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oroviruses (NoVs) are the predominant agents of acute, epidemic gastroenteritis in humans. The NoVs have been described as “perfect pathogens” in large part because they are highly
transmissible, highly genetically diverse, and constantly evolving
(1). NoVs can be classified into 6 genogroups on the basis of the
major capsid protein sequence (2). Of these, genogroup I (GI) and
genogroup II (GII) comprise most human NoVs. Although one
genotype, GII.4, is responsible for up to 60 to 80% of all NoV
disease worldwide since 2002 (47–49), there are at least 29 genetically distinct, cocirculating genotypes of human NoVs (2, 3). Furthermore, the periodic emergence of novel, antigenically distinct
GII.4 variants, including the most recent GII.4-2012 Sydney variant, illustrates the need for a better understanding of heterotypic
NoV immunity (4–6). Clinical data on the breadth and persistence
of human NoV immunity have substantial implications for ongoing vaccine development, which if efficacious would be a costeffective means to control transmission (7).
NoV infection elicits a robust humoral immune response, and
most adults have detectable NoV-specific serum antibody (8).
Early experimental challenge studies suggested that the duration
of immunity elicited by NoV infection may be short (⬍6 months)
(9, 10). However, the epochal pattern of evolution observed for
GII.4 NoVs suggests that NoV immunity may be more complex
(11–13). Indeed, a recent mathematical modeling study based on
NoV incidence estimates, the prevalence of mutations known to
influence resistance to infection, and the natural history of NoV
infection suggested that the duration of NoV immunity is closer to
4 to 9 years (14). The impact of NoV diversity on the breadth and
duration of protective immunity remains poorly understood.
Some previous experimental NoV challenge studies and epidemiologic studies suggested that NoVs elicit antibodies with intragenogroup cross-reactivity (15–22), while other studies
reported evidence for intergenogroup cross-reactive serum antibody (23–28).
Not all antibody elicited by NoV infection is protective. Serum
antibodies that block NoV binding to the histo-blood group anti-
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gens (HBGA), host glycans that are the putative attachment receptors for NoVs, are a correlate of protection from NoVs (29–31). In
the absence of cell culture and small-animal replication models for
the human NoVs, these “blocking antibodies” are considered to be
surrogate neutralizing antibodies. The breadth of cross-reactivity
and persistence of this clinically relevant, functional subset of serum antibodies have not been well described. We therefore systematically investigated heterotypic blocking antibody responses
to multiple genotypes and variants using archival serum samples
from a placebo-controlled challenge study in which healthy adult
volunteers were challenged with Norwalk virus (GI.1), the prototypical human NoV (32). The kinetics, breadth of HBGA-blocking antibody reactivity, and persistence of heterotypic blocking
antibodies were measured against 4 heterologous NoVs (GI.4,
GI.7, GII.4 HOV, GII.4 Sydney) in the context of experimental
Norwalk virus infection (n ⫽ 18 individuals).
MATERIALS AND METHODS
Serum samples. An experimental infection study of five dosing cohorts of
healthy adults with Norwalk virus was carried out between 2004 and 2011
in Houston, TX. Serum samples from the first three of the five cohorts
were utilized for this serological study, and the third cohort was completed in March 2008. All participants provided written informed con-
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The human noroviruses (NoVs) are genetically diverse, rapidly evolving RNA viruses and are the major cause of epidemic gastroenteritis of humans. Serum antibodies that block the interaction of NoVs and NoV viruslike particles (VLPs) with host attachment factors are considered surrogate neutralizing antibodies in the absence of cell culture and small-animal replication models
for the human NoVs. A serological assay for NoV-blocking antibodies was used to assess the breadth of the heterotypic antibody
response in the context of an experimental challenge study with a human NoV. Heterotypic histo-blood group antigen (HBGA)blocking activity against GI.4, GI.7, and GII.4 NoVs increased significantly in the serum of individuals (n ⴝ 18) infected with
Norwalk virus (GI.1). Although the fold increases and peak titers of heterotypic antibody were more modest than titers of antibody reactive with the challenge antigen, Norwalk virus infection elicited a serological rise even against the novel Sydney variant
of GII.4 NoVs. These observations indicate that the development of a broadly cross-protective NoV vaccine containing a limited
number of genotypes may be possible.

Czakó et al.

222

cvi.asm.org

for interrogating the cohort of serum samples was optimized by linearrange determination from the binding curve. To limit interplate variability for each VLP screen, plates were rejected if the positive control did not
fall within the upper 50% of the linear range. Fifty-percent blocking titers
(BT50), defined as the titer at which OD readings (after subtraction of the
blank) were 50% of the positive control, were determined for each sample
by linear interpolation. Serum samples from placebo recipients were
tested only for HBGA-blocking activity reactive to the challenge antigen
(GI.1 NV) and to GII.4 Sydney.
Statistical analysis. For statistical analysis, a BT50 of 12.5 was assigned
to samples with a BT50 less than 25 (or 25 for samples where the initial
dilution was 1:50 and the BT50 was less than 50). Individual BT50 values
were converted to the natural log scale for calculation of summary statistics and 95% confidence intervals (CIs). Geometric mean titers (GMTs) of
HBGA-blocking antibody were calculated using the BT50 as the endpoint
titer for each individual. A seroresponse was defined as a 4-fold or greater
increase in serum antibody level between pre- and postinfection sera at
each study time point. Peak GMTs of blocking antibody were calculated
using the maximum BT50 detected against each antigen, which may represent the d14 or d28 titer based on the individual. The Wilcoxon signedrank test was used to compare peak and prechallenge geometric mean
titers, as well as mean fold increases in blocking antibody, by study cohort
against different antigens. The Mann-Whitney U test was used to compare
geometric mean titers and mean fold increases between groups. All reported P values represent two-sided tests.

RESULTS

Norwalk virus infection elicits a robust homotypic blocking antibody response. Between September 2004 and March 2008, a
total of 29 persons were challenged with Norwalk virus (an additional 5 persons received placebo [sterile water]). Of these 29, 18
persons became infected with Norwalk virus. As reported previously, all 18 experienced a blocking antibody seroresponse (defined as a ⱖ4-fold rise in blocking antibody titer between prechallenge and peak titer) against the homotypic challenge antigen by
14 days postinfection (30). The rise in titer was sustained and
remained detectable at 6 months postinfection (Table 1). No seroresponses were observed among placebo recipients.
Norwalk virus infection elicits heterotypic blocking antibodies reactive to VLPs representing GI and GII NoVs. Although the
peak geometric mean titer (GMT) of blocking antibody was highest in magnitude for the homotypic antigen (954.9 [95% CI of
632.1, 1442.7]), Norwalk virus infection also elicited an increase in
blocking titer against heterotypic human NoVs (Table 1). Among
the GI NoVs tested in this study, striking differences were observed between the blocking antibody responses to GI.4 VLPs and
GI.7 VLPs, as illustrated by median BT50 values on the day of peak
blocking titer (412.7 and 18.8 for GI.4 VLPs and GI.7 VLPs, respectively). Consistent with previously reported phylogenetic
analysis (36), the proportion of seroresponders and the mean fold
increase (MFI) between prechallenge and peak titer of heterotypic
blocking antibody to a GI.4 NoV (72% and MFI of 21.9 [95% CI of
10.2, 33.5]) were substantially higher than those against a GI.7
NoV genotype (19% and MFI of 4.9 [95% CI of 1.3, 8.5]) (P ⫽
0.008, Wilcoxon signed-rank test).
Despite the antigenic distance between the GI and GII NoVs
tested in this study, seroresponses were also observed against GII
NoVs in this cohort of Norwalk virus-infected persons (Table 1).
The antigens tested represent two different variants of GII.4 NoVs.
Infection with GI.1 NV elicited a blocking antibody seroresponse
against each of these GII.4 variants in some infected persons (the
median BT50 values on the day of peak blocking titer were 161.0
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sent, and the experimental infection study was performed as described
previously (32). Briefly, sera were collected prechallenge (designated day 0
[d0]) and over a 6-month follow-up period. Infection was defined based
on detection of a 4-fold or greater increase in Norwalk virus-specific total
serum antibody (IgG, IgA, and IgM) between d0 and d28 by enzymelinked immunosorbent assay (ELISA) or direct detection of viral antigen
or RNA in the stool (by either ELISA or reverse transcription [RT]-PCR,
respectively). Norwalk virus-infected persons experiencing the following
signs and symptoms were considered to have viral gastroenteritis, as previously reported: 1 episode of vomiting plus one other symptom (abdominal cramps, nausea, bloating, watery stool, headache, fever of ⬎37.6°C)
or moderate diarrhea (watery feces of at least 200 g) for any continuous
24-hour period (32, 33).
VLP production. NoV viruslike particles (VLPs) were produced as
described elsewhere (34) by expressing the NoV subgenomic sequence,
which encodes the major and minor capsid proteins, in a baculovirus
expression system. The NoV strains (GenBank number; abbreviation, if
any) for which VLPs were produced for this study included the following:
GI.1 Norwalk virus (NC_001959; GI.1 NV), GI.4 (GQ413970), GI.7
(JN005886), GII.4 Houston virus (EU310927; GII.4 HOV), and GII.4
Sydney virus (JX459908). The GII.4 NoV variants were selected for this
study on the basis of their clinical and epidemiological significance. The
GII.4 HOV variant was isolated in 2002, approximately 2 years before the
start of the study period, from a child with gastroenteritis in Houston, TX.
The Sydney variant was first described in 2012, approximately 4 years after
sample collection ended for this study, and was responsible for 73% of
NoV outbreaks in the United States between 2012 and 2013 (35). The GI.7
NoV variant was selected because this is the first serological study, to our
knowledge, to report serum-blocking antibody reactive to a GI.7 NoV in
the context of a challenge study. To facilitate comparison of our results
with those of others in the field, we also chose to include a GI.4 NoV
because one other group (15) has previously reported serum antibody
responses to a GI.4 variant in the context of a human challenge study with
Norwalk virus.
HBGA-blocking assays. An assay to measure serum antibody with the
ability to block VLP binding to known NoV glycan ligands was developed
based on a previously published protocol (30) and optimized for each
VLP on the basis of the glycan binding preference of each VLP selected for
the study. The term “homotypic” refers to the antibody response measured in a blocking assay using the VLP antigen corresponding to the
challenge virus (GI.1 NV). The term “heterotypic” refers to the antibody
response measured in a blocking assay using any other norovirus VLP.
Briefly, a fixed and optimized concentration of each VLP (ranging from
0.32 g/ml for GI.1 NV to 20 g/ml for GI.7) was preincubated with equal
volumes of serial 2-fold dilutions of human serum starting at either 1:25
(GI.1 NV, GII.4 HOV, GI.7) or 1:50 (GI.4, GII.4 Sydney). All reagents and
test specimens were diluted in 0.1 M sodium phosphate buffer, pH 6.1,
with 0.25% fatty-acid-free bovine serum albumin (Sigma-Aldrich, St.
Louis, MO). Synthetic polyvalent H-type 3-PAA-biotin, H-type 1-PAAbiotin, or Lewis(x)-PAA-biotin (Glycotech, Gaithersburg, MD) was immobilized on a NeutrAvidin-coated ELISA plate (Thermo Fisher Scientific, Rockford, IL) for 2 h at 22°C. Serum-VLP solutions were incubated
on the glycan-coated plates for 2 h at 4°C. Bound VLPs were detected with
mouse monoclonal NS14 (blocking assay for GI.4, GII.4 HOV, GII.4 Sydney) or rabbit polyclonal serum raised against GI.1 NV (blocking assays
for GI.1 NV and GI.7) followed by either goat anti-mouse horseradish
peroxidase (HRP)-conjugated or goat anti-rabbit HRP-conjugated antibody (Southern Biotech, Birmingham, AL). Color development was detected using Ultra 3,3=,5,5=-tetramethylbenzidine (TMB) (Thermo Fisher
Scientific, Rockford, IL) by following the manufacturer’s instructions,
and optical density was measured at 450 nm (OD450) by using the SpectraMax M5 (Molecular Devices, Sunnyvale, CA) plate reader. Positive
VLP binding control wells (no test serum added) and blank wells with
buffer only were included on each plate. A binding curve was generated
for each VLP. The concentration of VLP used for the binding control and
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Infected (n ⫽ 18 individuals)

Group
GI.1 NV
GMT (95% CI)
% seroresponse
GI.4
GMT (95% CI)
% seroresponse
GI.7
GMT (95% CI)
% seroresponse
GII.4 HOV
GMT (95% CI)
% seroresponse
GII.4 Sydney
GMT (95% CI)
% seroresponse

Parameter

90.3 (34.8, 234.5)c
NA

44.0 (33.2, 58.3)
NA

40.6 (13.7, 210.2)
NA

35.5 (25.6, 49.3)
NA

68.5 (41.4, 113.4)c
NA

12.5 (12.5, 12.5)c
NA

42.3 (28.7, 62.2)
NA

47.9 (26.5, 86.4)
NA

Day 0

73.3 (21.6, 249.1)
0

43.2 (32.0, 58.5)
0

34.1 (12.4, 163.2)
0

90.1 (59.3, 136.7)b
33

153.7 (113.7, 207.8)b,c
29

25.3 (16.5, 38.6)c
13

347.9 (181.7, 666.3)b
67

725.6 (433.9, 1,213.4)b
89

Day 14

102.4 (38.1, 275.4)c
0

41.7 (30.6, 56.9)
0

35.4 (11.8, 185.8)
0

87.5 (54.5, 140.4) b
33

133.2 (94.8, 187.2)b,c
18

18.5 (11.5, 29.8)
7

422.0 (238.8, 745.6)b
67

871.0 (551.7, 1,375.1)b
100

Day 28

92.0 (32.8, 257.9)c
0

42.4 (34.9, 60.4)
0

NT
NT

35.4 (26.8, 46.9)
0

99.9 (62.4, 159.7)c
7

12.5 (12.5, 12.5)c
0

49.3 (21.1, 115.5)c
0

527.8 (350.6, 794.6)b
72

Day 180

106.8 (38.4, 297.1)c
0

45.9 (34.9, 60.4)
0

35.8 (7.7, 165.8)
0

101.3 (64.3, 159.6) b
39

190.3 (144.6, 250.4)b,c
29

30.0 (17.5, 51.4)b,c
19

500.8 (279.1, 898.8)b
72

954.9 (632.1, 1,442.7)b
100

Peak titer

Result

TABLE 1 Magnitude and frequency of BT50 seroresponse, by NoV antigen, among NV-infected individuals and placebo recipientsa

Placebo (n ⫽ 5 individuals)
GI.1 NV
GMT (95% CI)
% seroresponse
GII.4 HOV
GMT (95% CI)
% seroresponse
GII.4 Sydney
GMT (95% CI)
% seroresponse

a
BT50, 50% blocking titer; GMT, geometric mean titer; NA, not applicable; NT, not tested; seroresponse, a 4-fold or greater rise in blocking antibody titer at a given time point relative to prechallenge titer for a particular antigen. In
the last column, % seroresponse refers to the percentage of volunteers who demonstrated a 4-fold or greater rise in the day of peak blocking antibody titer relative to the prechallenge titer. d0 data was not available for 1 volunteer each
for the GI.4 and GI.7 assays. In these cases, the d7 value was substituted for d0 in the presentation of these summary statistics and the calculation of fold increase between prechallenge and peak titer.
b
P ⬍ 0.05, Wilcoxon ranked-sum test (with respect to BT50 GMT at d0).
c
Experiment was performed on a subset of samples in certain cases, as follows. Sample statistics represent n ⫽ 17 for GII.4 HOV d0, d14, d28, and peak titer, n ⫽ 16 for GI.7 d0, d14, d180, and peak titer, n ⫽ 15 for GII.4 HOV d180
and GI.7 d28, n ⫽ 6 for GI.4 d180, and n ⫽ 4 for all time points for placebo serum reactivity against GII.4 Sydney.
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for GII.4 HOV and 150.7 for GII.4 Sydney). However, the seroresponse frequency and magnitude of the mean fold increase for
GII.4 HOV (29% and MFI of 4.5 [95% CI of 2.0, 6.9]) and GII.4
Sydney (39% and MFI of 4.3 [95% CI of 2.5, 6.1]) were both
substantially lower than those for the homotypic blocking antibody response (P ⬍ 0.001 for each MFI comparison, Wilcoxon
signed-rank test).
As reported previously by our group (30, 37), preexisting homotypic blocking antibody is a correlate of protection from viral
gastroenteritis following experimental infection with Norwalk virus. However, preexisting heterotypic blocking antibody was not
associated with protection from viral gastroenteritis. Furthermore, no differences were detected in the frequency of diarrhea
and/or vomiting following challenge with Norwalk virus between
“broad seroresponders” (two or more heterotypic antigens; n ⫽ 9)
and “narrow seroresponders” (zero or one heterotypic antigen;
n ⫽ 9), whether analyzed as the categorical outcome of viral gastroenteritis (P ⫽ 0.119, chi-square test) or as a modified Vesikari
score based on individual symptoms of fever, diarrhea, and vomiting (P ⫽ 0.087, Mann-Whitney U test) (data not shown).
Heterotypic seroresponse patterns to heterotypic antigens
vary by individual. Individual seroresponse patterns to the panel
of heterotypic antigens showed substantial interindividual variation with respect to fold increases between prechallenge titer
and peak titer. The ranges in individual fold increases against the
homotypic and heterotypic antigens tested, respectively, are as
follows: GI.1 NV, 5.8 to 87.5; GI.4, 1.0 to 87.7; GI.7, 1.0 to 30.2;
GII.4 HOV, 0.5 to 19.4; GII.4 Sydney, 1.0 to 13.1. There was also
interindividual variation with respect to the antigen against which
Norwalk virus infection elicited serum reactivity (Fig. 1a). At least
one individual developed a heterotypic seroresponse against each
of the heterotypic antigens. Of the 18 Norwalk-virus infected persons in our cohort, 9 developed a seroresponse to two or more
heterotypic antigens. In fact, only two persons (no. 704 and 734)

224

cvi.asm.org

failed to develop a blocking antibody seroresponse to any antigen
other than the challenge virus. Both of these individuals had high
(⬎400) preexisting titers of challenge virus-specific HBGA-blocking antibody (not shown). There was also substantial interindividual variation in preexisting homotypic total serum antibody
(measured by ELISA), but titers of this GI.1 NV-specific binding
antibody were not associated with heterotypic HBGA-blocking
antibody seroresponse (Fig. 1b); furthermore, there was no difference in the GMT of total GI.1 NV-reactive serum antibody between “broad” and “narrow” heterotypic blocking antibody seroresponders at any study time point.
Preexisting heterotypic HBGA-blocking antibody titer correlates with heterotypic seroresponse outcome for GII.4 HOV.
Blocking antibody reactive to each NoV antigen tested, with the
exception of GI.7, could be detected in prechallenge sera of this
cohort. The antigen with the highest prechallenge GMT of blocking antibody was GII.4 HOV (68.5 [95% CI of 41.4, 113.4]); furthermore, blocking antibodies reactive to this antigen were detectable in all placebo recipients tested (n ⫽ 5). (Fig. 2, Table 1).
Prechallenge blocking antibody titer against GII.4 HOV was associated with seroresponse outcome to this heterotypic antigen; individuals who developed a seroresponse to the heterotypic GII.4
HOV antigen over the course of experimental Norwalk virus infection had a significantly lower prechallenge titer to GII.4 HOV
than those who did not have a seroresponse to GII.4 HOV (P ⫽
0.002, Mann-Whitney U test). In contrast, there were no such
differences in the prechallenge blocking antibody GMTs for GI.4
and GII.4 Sydney antigens when comparing seroresponders and
nonresponders with respect to each of those antigens (P ⫽ 0.2 and
P ⫽ 0.1, respectively, Mann-Whitney U test).
Prechallenge ELISA antibody titer against GI.1 NV was not
associated with the likelihood of a seroresponse against GII.4
HOV antigen (P ⫽ 0.7, Mann-Whitney U test; data not shown).
Similarly, there was no correlation between the outcome of broad
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FIG 1 Patterns of heterotypic seroresponse vary among individuals (n ⫽ 18) challenged with Norwalk virus (a), independent of total preexisting NoV-reactive
antibody in serum (b). Values shown in panel a represent seroresponse outcomes for each Norwalk virus-infected individual (n ⫽ 18). A seroresponse (black box)
is defined as a 4-fold or greater increase between prechallenge and peak BT50 of serum antibody reactive to a particular NoV antigen. Values shown in panel b
represent the geometric mean titers of total preexisting homotypic antibody measured by serum ELISA of heterotypic seroresponders (gray boxes; n ⫽ 9)
compared to narrow heterotypic responders (white boxes; n ⫽ 9) at three time points relative to Norwalk virus challenge. Broad heterotypic seroresponders are
defined as individuals who developed a blocking antibody seroresponse to 2 or more heterotypic antigens. Narrow heterotypic seroresponders are defined as
individuals who developed a blocking antibody seroresponse to 0 or 1 heterotypic antigen. Error bars represent 95% confidence intervals of geometric mean
titers. Geometric mean titers between broad and narrow heterotypic seroresponders were compared using the Mann-Whitney U test at each time point; the
differences between the geometric mean titers were not statistically significant at any time point.
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FIG 2 Relationship between preexisting HBGA-blocking antibody and seroresponse outcome for homotypic (a) and heterotypic (b to e) human NoVs, by
individual. Values shown across the top of each panel represent the arithmetic fold increase between prechallenge and peak antigen-specific blocking antibody
titer and correspond to the values shown in the stacked bar graph below. Values shown in the lower portion of each panel represent the BT50, or the endpoint
serum dilution at which 50% of NoV VLP binding to HBGA was blocked, at prechallenge (white bars) and peak titer (gray or black bars). Seroresponders to each
antigen are defined as individuals who developed a 4-fold or greater increase in BT50 against that antigen (black bars), and nonresponders are those who did not
(gray bars).

heterotypic seroresponse (GI.1 NV and ⱖ2 heterotypic antigens)
and baseline GI.1 NV-reactive blocking antibody (P ⫽ 0.182,
Mann-Whitney U test). There was also no correlation between the
outcome of broad heterotypic seroresponse and either fold rise
(the quotient of peak titer/preexisting titer) of blocking antibody
reactive to GI.1 NV (P ⫽ 0.659, Mann-Whitney U test) or peak
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GI.1 NV-reactive blocking antibody titer (P ⫽ 0.199, Mann-Whitney U test).
DISCUSSION

NoVs are estimated to cause 19 to 21 million cases of gastroenteritis each year in the United States alone, of which 56,000 to 71,000
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individual’s infection history is precluded by the fact that molecular diagnosis and genotyping are not routinely carried out in the
medical care of individuals with NoV infection. Furthermore, serological studies are confounded by the short duration of antibody
responses in serum and cross-reactivity of serum antibody. However, our observation that the breadth of the heterotypic blocking
antibody response is not associated with preexisting GI.1 NVspecific serum IgG or the homotypic blocking antibody seroresponse at any time point (data not shown) is consistent with the
idea that that many blocking antibodies may be at least genogroup
specific. The identification of distinct HBGA binding sites in the
protruding domain of GI and GII NoVs by structural studies is
also consistent with this interpretation (39, 40).
However, the possibility that a subset of HBGA-blocking antibodies may be broadly cross-reactive could explain the observation of epidemiological patterns consistent with herd immunity
following NoV outbreaks (11). In fact, a recent study has described evidence for the existence of conserved epitopes that are
distant from the primary HBGA-binding domain but mediate
broad HBGA-blocking activity among antigenically distinct GII.4
NoV variants (39). Support for the presence of broadly crossreactive capsid epitopes shared by antigenically distinct NoVs is
also provided by observations that multivalent immunization of
animal models can elicit broadly heterotypic NoV antibodies with
reactivity to antigens not included in the immunogen cocktail (19,
41–44). Our own results are also consistent with the presence of
cross-reactive epitopes. The GII.4 Sydney variant is the most recent product of ongoing antigenic drift described among the GII.4
NoVs, to which most human NoV disease is attributable (44, 45).
We found that, despite the temporal mismatch between the study
period (September 2004 to March 2008) and the emergence of the
GII.4 Sydney variant (2012), Norwalk virus infection elicited a
seroresponse in some individuals to the GII.4 Sydney variant (44,
45). This observation supports the possibility of the development
of a broadly protective human NoV vaccine composed of antigens
representing a limited number of NoV genotypes. These broadly
reactive blocking antibodies need not bind directly to conserved
sites within the glycan binding domain in order to exert broad
HBGA-blocking activity; they could induce global conformational changes in the capsid that interrupt glycan binding or could
bind conserved secondary sites in the P domain that modulate
HBGA binding.
However, challenges remain to our understanding of NoV immunity and the evaluation of NoV vaccine candidates. The contribution of preexisting NoV antibody in primed individuals, in
particular, presents a significant hurdle to our understanding of
patterns of NoV immunity, given the high seroprevalence of NoV
in children and adults (8, 45, 46). In our study, higher prechallenge titers of HOV-reactive blocking antibody were inversely correlated with seroresponse to this GII.4 antigen over the course of
infection with a GI NoV (P ⫽ 0.002, Mann-Whitney U test). Together with our novel observation that experimental human infection with a GI NoV can elicit blocking antibodies to GII NoVs,
this new observation suggests that factors other than antigenic
relatedness contribute to the breadth of blocking antibody responses.
Preexisting homotypic HBGA-blocking antibody is a correlate
of protection from NoV gastroenteritis (29–31). However, the observed independence between preexisting heterotypic blocking
antibody and the clinical outcomes of challenge with Norwalk

Clinical and Vaccine Immunology

February 2015 Volume 22 Number 2

Downloaded from http://cvi.asm.org/ on January 22, 2021 by guest

cases result in hospitalization and 570 to 800 cases result in death
(38). Given the high NoV disease burden and the highly infectious
nature of these pathogens, an NoV vaccine has the potential to
dramatically reduce disease and economic burden (7). To successfully achieve this objective, an NoV vaccine will need to contend
with the high genetic diversity among the human NoVs. The
choice of vaccine antigen is complicated by the simultaneous circulation of multiple NoV genotypes as well as documented antigenic drift among the GII.4 NoVs (3–5), underscoring the need
for empirical data on which to base such decisions.
We investigated the breadth of seroreactivity of blocking antibodies elicited by human NoV infection. Experimental infection
with Norwalk virus (GI.1 NV) elicited surrogate neutralizing antibodies to the challenge antigen and to heterologous NoV antigens; in fact, 16 of 18 Norwalk virus-infected volunteers developed a 4-fold or greater rise in blocking antibody to one or more
heterologous antigens. Furthermore, 11 of 18 NV-infected volunteers developed a heterotypic blocking antibody seroresponse to
one or more GII NoV antigens, despite the substantial genetic and
antigenic distance between these VLPs.
Heterotypic blocking antibody responses were more modest
than the homotypic blocking antibody response. This observation
is consistent with previous reports (18, 19, 27). In our study, peak
geometric mean blocking antibody titers observed among heterotypic seroresponders in our study ranged from 30.0 (95% CI of
17.5, 51.4; GI.7) to 500.8 (95% CI of 279.1, 898.8; GI.4), compared
to 954.9 (95% CI of 632.1, 1,442.7) for the Norwalk antigen. Furthermore, our study suggests that experimental infection of
healthy adults with Norwalk virus (a GI NoV) can elicit blocking
antibody against heterotypic NoV antigens both within the GI
genogroup as well as to the more divergent GII NoVs. This observation extends previous descriptions of broadly cross-reactive serum activity (20, 23–26) and is the first description, to our knowledge, of the development of a serum-blocking antibody response
with cross-genogroup specificity in the context of experimental
human challenge with an NoV.
The complexity of NoV immunity is reflected by differing observations in the literature regarding the breadth of heterotypic
antibody elicited by NoV infection; some studies have found that
total serum antibody responses or blocking antibody responses
are genogroup restricted (18–22, 24). These different observations
may be explained, in part, by various assay methodologies. Several
of the studies that did not detect genogroup cross-reactive serum
antibody were conducted prior to the development of serological
assays specific for HBGA-blocking antibody (17, 18, 21). Among
the more recent studies that did report HBGA-blocking antibody
data, some report higher initial serum dilutions than we used in
our study and may therefore have had lower sensitivity than our
assay (18, 19). Finally, the choice of challenge virus may also have
had an impact on the outcome of our study. To our knowledge, no
studies have directly investigated this question, but it has been
suggested that infections caused by GI NoVs can elicit more robust heterotypic responses than infections caused by GII NoVs
(19).
The mechanisms underlying the development of heterotypic
antibody responses to NoV infection remain unknown. It is possible that the broad heterotypic serum-blocking activity observed
in some individuals in our study is due to a mixed population of
genotype-specific blocking antibodies, reflecting an “archeological record” of past NoV infections. Precise ascertainment of an
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virus in this study suggests that preexisting HBGA-blocking antibody may offer limited protection upon reexposure to human
NoVs. This observation may be explained by several factors, including the lack of statistical power to detect subtle differences in
clinical outcomes between “broad” and “narrow” heterotypic seroresponders, the high virus inoculum used in the challenge study,
NoV genotype-dependent differences in the affinity of blocking
antibodies, and the possibility of poor persistence of heterotypic
blocking antibody in serum at titers high enough to protect from
viral gastroenteritis; in fact, an efficacy trial of a bivalent, VLPbased NoV vaccine candidate has reported evidence for a threshold effect for homotypic serum-blocking-antibody-associated
protection from viral gastroenteritis (29).
Future human infection studies and clinical trials of NoV
vaccine candidates should prospectively investigate the effect
of preexisting blocking antibody on the breadth and quality of
protective immunity following repeated immunization and/or
experimental infection. The knowledge about NoV immunity
contributed by such studies may be critical for the identification of
ideal age groups and target populations for the development of
effective vaccination strategies for the human NoVs. Studies to
elucidate the molecular mechanism of protection by blocking antibodies and to identify individual human antibodies with broad
cross-blocking activity are currently ongoing in our group and will
also help to inform antigen selection for vaccine development and
contribute to a better understanding of NoV immunity.
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