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ABSTRACT The emergence of pandemic GII.4 norovirus (NoV) strains has been pro-
posed to occur due to changes in receptor usage and thereby to lead to immune
evasion. To address this hypothesis, we measured the ability of human sera col-
lected between 1979 and 2010 to block glycan binding of four pandemic GII.4 noro-
viruses isolated in the last 4 decades. In total, 268 sera were investigated for 50%
blocking titer (BT50) values of virus-like particles (VLPs) against pig gastric mucin
(PGM) using 4 VLPs that represent different GII.4 norovirus variants identified be-
tween 1987 and 2012. Pre- and postpandemic sera (sera collected before and after
isolation of the reference NoV strain) efficiently prevented binding of VLP strains
MD145 (1987), Grimsby (1995), and Houston (2002), but not the Sydney (2012)
strain, to PGM. No statistically significant difference in virus-blocking titers was ob-
served between pre- and postpandemic sera. Moreover, paired sera showed that
blocking titers of �160 were maintained over a 6-year period against MD145,
Grimsby, and Houston VLPs. Significantly higher serum blocking titers (geometric
mean titer [GMT], 1,704) were found among IgA-deficient individuals than among
healthy blood donors (GMT, 90.9) (P � 0.0001). The observation that prepandemic
sera possess robust blocking capacity for viruses identified decades later suggests a
common attachment factor, at least until 2002. Our results indicate that serum IgG
possesses antibody-blocking capacity and that blocking titers can be maintained for
at least 6 years against 3 decades of pandemic GII.4 NoV.

IMPORTANCE Human noroviruses (NoVs) are the major cause of acute gastroenteri-
tis worldwide. Histo-blood group antigens (HBGAs) in saliva and gut recognize NoV
and are the proposed ligands that facilitate infection. Polymorphisms in HBGA
genes, and in particular a nonsense mutation in FUT2 (G428A), result in resistance to
global dominating GII.4 NoV. The emergence of new pandemic GII.4 strains occurs at
intervals of several years and is proposed to be attributable to epochal evolution, in-
cluding amino acid changes and immune evasion. However, it remains unclear
whether exposure to a previous pandemic strain stimulates immunity to a pandemic
strain identified decades later. We found that prepandemic sera possess robust
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virus-blocking capacity against viruses identified several decades later. We also show
that serum lacking IgA antibodies is sufficient to block NoV VLP binding to HBGAs.
This is essential, considering that 1 in every 600 Caucasian children is IgA deficient.

KEYWORDS VLP, norovirus, pandemic

Human noroviruses (NoVs) are the leading cause of epidemic nonbacterial gastro-
enteritis, with genogroup II, genotype 4 (GII.4) viruses being the most common

genotype, responsible for 60 to 80% of all NoV infections worldwide (1). As no
convenient small-animal model exists and human NoVs have only recently been
successfully cultivated in vitro (2, 3), studies aimed at understanding protective immu-
nity and susceptibly factors have so far relied on data from natural outbreaks and
experimental human challenge studies (4). Since the NoV capsid is composed primarily
of a single protein, this protein governs immunogenicity and infectivity properties, thus
interacting with both neutralizing/blocking antibodies and histo-blood group antigens
(HBGAs), the proposed cellular binding ligands for NoV (5–7).

NoV infects individuals of all ages; however, approximately 20% of the Caucasian
population is highly resistant to NoV GII.4 infections due to a nonsense mutation at
position 428 in the FUT2 gene (8) that leads to the nonsecretor genotype, which has
been found to provide strong protection against experimental and natural infections
with some NoV genotypes (9–14).

NoV infection elicits a robust humoral immune response, and almost all adults have
detectable NoV-specific antibodies. Early experimental challenge studies suggested
that the duration of immunity elicited by NoV infection may be short (15, 16). However,
the epochal pattern of evolution observed for GII.4 viruses suggests that NoV immunity
may be more complex (17–19). While considering immune responses and protective
immunity to NoV, it is relevant to recognize that not all antibodies elicited following
vaccination or natural infections are protective. Serum antibodies that block binding of
NoV to HBGA, such as gastric mucins, are at present the best correlate of protection
against NoVs, and serum blockade assays are considered a surrogate for neutralization
(4, 20–22). In addition, with recent successful cultivation of human norovirus in human
intestinal enteroids, future studies might focus on evaluating virus neutralization, as
well (2).

Previous serum blockade studies have, to our knowledge, investigated either ex-
perimentally challenged subjects, vaccinated individuals, patients from natural out-
breaks, or norovirus-infected children (15, 16, 20, 21, 23–25). There are several impor-
tant questions related to possible NoV immune-driven evolution and susceptibility
rates in natural outbreaks, e.g., whether prepandemic sera have blocking capacity
against GII.4 NoV variants that emerged much later and whether it is possible to
determine susceptibility rates in a population based on a combination of serum
blocking titer and host genetics. To address these and related questions, we had access
to a unique panel of 268 Swedish sera collected from 1978 until 2010 (Fig. 1). The terms
pre- and postpandemic sera refer to sera collected before and after the emergence of
the reference norovirus strains used in the current study, respectively. These sera,
except sera collected from children with type 1 diabetes mellitus, were considered
representative of the NoV immune profile of a given population at a given time. About
half of the sera are also paired, consisting of two or more samples taken from
individuals at intervals of several years, thus adding an important feature of temporal-
ity. We investigated the ability of these sera to block binding to pig gastric mucin (PGM)
with GII.4 NoV virus-like particles (VLPs) representing variant pandemic strains from
different time periods, i.e., MD145 (isolated as early as 1987 [AY032605]), Grimsby,
(isolated in 1995 [AJ004864]), Houston, (isolated in 2002 [EU310927]), and Sydney
(isolated in 2012 [JX459908]).

The most novel finding of this study was that sera collected as early as 1979 could
block binding to PGM of MD145, Grimsby, and Houston VLPs that emerged 9, 17, and
24 years after the serum collection and that possibly protective levels of blocking titers
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were maintained in several cases for up to 6 years. Additionally, the present study
shows not only that IgA-deficient secretor sera block binding of VLPs to PGM, but also
that geometric mean blocking titers (GMTs) are significantly higher among IgA-
deficient individuals than in healthy non-IgA-deficient individuals.

RESULTS
Secretor-positive sera from 1998 have blocking-antibody responses to NoVs

isolated in 1987, 1995, and 2002. At present, it is unclear to what extent secretor-

FIG 1 Serum samples and study design. In total, 268 serum samples collected between 1979 and 2010 were
included in the study. Four different GII.4 recombinant VLPs, each representative of a different lineage and having
a time-ordered emergence globally, were investigated: MD145, isolated in 1987 (AY032605); Grimsby, isolated in
1995 (AJ004864); Houston, isolated in 2002 (EU310927); and Sydney, isolated in 2012 (JX459908). The years shown
in parentheses are the years of isolation of the reference GII.4 norovirus strains. The phylogenetic tree, based on
nucleotide sequences of GII.4 NoV strains generated using the neighbor-joining method, shows that VLPs of GII.4
NoVs used in this study belong to different lineages. The numbers under the branches represent bootstrap values
from 1,000 replicates.
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positive individuals drive norovirus evolution and receptor escape. To address this
question, we took advantage of 95 secretor-, ABH-, and Lewis-characterized sera from
1998 (26, 27) and investigated whether these sera could block binding to GII.4 NoVs
isolated over 3 decades before and after collection of the sera. As shown in Fig. 2, the
geometric mean 50% blocking titer (BT50) values for MD145 (1987), Grimsby (1995), and
Houston (2002) VLPs among secretor-positive individuals (n � 76) were 59.2 (range,
48.1 to 72.9), 95.1 (75.7 to 119.6), and 90.9 (72.3 to 114.2), respectively. Twenty-one
percent (16/76), 43.5% (33/76), and 47.5% (36/76) of these secretor-positive individuals
had blocking titers of �160 against MD145, Grimsby, and Houston VLPs, respectively.
Multiple-comparison tests showed statistically significant differences in blocking titers
between MD145 and Grimsby (P � 0.01) and MD145 and Houston (P � 0.05), while no
significant blocking differences were observed between Grimsby and Houston VLPs
(Fig. 2).

It is well established that secretor-negative individuals with a nonsense mutation in
the FUT2 gene are almost completely resistant to infection with GII.4 viruses (9–14), but
they possess serum IgG antibodies that bind to Houston GII.4 virus (26). However, none
of the 19 nonsecretor sera with demonstrated NoV-specific IgG responses (GMT, 995.8
[range, 628.7 to 1577]) (26) had any blocking capacity (defined as a BT50 of �40) against
MD145, Grimsby, or even the homolog Houston VLPs (serum IgG antibodies were
measured for Houston VLPs) at the lowest serum dilution tested (1:40) (data not
shown).

Blocking titers remain unchanged against GII.4 NoV isolates from 3 decades for
at least 6 years. Early experimental challenge studies suggested that the duration of
immunity elicited by NoV infection maybe short (15, 16), while a mathematical-
modeling-based study reported that immunity to NoV gastroenteritis lasted between
4.1 and 8.7 years (28). Thus, it remains unclear how long protection lasts. To address
this, we investigated the blocking titers against 3 decades of GII.4 viruses using 3
consecutive sera from each of 33 healthy individuals. Sera collected every 3 years over
a 6-year period had geometric mean BT50s of 44.4 (range, 30.7 to 64.3), 39.2 (28.9 to
53.1), and 45.4 (32 to 64.4) against MD145 VLPs among sera collected between 1989

FIG 2 Blocking titers in sera collected in 1998 from healthy secretor-positive individuals against 3
different NoV VLPs. The graph shows BT50s for each individual and GMTs for each group. The horizontal
lines represent the geometric means, with 95% confidence intervals, for the groups. In total, 76 serum
samples were analyzed. Dunn’s multiple-comparison test showed significant differences between the
groups. *, P � 0.05; **, P � 0.01.
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and 1992, 1992 and 1996, and 1995 and 1999, respectively (Fig. 3A). Similarly, the
geometric mean BT50s against Grimsby VLPs were 85.2 (51.1 to 142.2), 73.5 (48.3 to
112.1), and 75.1 (48.6 to 116.2) (Fig. 3B), while against Houston VLPs they were 78.3
(49.3 to 124.3), 78.3 (49.5 to 124.3), and 87 (54.8 to 138.3), respectively (Fig. 3C). Thus,
no significant differences in blocking titers against any VLPs were observed among the
sera collected at 3 different time points. Furthermore, 12.1% (4/33), 27.3% (9/33), and
42.4% (14/33) of these individuals had BT50 values of �160 against MD145, Grimsby,
and Houston VLPs, respectively, for all 3 serum samples collected over 6 years.

We also investigated paired serum samples from 12 children collected 5 to 6 years
apart (Table 1). Seven and 5 out of the 12 children from whom paired sera were
collected over a 5-year period maintained BT50s of �160 for Houston and MD145 VLPs,
respectively.

Prepandemic sera contain blocking antibodies against pandemic GII.4 NoV.
Considering the hypothesis that NoV evolution is driven partly by immune factors,
there is a possibility that prepandemic sera would not contain blocking antibodies to
NoVs that emerged decades later. To address this question, we took advantage of
access to sera collected from 10 type 1 diabetic children during 1979. These sera were
investigated for blocking titers to VLPs produced from NoVs isolated 8 to 23 years after
serum collection. As shown in Fig. 4, the geometric mean BT50s for MD145 and Houston
VLPs were 60.6 (range, 29.8 to 123.2) and 121.3 (50.3 to 292.6), respectively. Twenty

FIG 3 Blocking-antibody titers to MD145, Grimsby, and Houston VLPs among paired serum samples. Serum BT50 values against MD145 (A), Grimsby (B), and
Houston (C) VLPs among 33 tick-borne encephalitis-vaccinated individuals. From each individual, three samples were collected between 1989 and 1992, 1992
and 1996, and 1995 and 1999. The graph shows BT50s for each individual and GMTs for each group. The horizontal lines represent the geometric means, with
95% confidence intervals, for the groups. A Kruskal-Wallis test showed no significant differences in blocking titers against any VLPs among sera collected at
3 different time points.

TABLE 1 BT50s against MD145 and Houston VLPs in paired serum samples (n � 12)
collected over a 6-year period

Patient
Serum
collection yrs

BT50 against:

GII.4 MD145 VLPs GII.4 Houston VLPs

Serum 1 Serum 2 Serum 1 Serum 2

1 2003, 2008 640 1,280 640 1,280
2 2003, 2007 2,560 640 1,280 640
3 2003, 2008 20 20 20 20
4 2003, 2007 20 160 40 640
5 2003, 2008 20 20 20 20
6 2003, 2008 320 640 320 640
7 2003, 2008 20 20 20 20
8 2003, 2008 160 160 160 160
9 2003, 2007 20 20 20 20
10 2003, 2007 5,120 320 5,120 320
11 2003, 2007 160 80 160 160
12 1998, 2003 80 640 160 1,280
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percent (2/10) showed blocking titers of �160 to MD145, while 4/10 children had
blocking titers of �160 for Houston VLPs. No significant differences in blocking
efficiency were observed between MD145 and Houston VLPs (P � 0.05).

IgA-deficient individuals have high antibody-blocking titers against GII.4 NoV.
IgA deficiency (IgAD) is the most common primary immune deficiency, with an esti-
mated frequency of 1/600 in the Caucasian population, but it may vary from 1/155 to
1/18,550, depending on ethnicity (29). The phenotypic feature of IgAD is a failure of B
lymphocyte differentiation into plasma cells that produce IgA. The median IgG level
among the IgA-deficient individuals investigated in the study was 13.9 mg/ml, and the
mean IgA level was �0.06 mg/ml. Although the deficiency is common, there is limited
information about how these individuals respond to NoV infection and whether they
develop serum blocking IgG antibodies following a natural infection. To address this
question, we investigated sera from 40 previously confirmed secretor and nonsecretor
IgA-deficient individuals (30). All six IgA-deficient nonsecretor individuals lacked block-
ing antibodies (BT50 � 40) (data not shown). However, the geometric mean blocking
titers among the 34 IgA-deficient secretors were 1,704 (range, 1,061 to 2,735) compared
to 91 (72 to 114) among the 76 secretor-positive healthy blood donors (Fig. 5). Both the
IgA-deficient and healthy blood donors were adults, with mean ages of 52.3 and 39.5
years, respectively. A statistically highly significant difference in blocking titers between
secretor-positive IgA-deficient sera and healthy blood donors was observed (P �

0.0001) (Fig. 5). Of the secretor-positive IgA-deficient individuals, 94.1% (32/34) had
BT50s of �320, while the corresponding percentage for healthy secretors was 12.2%
(9/74). Furthermore, the geometric mean anti-NoV IgG titers were significantly higher
among IgA-deficient individuals (P � 0.0001) than among healthy blood donors: 15,067
(12,252 to 18,530) versus 3,017 (2,642 to 3,233) (data not shown).

Lack of robust blocking by sera against Sydney VLPs. We further investigated
whether sera collected from IgA-competent and IgA-deficient individuals could block
binding of Sydney VLPs, the most recent pandemic NoV strain. None of the six
nonsecretor sera (IgA competent and IgA deficient; 3 each) had any blocking effect on
binding of Sydney VLPs to PGM (Table 2). Further, only 4 of 22 IgA-competent sera
showed blocking with BT50s of �40, while 90.9% (20 of 22) of them had BT50 values
of �80 for Houston VLPs. However, 10 of 14 IgA-deficient sera had BT50 values of �80
for Sydney VLPs. Comparison of geometric mean blocking titers among 17 healthy
IgA-competent individuals against all 4 VLPs (MD145, Grimsby, Houston, and Sydney
VLPs) using the Kruskal-Wallis test with Dunn’s multiple-comparison test showed that
the GMTs against Sydney VLPs were significantly lower than the GMTs for the other 3

FIG 4 Prepandemic sera from 1979 contain blocking antibodies against pandemic GII.4 viruses. The
graph shows BT50s for each individual (n � 10) and GMTs for each group. The horizontal lines represent
the geometric means, with 95% confidence intervals, for the groups. A Mann-Whitney U test was used
to compare differences in blocking titers between MD145 and Houston VLPs (P � 0.05).
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VLPs (P � 0.01). The ratios of the GMTs for the other 3 VLPs in comparison to that for
Sydney VLPs was also 4.3 times higher for MD145, 7.1 times for Houston, and 8 times
for Grimsby VLPs (Table 2). It was also observed that BT50s against Sydney and Houston
VLPs among the 42 serum samples investigated showed a positive correlation (P �

0.0001).

DISCUSSION

In this study, using a surrogate neutralizing blocking assay including pandemic GII.4
NoV strains that emerged over 3 decades, we found that sera collected decades before
detection of any of the investigated NoV strains could block binding of pandemic NoV
VLPs to PGM. Sera from children collected as early as 1979 were able to block binding
to both MD145 (1987) and Houston (2002) VLPs. Twenty percent (2/10) and 40% (4/10)
of the sera had BT50s of �160. These novel findings shed light on receptor/ligand drift
and suggest, but do not prove, that receptor/ligand structures associated with NoV VLP
binding to HBGA were maintained intact at least until 2002. This conclusion is sup-
ported by the work of De Rougemont and coworkers, who investigated HBGA binding
of different GII.4 variants and observed that the 2004 GII.4 VLPs had stronger binding
to ABH HBGAs than the pre-2002 GII.4 strains (31). Another study investigating the
evolutionary dynamics of early GII.4 strains (1974 to 1991) found that the HBGA
carbohydrate binding sites indeed could remain highly conserved over more than 3
decades (32).

While the HBGA binding site is highly conserved, antigenic sites are slightly less
conserved areas surrounding the HBGA binding site that may undergo drift (6). Even
though the Houston strain was circulating in 2002 and MD145 in 1987, they share 4 out
of 6 amino acid residues in antigenic site A (Table 3), the domain suggested to be the
target of blocking antibodies (5). The only difference in this region is in residues 294
and 296, where semi- and highly conserved amino acid substitutions have occurred
(Table 3). The similarity between epitope A of MD145 and Houston strains might be one
of the reasons why sera from 1979 are able to block binding of both VLPs (Fig. 4).
Moreover, there are no amino acid differences between the two strains in site E (Table
3). Short-lived NoV immunity following experimental challenge (15, 16), together with

FIG 5 IgA-deficient secretor-positive individuals have significantly higher blocking antibody titers than
IgA-competent secretor-positive individuals. The graph shows BT50s for each individual and geometric
mean titers for each group. The horizontal lines represent the geometric means, with 95% confidence
intervals, for the groups. A Mann-Whitney U test was used to compare differences in blocking titers. ***;
P � 0.0001.
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an epochal GII.4 evolution pattern, indicates NoV immunity is more complex (17–19).
How long immunity against symptomatic norovirus infection lasts is a question under
debate. This could be best answered by following a cohort study for a much longer
time; however, such studies require significant infrastructure and are currently lacking.
A previous study conducted in the mid-1970s showed that immunity to Norwalk virus,
defined as resistance to illness on repeat challenge, lasted 2 months to 2 years (16).
However, there have also been contradicting reports. We observed that 12 to 44% of
individuals maintained putatively protective (associated with lower risk of illness and
infection) blocking titers of �160 (20, 23) against the 3 different VLPs investigated in
this study at all 3 time points during the 6 years of serum collection. Similarly, nearly
50% of the children also showed serum BT50 values of �160 (7/12 for Houston and 5/12
for MD145) for the serum pairs collected over a 6-year period. This finding suggests the

TABLE 2 IgA-competent and IgA-deficient sera show relatively low blocking antibody
titers against Sydney VLPs

Yr(s) collected Sample ID (serum no.)

BT50
d

Houston Sydney

1979–1981a 1 640 40
2 80 20
3 320 20
4 80 20
5 80 20

1998a 1c 20 20
2c 20 20
3c 20 20
4 320 80
5 160 80
6 160 40
7 320 20
8 80 20
9 160 20
10 320 20
11 2,560 20
12 80 20
13 80 20
14 160 20
15 1,280 20
16 40 20
17 160 20
18 40 20
19 80 20
20 160 20

2009–2010b 1c 20 20
2c 20 20
3c 20 20
4 5,120 640
5 5,120 320
6 5,120 160
7 5,120 160
8 5,120 160
9 5,120 160
10 5,120 80
11 640 80
12 1,280 80
13 640 80
14 640 40
15 40 20
16 320 20
17 80 20

aBT50s of IgA-competent individuals.
bBT50s of IgA-deficient individuals.
cSerum sample from nonsecretor individual.
dSerum with a BT50 of �20 is considered to have no blocking capacity.
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presence of a relatively long serologic memory of blocking antibodies against pan-
demic NoV strains over 3 decades. However, one cannot rule out the possibility that
these individuals were reinfected (symptomatically or asymptomatically) during this
period, thus restimulating the immune memory. Our observations not only confirm that
NoV antibody IgG titers remain high among adults (33), but also show, for the first time,
that blocking-antibody titers remain for at least 6 years, with or without restimulation.
This observation is in accordance with the results of a study using a mathematical
model of community NoV transmission in which it was estimated that the duration of
immunity to NoV gastroenteritis was between 4.1 and 8.7 years (28).

Another important point of interest pertaining to norovirus disease is the percent
susceptibility to GII.4 NoV in a population at any given time, as both host genetic
factors and immune status play pivotal roles in determining susceptibility within a
population (4, 8). It is well known that nonsecretors are highly resistant to GII.4 infection
and hence are protected due to the nonfunctional FUT2 gene. Within secretors, serum
HBGA-reactive antibodies; serum hemagglutination inhibition antibodies; serum, sali-
vary, or fecal IgA; and virus-specific memory IgG cells have been considered to play a
protective role (4). Among these, HBGA-reactive antibodies have been widely recog-
nized to play a protective role. A challenge study among secretors showed that
individuals with prechallenge serum BT50s of �200 against GI.1 VLPs were protected
against viral gastroenteritis (20). Similar findings were also observed in another chal-
lenge study with GI.1 NV, where individuals with NoV diarrhea postchallenge were
found to have significantly lower blocking titers than individuals who did not have
gastroenteritis (21). In a study among individuals suffering from NoV-associated trav-
eler’s diarrhea, it was reported that none of the NoV-infected and -positive individuals
had blocking titers of �200 in sera collected during the acute phase (23).

Building upon this background, and particularly upon the information regarding
protective blocking titers, and based on host factors and immune status, we estimated
what percentage of adults in a population at any given time would be susceptible to
GII.4 infections. We did not include samples from diabetic children in calculating
susceptibility, as type 1 diabetic individuals might have special HLA types and an
immune system that may not be representative of a healthy population. Considering a
BT50 of �160 to be protective (20, 25), we determined susceptibility rates of 57.5%,
36%, and 28.2% for MD145, Grimsby, and Houston GII.4 viruses, respectively, among
healthy blood donors and tick-borne encephalitis (TBE) vaccine recipients rwho eceived
the 3rd vaccine dose (which would include 20% nonsecretors, who would be resistant
to GII.4 infections and innately protected). This estimate is in agreement with a review
of previous Norwalk virus volunteer challenge studies involving secretor-positive indi-
viduals, which showed that 33 to 77% of the individuals responded with acute
gastroenteritis upon NoV challenge (28). Similar susceptibility rates were also observed
in a Swedish outbreak, where 37.5% (288/767) of individuals who visited the canteen
at a company unit comprising 2,000 employees fell ill with NoV-related symptoms (34).
Assuming that 20% of these 767 individuals were nonsecretors, the susceptibility rate
among the secretors would be 46.9%.

TABLE 3 GII.4-blocking epitopes A, D, and E

VLPa

Amino acid at positionb:

A D E

294 296 297 298 368 372 393 394 395 407 412 413

GII.4 MD145/1987 V S H D T N D H N T G
GII.4 Grimsby/1995 A S H D T N N N N T G
GII.4 Houston/2002 A T H D T N N S A N T G
GII.4 Sydney/2012 T S R N E D G T T S N T
aVLPs included in the study were GII.4 MD145/1987 ([AY032605]; Camberwell_1994 GII.4 variant), GII4
Grimsby/1995 ([AJ004864]; US95_96 GII.4 variant), GII.4 Houston/2002 ([EU310927]; Lanzou_2002 GII.4
variant), and GII.4 Sydney ([JX459908]; Sydney_2012 GII.4 variant) VLPs.

bAmino acid sequences of epitopes A, D, and E of four pandemic GII.4 norovirus strains investigated for
serum blocking titers included in the present study.
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Our panel of sera showed low blocking titers against the most recently emerged
pandemic GII.4 strain (Sydney 2012). The PGM used in this study is a porcine gastric
mucin type III, a partially purified powder containing HBGAs (i.e., histo-blood group
type A, H-type 3, H-type 1, and Lewis b antigens) and about 1% sialic acids (35). To
evaluate the potential blocking effect, the Sydney VLPs were screened against a panel
of sera from IgA-competent and IgA-deficient individuals representing low and high
BT50s against other VLPs. Interestingly, no sera from IgA-competent individuals had
BT50s of �80, while only 6 of 14 IgA-deficient sera had BT50s of �160. One possible
explanation for the most modest blocking titers against the Sydney NoV strain could be
that the strain is structurally very different from the earlier pandemic GII.4 NoVs (7).
Recently, a few studies have reported blocking of Sydney VLP binding to carbohydrates
and saliva, but the HBGA ligands involved are not yet defined. Thus, a Norwalk GI.1
challenge study reported that sera from some individuals collected in 2008 were able
to block binding of Sydney VLPs to HBGA (36). It was further observed that the blocking
effect did not last long, and BT50 values against Sydney VLPs declined within 6 months
after the Norwalk GI.I NoV challenge. Another study showed that convalescent-phase
sera from the 2009 GII.4 NoV outbreak were able to block Sydney 2012 VLP binding to
PGM (7). However, in 7 out of the 8 sera screened, significantly higher serum concen-
trations were needed to block the Sydney 2012 GII.4 NoV VLPs than for the outbreak
2009 GII.4 NoV strain VLPs. Similarly, in our study, only 4 out of 22 secretor-positive
healthy blood donors had detectable blocking antibodies (at 1/40 serum dilution)
against Sydney VLPs, and 10/14 IgA-deficient individuals had a BT50 value of �80. The
detection of low blocking-antibody titers against Sydney 2012 GII.4 VLPs among
IgA-competent individuals might also be due to differences in the study design, since
in the present study, serum blocking efficiency against the 4 VLPs was investigated in
healthy individuals and not in NoV-challenged or -infected individuals.

To investigate a rationale for the immune evasion by the Sydney 2012 GII.4 VLP
strain, the sequences of the capsid proteins of the strains used in this study were
compared. Simple amino acid alignment revealed that the VLPs most distant in time,
the MD145 1978 and Sydney 2012 GII.4 VLPs, showed only 91.8% amino acid identity.

Most interesting from a biological point of view, and perhaps explaining the
observed differences in blocking titers found in this study, the alignment also revealed
that the GII.4 NoV strains used in this study have major changes in antigenic epitopes
A (amino acids [aa] 294, 296 to 298, 368, and 372), D (aa 393 to 395), and E (aa 407, 412,
and 413), as shown in Table 3 (6, 7, 18, 37–39). Previous studies have reported epitope
A to be highly immunodominant and suggested it was the target of blocking antibod-
ies against early strains (7, 38). Interestingly, MD145 1987, Grimsby 1995, and Houston
2002 share 4 common residues (H297, D298, T368, and N372), whereas the Sydney
strain has different amino acids in all these positions (H297R, D298N, T368E, and
N372D) (Table 3). The substitution of only 2 amino acids in epitope A (P294T and A368E)
has been suggested to be the cause of low BT50 efficiency of the 2009 GII.4 convales-
cent outbreak sera to block Sydney 2012 GII.4 VLP binding to PGM (7). Altogether, the
data support the hypothesis that the Sydney strain might indeed have escaped
immune recognition by blocking antibodies, which explains the low blocking titers
observed in this study. Epitope D has been associated with the alteration of HBGA
binding affinity (6, 37), while in epitope E, all the strains except Sydney are identical and
share the 3 residues (N407, T412, and G413) in this site (Table 3), supporting the
experimental results reported here that the Sydney strain is distinctly different from the
other GII.4 strains.

Despite being a common primary immune deficiency in the Caucasian population
(29), very little is known regarding how IgA-deficient individuals respond to NoV
infection. For the first time, we show that IgA-deficient individuals not only have
blocking titers against three pandemic NoV strains, but most interestingly, the blocking
titers were significantly higher among IgA-deficient secretors (GMT, 1704) than among
healthy blood donors (GMT, 90.9) (P � 0.0001). This new information complements a
challenge study investigating the humoral response to NoV infection, which found a
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protective role of mucosal IgA in secretor-positive individuals after exposure to Norwalk
virus (GI.1 NoV) (40). Moreover, the protective role of IgA was also found to be
associated with protection against a GI.1 NoV infection (41). In another study, IgA
purified from convalescent-phase sera of GI.1 NoV-challenged individuals was shown to
block binding of NoV VLPs to PGM (42). Further, a recent study showed that the IgA
isotype in human B cells encoding norovirus-specific monoclonal antibodies could
frequently block binding of VLPs to HBGA in comparison to antibodies having IgG
specificity (43).

Thus, both serum IgA and IgG can block binding of NoV to HBGA. The significantly
higher blocking titer among the IgA-deficient individuals than among IgA-competent
individuals is most likely due to compensatory mechanisms. It has previously been
shown that IgA-deficient individuals develop significantly higher IgG antibody titers to
rotavirus than IgA-competent individuals (44). Since 32/34 secretor-positive IgA-
deficient individuals had BT50 values of �320 against Houston VLPs, it could be
speculated that the protective titers among IgA-deficient individuals might be much
higher than among healthy individuals. Further studies could be directed at identifying
the protective blocking IgG titer among such immunodeficient individuals.

In conclusion, the present study shows that prepandemic sera contain blocking
antibodies to pandemic GII.4 NoVs that emerged decades later and that blocking titers
can remain unchanged for at least 6 years against GII.4 NoVs isolated over 3 decades.
It is also worth noting that none of the nonsecretors had measurable blocking antibody
against any of the GII.4 variants tested, which is consistent with their resistance to
infection. Furthermore, we show that IgA-deficient individuals have high serum
antibody-blocking titers against GII.4 NoV. Lack of robust HBGA-blocking capacity of
sera against the Sydney strain isolated in 2012 may be a condition of its rapid global
emergence.

MATERIALS AND METHODS
Serum samples and study design. In total, 268 serum samples collected between 1979 and 2010

were included in the study (Fig. 1). These samples were part of different studies and were both paired
and unpaired. Briefly, 95 serum samples from blood donors collected in 1998 were included in the study.
The mean age of the donors was 39.5 � 10.3 years. These individuals had previously been screened for
their secretor, Lewis, and ABO status. Eighty percent (76/95) of these individuals were secretor positive
(26, 27). In addition, 33 paired serum samples from individuals participating in a TBE vaccination study
in Stockholm, Sweden, were also analyzed. Serum samples were collected at 3 time points; the first were
collected from 1989 to 1992 (donors aged 56.1 � 12.9 years), the second 3 years later, and the third
sample between 1995 and 1999 (45). Thirty-four serum samples collected from children with type 1
diabetes (aged 9.7 � 3.2 years at the time of the 1st sample collection) were also included: 12 paired sera
collected at 2 time points (the second serum samples 5 years later) and 10 unpaired old serum samples
collected between 1979 and 1981 were included in the study. Additionally, sera from 40 IgA-deficient
individuals (34 secretors and 6 nonsecretors) collected between 2009 and 2010 were included (30). The
average age of these individuals was 52.3 � 19.4 years. The samples used in the study were anonymous
and were part of previously ethically approved studies (Ethical Committee Dnr 89:12 and Medical Faculty,
Goteborg University, Goteborg, Sweden).

NoV VLP production. Four different GII.4 recombinant VLPs, each representative of a different
lineage and having a time-ordered emergence globally, were included in the study (Fig. 1): MD145
(isolated as early as 1987 [AY032605]), Grimsby (isolated in 1995 [AJ004864]), Houston (isolated in 2002
[EU310927]), and Sydney (isolated in 2012 [JX459908]). Amino acid residues in the important antigenic
sites A, D, and E for the included VLPs are shown in Table 3. The VLPs used in the study were expressed
in a baculovirus system. Grimsby, Houston, and Sydney VLP preparations were analyzed for purity by
SDS-polyacrylamide gel electrophoresis and Coomassie staining (which must be �90% to be used). The
structural integrity was documented by electron microscopy, and the VLP protein concentration was
determined by bicinchoninic acid (BCA) assay (26, 46), while MD145 was purified as described previously
(47).

NoV antibody titers in serum samples from IgA-deficient individuals. NoV-specific IgG antibody
titers in serum samples were determined using enzyme-linked immunosorbent assay (ELISA) as previ-
ously described (26). Briefly, 100 �l/well of 0.5-�g/ml Houston VLPs diluted in coating buffer (0.05
mol/liter sodium carbonate [pH 9.5 to 9.7]) was added to 96-microwell ELISA plates (Thermo Scientific;
MaxiSorp) and incubated overnight at 4°C. The next morning, the plates were blocked with 3% bovine
serum albumin (BSA) for 1 h at 37°C. Each step was followed by 5 washes with phosphate-buffered saline
(pH 7.3) (PBS). Twofold serially diluted serum samples (100 �l/well) were added in dilution buffer
comprised of PBS, 0.5% BSA, and 0.05% Tween 20, and then the ELISA plate was incubated for 2 h at 37°C.
Next, 100 �l/well of 1:10,000-diluted goat anti-human IgG horseradish peroxidase (HRP)-conjugated
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antibody (Bio-Rad; 1721033) was added and incubated for 1 h at 37°C. The plates were developed using
100 �l/well of Ultra 1-Step Ultra TMB ELISA HRP substrate solution (Thermo Fischer). After 10 min, the
reaction was stopped by adding 100 �l/well of 2 N sulfuric acid, and the absorbance of the wells was read
at 450 nm. The mean absorbance value of negative controls (without serum) plus 2 standard deviations
(SD) was used as the cutoff value.

Determination of serum blocking titers against binding of VLPs to pig gastric mucin. VLP-PGM
serum blocking experiments were performed essentially as previously described (18). Briefly, Thermo
Scientific MaxiSorp 96-well plates were coated with pig gastric mucin (Sigma-Aldrich; 10 �g/ml in PBS,
pH 7.3) for 4 h at room temperature and subsequently blocked overnight at 4°C with PBS containing 5%
dry milk and 0.05% Tween. Next, 2-fold serially diluted sera (starting dilution, 1:40) were mixed with an
equal volume of VLPs (at concentrations of 0.06 �g/ml for Grimsby and Houston, 0.08 �g/ml for MD145,
and 0.3 �g/ml for Sydney VLPs) and incubated for 1 h at room temperature. Afterward, the VLP-serum
mixture was added to the pig gastric mucin-coated plate for 1 h at room temperature, followed by 100
�l/well of rabbit anti-GII.3 norovirus serum (1:1,000 dilution) and an additional incubation for 1 h.
Following five washes, 100 �l/well of goat anti-rabbit IgG horseradish peroxidase-conjugated antibody
(Bio-Rad; 1706515) diluted 1:20,000 was added, followed by incubation for 1 h at room temperature. The
plates were developed using 100 �l/well of Ultra 1-Step Ultra TMB ELISA HRP substrate solution (Thermo
Fisher). After 10 min, the reaction was stopped by adding 100 �l/well of 2 N sulfuric acid, and the
absorbance of the wells was read at 450 nm (optical density at 45 nm [OD450]). Washing after each step
was performed with PBS containing 0.05% Tween 20, and the dilution buffer was comprised of PBS
containing 0.05% Tween 20 and 5% dry milk. The BT50, was defined as the serum dilution at which the
OD450 value was 50% of that of the positive control (VLPs only). A BT50 value of 20 was assigned to
samples that did not show a 50% drop in OD450 in comparison to the positive control at the lowest serum
dilution tested (1:40). A BT50 value of �160 was considered to be protective against acute norovirus
gastroenteritis (20, 25).

Statistical analysis. All statistical analyses were performed using GraphPad Prism 5.0a Macintosh
version (GraphPad Software, Inc.). The Kruskal-Wallis and Dunn=s multiple-comparison tests were used to
compare differences in serum blocking titers against the three different VLPs. The Mann-Whitney U test
was used to compare BT50 values between groups among sera collected prior to the emergence of the
reference strains. All reported P values are 2 sided, and P values of �0.05 were considered significant.
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