capture antibody in that
study, a large proportion of the samples was found to cross-
react with more than one MADb (3). Thus, the degree of the
serotype cross-reactivity of the VP4 MAbs seems to depend on
the specificity of the hyperimmune antiserum used in the assay
for capture or detection of virus antigen.

The multiplicities of the VP4 MAb patterns of reactivity
observed within P[8] and P[4] strains suggests that the diversity
of neutralization epitopes on VP4 is greater than that suggest-
ed by genomic typing methods. These observations, together
with the inconsistencies found between VP4 genotyping and
VP4 serotyping, indicate that to fully understand the antigenic
diversity and variability of VP4 and its relevance for the induc-
tion of protection, both serotyping and genotyping of HRVs
should be carried out. In this regard, the MAbs used in this
investigation appear to be useful for the antigenic character-
ization of the viruses, although their use as serotyping reagents
still requires further investigation.
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