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Mucosal and Cellular Immune Responses to
Norwalk Virus

Sasirekha Ramani,' Frederick H. Neill,' Antone R. Opekun,” Mark A. Gilger,** David Y. Graham,"? Mary K. Estes,"? and
Robert L. Atmar'?

'Department of Molecular Virology and Microbiology, “Department of Medicine, *Department of Pediatrics, Baylor College of Medicine, Houston, and
*Children’s Hospital of San Antonio, Texas

Background. Noroviruses are a leading cause of acute gastroenteritis worldwide. Mucosal and cellular immune
responses remain poorly understood, with most studies of noroviruses having focused on serological responses to
infection.

Methods. We used saliva, feces, and peripheral blood mononuclear cells collected from persons who were ad-
ministered Norwalk virus (NV) to characterize mucosal (salivary and fecal immunoglobulin A [IgA]) and cellular
(NV-specific IgA and immunoglobulin G [IgG] antibody-secreting cells and total and NV-specific IgA and IgG
memory B cells) immune responses following infection.

Results. Prechallenge levels of NV-specific salivary IgA and NV-specific memory IgG cells correlated with pro-
tection from gastroenteritis, whereas prechallenge levels of NV-specific fecal IgA correlated with a reduced viral load.
Antibody-secreting cell responses were biased toward IgA, while memory B-cell responses were biased toward IgG.
NV-specific memory B cells but not antibody-secreting cells persisted 180 days after infection.

Conclusions. NV-specific salivary IgA and NV-specific memory IgG cells were identified as new correlates of
protection against NV gastroenteritis. Understanding the relative importance of mucosal, cellular, and humoral im-

munity is important in developing vaccine strategies for norovirus disease prevention.
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Noroviruses (NoVs) are an important cause of epidem-
ic and sporadic gastroenteritis and are associated with
nearly one-fifth of all cases of acute gastroenteritis
worldwide [1, 2]. In the United States, NoVs are the
leading cause of gastroenteritis across all age groups
[3]. The lack of a fully permissive cell culture system
or small-animal model has hampered studies on NoV
pathogenesis and immunity. Most knowledge of the
immune response to NoVs comes from human chal-
lenge studies and clinical trials that used NoV virus-like
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particles (VLPs) as vaccines and have largely focused
on serological responses [4, 5]. Histo-blood group anti-
gens (HBGAs) serve as attachment factors for NoVs,
and serum antibody that blocked the binding of NoV
VLPs to HBGAs was the first identified correlate of
protection from NoV gastroenteritis [4, 6]. Few studies
have examined mucosal and cellular immunity follow-
ing NoV infection [7-9].

We previously performed a randomized, double-
blinded, placebo-controlled evaluation of different
doses of Norwalk virus (NV), a prototype strain of
human NoVs, to determine its median human infec-
tious dose (HIDs() [10]. Clinical data, virological char-
acteristics, and serological response to infection have
been published [5, 6, 10, 11]. We now report the muco-
sal and cellular immune responses to NV infection,
using saliva specimens, fecal specimens, and peripheral
blood mononuclear cells (PBMCs) collected from study
participants before and at various time points after in-
oculation with NV.
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METHODS

Study Design

The study design for the challenge of 57 healthy adult human
volunteers with NV has been published previously [10]. Written
informed consent was obtained from all participants. The study
was approved by the institutional review boards at Baylor Col-
lege of Medicine and the Houston Methodist Hospital. See the
Supplementary Materials for details on study design and immu-
noassay methods.

Assessment of Disease Severity

An ordinal symptom scoring key was developed for calculation of
severity of gastroenteritis, using data on diarrhea and vomiting
recorded on days 1-4 after challenge. When a person experienced
diarrhea, loose, unformed stool was assigned a score of 1, and lig-
uid stools were given a score of 2. One or 2 episodes of vomiting
per day were assigned a score of 1 and 3-6 episodes of vomiting
were assigned a score of 2. The sum of scores provided the total
severity score for gastroenteritis.

Measurement of Salivary and Fecal IgA
Total and NV-specific IgA was measured using antibody sand-
wich enzyme immunoassays. Briefly, 96-well microtiter plates
were coated with a rabbit anti-human IgA antibody (Jackson Im-
muno) or a rabbit anti-NV antibody. NV VLPs were added at a
concentration of 0.1 pg VLPs per well to the NV-specific IgA
assay plates. Doubling dilutions of sample or standard human
IgA (Sigma) were tested. IgA was detected using a mouse anti-
human IgA (ABD Serotec), followed by a goat anti-mouse IgG
conjugated to horseradish peroxidase (HRP; ABD Serotec) and
3,3',5,5'-tetramethylbenzidine substrate (Thermo Scientific).
For fecal IgA measurement, fecal extracts (25% w/v) were
prepared in a buffer containing soybean trypsin inhibitor
(10% v/v), 0.5 M ethylenediaminetetraacetic, and 200 mM phe-
nylmethanesulfonyl fluoride [12]. Total and NV-specific IgA
levels were measured as described for saliva samples with
minor modifications.

Measurement of IgA and IgG Antibody-Secreting Cells (ASCs)
and Memory B Cells

Ninety-six-well polyvinylidene difluoride membrane plates
(Millipore) were coated with 1 pg per well of NV VLP or phos-
phate-buffered saline (PBS) overnight at 4°C. PBMCs were thawed
and doubling dilutions were prepared in complete AIM-V medi-
um (Invitrogen) such that the first row contained an average of
2.56 x 10° PBMCs (range, 1.04 x 10°-5.29 x 10° PBMCs). IgA or
IgG ASCs were detected using a goat anti-human IgA or IgG an-
tibody conjugated to HRP (Southern Biotech) and a stable DAB
substrate (Invitrogen). The number of spots in PBS-coated wells
was subtracted from the number of spots in the NV VLP-coated
wells. Dilutions of PBMCs that gave 8-200 spots were used for
calculation of ASCs.

Total and NV-specific IgG and IgA memory B cells were
measured using modifications of published protocols as detailed
in the Supplementary Materials [13].

Data Analysis

The amount of total IgA in test samples was calculated by inter-
polation from the linear portion of the standard curve, using
purified IgA. To account for differences in total IgA between
persons and time points, specific IgA was expressed as the
amount per 100 pg of total IgA. For samples with undetectable
NV-specific IgA but detectable total IgA, NV-specific IgA per
100 pg of total IgA could not be calculated. Such samples
were assigned the minimum calculated value obtained when
both NV-specific and total IgA levels could be determined
[14]. IgA and IgG ASCs were expressed as number of cells
per 10° PBMCs. The frequency of antigen-specific memory B
cells was calculated as a percentage of total memory B cells.
Samples with a total memory B cell count below the limit of
detection of the assay were excluded from this analysis. The
Pearson correlation coefficient was calculated to assess correla-
tion between assays. Comparison between groups was per-
formed using the Student ¢ test or the Mann-Whitney U test.
P values of <.05 were considered statistically significant.

RESULTS

Study Subjects

The study population demographic characteristics, clinical data,
virological characteristics, and results of serological studies have
been published previously [10]. In brief, of the 57 persons en-
rolled in the study, 8 received placebo, and an additional 8 were
identified as lacking functional fucosyltransferase 2, a genetic
factor required for susceptibility to NV infection. Further, 5
persons belonged to the B or AB blood type and were also
not susceptible to NV infection [8,15]. Of the remaining 36 sus-
ceptible persons challenged with NV, 21 became infected, of
whom 20 experienced clinical symptoms during the 4 days
after challenge. Nausea, abdominal cramps, and malaise were
the most common symptoms. Fourteen persons developed
viral gastroenteritis; all 14 vomited at least once, and 7 experi-
enced watery diarrhea. None of the persons with gastroenteritis
required intravenous rehydration. The duration of virus shed-
ding ranged from 6 days to 55 days; the median duration of
virus shedding was longer in persons with gastroenteritis (29
days), compared with those without gastroenteritis (19 days),
but this difference was not statistically significant (P =.14).
Peak fecal viral load was, however, significantly higher in per-
sons with gastroenteritis, compared with those without
gastroenteritis (geometric mean viral load, 160 billion vs 10 bil-
lion genomic equivalents per mL, respectively; P =.005) [10].
Serum IgA levels peaked at day 14 after inoculation and IgG lev-
els peaked at day 28 [5]. The HBGA blocking antibody titer was
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significantly higher among infected persons who did not
develop gastroenteritis than among those who did [6].

Mucosal Immune Response to NV Infection

Total and NV-specific salivary and fecal IgA levels were estimat-
ed in samples collected prior to challenge and at days 7, 14, and
28 after challenge wherever available. The geometric mean titers
(GMTs) of IgA in samples collected from infected and uninfect-
ed subjects are given in Table 1. Uninfected subjects included
persons challenged with NV who remained uninfected, nonsus-
ceptible participants, and those who received placebo. There
were no significant differences in total salivary and fecal IgA
levels between infected and uninfected subjects at any time
point. Similar to serum IgA levels, NV-specific IgA levels in sal-
iva and feces peaked at day 14 after challenge in the infected
participants. The geometric mean fold rise (GMFR) was higher
for NV-specific fecal IgA than for NV-specific salivary IgA
(Table 1). A >4-fold rise in the NV-specific salivary IgA level
was observed in 70% of infected persons by day 28. None of
the uninfected subjects showed a >4-fold change. For the NV-
specific fecal IgA assay, all infected subjects (100%) showed a
>4-fold change by day 28. A >4-fold rise was also observed in
5 other subjects, including 3 persons who were challenged with
NV and were considered uninfected by the study definitions
(study definitions are specified in the Supplementary Materials),
1 person who received placebo, and 1 nonsecretor (Table 1).
Given that NV-specific IgA was expressed relative to the
amount of total IgA, which varied between subjects and time
points, at least some of these results were likely to be
nonspecific.

While preexisting NV-specific IgA levels in saliva were asso-
ciated with protection from gastroenteritis, NV-specific fecal
IgA levels were not. The geometric mean level of NV-specific
preexisting salivary IgA was significantly greater in infected per-
sons who did not develop gastroenteritis, compared with those
with gastroenteritis (104.6 ng/100 ug of total IgA vs 65.0 ng/
100 pg of total IgA, respectively; P < .05; Figure 1A). This differ-
ence was not seen in relation to preexisting fecal NV-specific
IgA (45.6 ng/100 ug of total IgA in the nongastroenteritis
group vs 44.9 ng/100 pg of total IgA in the gastroenteritis
group; Figure 1B). Prechallenge serum HBGA blocking anti-
body (serum BT50) significantly correlated with prechallenge
NV-specific salivary IgA but not with fecal IgA (Figure 1C
and 1D, respectively).

Among the infected subjects, there was a significant inverse
correlation between preexisting NV-specific fecal IgA levels and
peak viral load (Pearson r, —0.47; P =.04). Similarly, there was
an inverse correlation between preexisting NV-specific salivary
IgA and severity score for diarrhea and vomiting (Pearson r,
—0.48; P =.03). An inverse correlation was also present between
the N'V-specific fecal IgA level at day 7 after challenge and the
duration of detectable virus shedding (Pearson r, —0.51;

P =.02). Together, these findings are consistent with a role for
the N'V-specific mucosal immune response in reducing the viral
load, the duration of virus shedding, and the severity of the
disease.

Cellular Immune Response to NV Infection

ASCs and memory B cells were analyzed to characterize cellular
immune responses. ASC studies were performed on samples
collected from 20 infected and 11 uninfected persons, including
6 who were challenged with NV, 4 placebo recipients, and 1
nonsusceptible individual. Initial studies for assessment of
ASCs were performed using PBMC:s collected prior to challenge
and at days 2, 7, 14, 28, and 180 after challenge. However, since
the number of ASCs at days 2 and 180 were not above back-
ground levels (data not shown), these time points were excluded
from the remainder of the studies. In NV-infected subjects, IgA
and IgG ASCs peaked at day 7 after challenge and reduced dra-
matically by day 14 (Table 2 and Figure 2A). No change in ASC
levels occurred in uninfected subjects. All infected subjects
(100%) showed a >4-fold rise in IgA and IgG ASC levels from
baseline. The increase in GMFR from prechallenge levels was
greater at all time points after infection for IgA ASCs, compared
with IgG ASCs. The peak IgA ASC level precedes the IgA anti-
body level peak in serum, saliva, and feces. A strong correlation
was present between peak cellular immune response and anti-
body levels, as observed between IgA ASC levels at day 7 and
NV-specific antibody levels in serum, salivary, and fecal IgA
levels at day 14 (Pearson 1, 0.86, 0.78, and 0.70, respectively;
P <.0001). Among infected subjects, levels of IgA ASC correlat-
ed with peak viral load in feces at day 7 (Pearson r, 0.5; P =.01).
A greater correlation was seen at day 14 (Pearson r, 0.72;
P <.0001; Figure 3), indicating a possible role for higher viral
load in persistence of IgA ASC response beyond the peak levels
at day 7.

Memory B-cell assays were performed using PBMCs from 35
study participants, including 29 persons challenged with NV
(19 infected and 10 uninfected) and 6 who received placebo.
PBMC:s collected prior to challenge and at days 7, 14, 28, and
180 after challenge were tested. NV-specific memory B-cell re-
sponse peaked at day 14 and persisted at day 180 after challenge
(Table 3 and Figure 2B). Taking data from all time points, NV-
specific IgA memory B-cell levels correlated well with serum,
salivary, and fecal IgA titers (Pearson r, 0.86, 0.72, and 0.61,
respectively).

GMEFR was calculated from prechallenge levels or, when pre-
challenge PBMC samples were not available, from day 7 values.
At day 7 after infection, the GMFR from baseline levels was
higher for IgA memory B cells than IgG memory B cells. How-
ever, the peak GMFR from baseline levels (at day 14) was higher
for IgG memory B cells, compared with the IgA memory B cells.
Eighteen of 19 infected subjects (94.7%) showed a >4-fold chan-
ge in the percentage of NV-specific IgA memory B cells from
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Table 1. Mucosal Response to Norwalk Virus (NV) Infection

Uninfected Infected
Assay Before Challenge Day 7 Day 14 Day 28 Before Challenge Day 7 Day 14 Day 28
Total salivary IgA level, ug
GMT (95% ClI) 260.9 (237.6-286.5) 285.8 (269.7-314.6) 246.8 (210.0-289.9) 271.3 (243.5-302.1)  262.9 (225.0-307.2)  250.9 (215.1-292.6) 275.7 (242.1-313.8) 279.1 (249.2-312.7)
GMFR (95% Cl) S 1.1(1.0-1.2) 0.9 (.8-1.1) 1.0 (1.0-1.2) 1.0 (.8-1.2) 1.0 (.9-1.2) 1.1(.9-1.2)
NV-specific salivary IgA level, ng/100 ug of total IgA
GMT (95% Cl) 69.7 (59.8-81.2) 85.7 (76.2-96.3) 87.8 (75.9-101.4) 83.4 (74.0-93.9) 76.8 (62.0-95.0) 120.6 (93.7-155.3) 340.3 (231.3-500.8) 224.9 (175.3-288.7)
GMFR (95% CI) L 1.3(1.1-1.4) 1.2 (1.1-1.4) 1.2 (1.1-1.4) 1.6 (1.3-1.9) 4.4 (3.2-6.1) 2.9(2.4-3.7)
Subjects with >4-fold rise, L 0(0) 0(0) 0(0) 0(0) 13 (65) 7 (35)
no. (%)
Total fecal IgA level, ug
GMT (95% CI) 123.5 (79.3-192.4) 183.1 (123.9-270.7) 148.5 (87.6-251.5) 150.9 (93.5-243.6) 122.9 (81.7-184.7) 169.8 (101.7-283.2) 138.1 (77.4-246.4) 110.8 (63.7-192.8)
GMFR (95% ClI) . 1.5(1.0-2.1) 1.2 (.8-1.8) 1.1(7-1.7) 1.4 (.9-2.0) 1.1(.8-1.7) 0.9 (6-1.3)
NV-specific fecal IgA level, ng/100 g of total IgA
GMT (95% CI) 22.9 (16.0-32.8) 24.6 (17.0-35.7) 25.0 (16.5-37.9) 23.9 (15.8-36.2) 45.1 (19.56-104.5) 69.6 (31.6-1563.2) 2715.0 (1083.0-6803.0) 1544.0 (486.9-4897.0)
GMFR (95% CI) A 1.1 (9-1.3) 1.1 (.8-1.4) 1.0 (.7-1.5) 1.5 (.8-3.0) 60.2 (24.4-148.5) 34.2 (12.4-94.7)
Subjects with >4-fold rise, . 1) 2 (6) 3(9) 5 (25) 19 (95) 17 (85)
no. (%)

Abbreviations: Cl, confidence interval; GMFR, geometric mean fold rise; GMT, geometric mean titer; IgA, immunoglobulin A.
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Salivary and fecal immunoglobulin A (IgA) responses to Norwalk virus (NV) infection. A significant difference in preexisting IgA levels between

infected subjects with and those without gastroenteritis was seen with NV-specific salivary (4) but not fecal (B) IgA. Among the infected subjects, the
preexisting histo-blood group antigen (HBGA) blocking antibody (BT50) in serum correlates with salivary (C) but not fecal (D) IgA.

baseline levels. Prechallenge PBMCs were not available for the
one nonresponder, and therefore, fold change was calculated
from day 7 values. A 5-fold change from the prechallenge
NV-specific IgA memory B-cell level was seen in 1 uninfected
subject at day 7. One person receiving placebo also showed a
6-fold change from baseline at day 14. Total IgG memory B
cell levels were below the limit of detection at all time points
for 11 persons, including 6 infected, 1 uninfected, and 4 persons
who received placebo; therefore the percentage of NV-
specific IgG memory B cells could not be calculated for these
subjects. Twelve of 13 infected subjects (92.3%) showed a >4-
fold change in the percentage of NV-specific IgG memory B
cells from prechallenge levels. The uninfected, NV-challenged
subject who showed a 5-fold change in NV-specific IgA mem-
ory B-cell level at day 7 also showed a 6-fold change in NV-
specific IgG memory B cells at day 14 after challenge.

The level of preexisting NV-specific IgG memory B cells was
significantly associated with protection from gastroenteritis (Fig-
ure 4A) and correlated with preexisting serum HBGA blocking
antibody (Pearson r, 0.61; P <.05). The level of NV-specific
IgA memory B cells was not associated with protection against
gastroenteritis (Figure 4B) and showed a poor correlation with
HBGA blocking antibody (Pearson r, 0.37; P=.15). However,
total IgA memory B cell levels correlated with protection from
NV infection and gastroenteritis. The GMT of total IgA memory
B cells was significantly lower across all time points in susceptible

persons who became infected and developed gastroenteritis,
compared with those who became infected but did not develop
gastroenteritis or who remained uninfected (Supplementary Fig-
ure 1). There were no significant correlations between memory
B-cell response and viral load, duration of virus shedding, or dis-
ease severity.

DISCUSSION

This study addresses a current gap in knowledge on mucosal and
cellular immunity to NoV and includes characterization of sali-
vary IgA, fecal IgA, ASC, and memory B-cell responses following
experimental NV infection. Two new potential correlates of pro-
tection against NV gastroenteritis, specifically, levels of prechal-
lenge N'V-specific salivary IgA and NV-specific memory B cells,
were identified. NV-specific salivary IgA levels before challenge
correlated with reduced severity of gastroenteritis. NV-specific
fecal IgA levels before challenge were associated with a reduction
in peak viral load, whereas fecal IgA measured day 7 after infec-
tion correlated with a shorter duration of virus shedding. A high-
er viral load also correlated with persistence of the IgA ASC
response.

A key finding of this study was that preexisting NV-specific
salivary IgA was associated with a lower risk of gastroenteritis
and reduced severity of gastroenteritis. IgA is abundantly pre-
sent in the gastrointestinal tract and, in the secreted form, is a
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key immune effector against enteric pathogens [16]. Secretory
IgA is a dimeric molecule; monomers of IgA are bound by
the J-chain and released with the secretory component attached
to them. Since exudation of monomeric serum IgA in saliva is
known to occur, the correlation of salivary IgA with serum IgA
raises the possibility that IgA detected in saliva may be serum-
derived monomeric IgA, rather than secretory IgA. However,
serum IgA by itself did not correlate with protection from ill-
ness. The detected salivary IgA was therefore possibly reflective
of mucosal immunity. However, we were unable to confirm a
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Figure 3. Correlation of day 14 Norwalk virus—specific immunoglobulin
A (IgA) antibody-secreting cell (ASC) levels with peak viral load in 20 in-
fected persons. Abbreviation: PBMC, peripheral blood mononuclear cell.
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Table 3. Memory B-Cell Response to Norwalk Virus (NV) Infection

Infected

Uninfected

Before
Challenge

Before
Challenge

NV-specific IgA memory B cells, %/5 x 10° PBMCs

Day 14 Day 28 Day 180

Day 7

Day 14 Day 28 Day 180

Day 7

Assay

0.7 (4-1.2)
45 (2.3-8.9)

1.3(.7-2.3)
7.3 (3.4-15.7)

(1.6-4.0)
15.7 (8.3-29.5)

25

0.8 (.4-1.7)
7.2 (3.2-16.3)

0.1 (.0-.2) 0.1 (.0-.3) 0.1(0-2) 0.1(0-1) 0.2(1-3)
1.1(8-14) 0.9 (6-1.2)

1.1 (.8-1.5)

0.1 (.0-.1)

GMT (95% Cl)

(1.0-2.0)

1(7)

1.4

GMFR (95% Cl)

12 (63) 9 (50)

6 (84)

10 (67)

0 (0)

0 (0)

Subjects with >4-fold rise, no. (%)
NV-specific IgG memory B cells, %/5 x 10° PBMCs

2.2(1.4-3.4)
12.0 (4.8-30.2)

2.2 (.9-5.5)
13.0 (5.1-33.1)

(2.6-8.8)
30.5 (15.1-61.4)
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0.1(0-1) 0.1(0-2) 0.1(1-3)
1.1 (.8-1.6)

0.9 (.5-1.6)

0.1 (.0-.2) 0.1 (.0-.3)
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1.2 (.8-1.6)

0.1 (.0-.2)

GMT (95% CI)

GMFR (95% Cl)

11(92) 9 (75) 9 (75)

2 (20)

0 (0)

1011

Subjects with >4-fold rise, no. (%)

Abbreviations: Cl, confidence interval; GMFR, geometric mean fold rise; GMT, geometric mean titer; IgA, immunoglobulin A; IgG, immunoglobulin G; PBMC, peripheral blood mononuclear cell.
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Figure 4. Comparison of prechallenge memory B cells levels among
Norwalk virus (NV)-infected persons with and those without gastroenteri-
tis. There were significant differences in preexisting NV-specific immuno-
globulin G (lgG) memory B cells (A) but not NV-specific immunoglobulin A
(IgA) memory B cells (B).

mucosal source by using an antibody to secretory component to
detect virus-specific dimeric IgA (data not shown).

In a previous human challenge study with NV, susceptible
persons who produced salivary IgA within 5 days of challenge
were less likely to be infected than those who produced salivary
IgA later, suggesting a role for memory salivary response in pro-
tection from infection [8]. Although the percentage of subjects
showing a >4-fold change was similar between both studies,
salivary IgA response in the present study did not correlate
with protection from infection. However, the first time point
evaluated after challenge was 7 days, and it is possible that
early differences were missed. Also, there were fewer subjects
who were uninfected in the current study who received a dose
of NV higher than the HIDs, [10]. The other marker of mucosal
immunity we assessed was fecal IgA. NV-specific fecal IgA lev-
els did not correlate with protection from infection or disease, as
reported previously [9]. However, prechallenge levels of fecal
IgA correlated with reduced viral load, and the induction of a
fecal IgA response appeared to be important in controlling
the duration of virus shedding.

Cellular immune response to NoVs in humans has been ex-
amined mainly in the context of VLP vaccines [7,17,18]. As ob-
served in vaccine trials, ASC responses following infection
peaked at day 7 and correlated with serum and mucosal IgA
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responses [17]. Memory B-cell responses to both infection and
vaccination persist at day 180 [18]. An interesting difference be-
tween the ASC and memory B-cell responses in this study was
that ASCs were more biased toward IgA, while memory B-cell
responses were more biased toward IgG. It remains to be seen
whether this bias also occurs following vaccination. We also ob-
served that IgA ASCs persisted beyond peak levels at day 7 in
persons with a higher viral load and that prechallenge NV-
specific IgG memory B cells correlated with protection from
clinical disease. This raises the question whether the IgA cellular
response is critical for the clearance of infection, while IgG is im-
portant for long-term immunity. Lipopolysaccharide-specific
IgG memory B cells were found to be important in protection
against infection with another enteric pathogen, Vibrio cholerae
O1 [19]. Long-term protection against NoV was not seen in early
volunteer studies, although a recent modeling study suggests that
immunity lasts 4-9 years following infection [20]. Analysis of
memory B cells at later time points could be important for un-
derstanding long-term protection against NoV infection.

Another important consideration in the comparison of cellu-
lar immunity after infection and vaccination is the role of live
virus versus VLPs in the induction of robust immunity. Three
weeks after intranasal immunization with NoV VLPs, only 20%
of vaccinated subjects showed >4-fold levels of IgA ASCs, com-
pared with 67% following infection [17]. While 100% of subjects
showed >4-fold change from prevaccination levels after a sec-
ond dose, the number of ASCs produced were lower than ob-
served after the first dose. Overall, the magnitude of ASC and
memory B-cell responses were lower following intranasal vac-
cination, compared with infection [18]. Trials of parenteral
immunization with NoV vaccines are being conducted, and
it remains to be seen whether this approach results in better
cellular immunity [21].

Although not NV-specific, an interesting observation was
that total IgA memory B cells correlated with protection from
NV infection and gastroenteritis. Whether these were cells
with mucosal homing potential and would therefore be reflec-
tive of higher levels of IgA in the gut of uninfected subjects and
those who did not develop gastroenteritis can be evaluated in
future studies. The identification of new correlates of protection
in this study raises questions on whether multiple mechanisms
contribute to protection from NV gastroenteritis and whether 1
or more protective effector molecules can compensate for the
lack of other responses. A recently introduced concept in the
nomenclature of correlates of protection is the distinction into
mechanistic correlates (mCoP) and nonmechanistic correlates
(nCoP) [22]. The first identified correlate of protection was
serum antibodies that block the binding of virus to HBGA.
More recently, NV-specific serum IgA also was found to corre-
late with protection in vaccine studies [23]. In the absence of an
efficient replication system, which of the effectors are mCoP or
nCoP remains to be confirmed. It is possible that non-HBGA

blocking mechanisms also contribute to protection. The rela-
tively small number of subjects enrolled and the likelihood
that some of the immune responses covary make it difficult to
assess whether one correlate is better than another and which is
the most important predictor of protection.

As studies with VLP-based NoV vaccines progress, dissection
of the repertoire of immune responses will be important to aid
the development of more-effective vaccines. Assays to test the
new correlates of protection can be incorporated in the study
design of the next phase of NoV VLP vaccine trials. The isotype
of HBGA blocking antibodies remains to be identified. Charac-
terization of the isotype of these protective antibodies will be
important to inform decisions on the use of specific adjuvants
and routes of immunization as NoV-VLP vaccine trials pro-
ceed. The present study was performed in adults, and future
studies will determine whether similar patterns of responses
will be seen in an unprimed population, such as children. In
the case of influenza virus, a mucosal pathogen for which pa-
rental immunization is used for vaccination, the percentage of
IgA memory B cells does not change with age, while the per-
centage of IgG memory B cells increases [24]. How these differ-
ences might affect protection from NoV in children in
comparison to adults needs to be studied. The role of additional
factors, such as cytokine production in disease manifestation or
driving cellular immunity, remains unknown. This study reiter-
ates the importance of developing an efficient replication system
for human NoVs to facilitate more progress in understanding
immune responses and pathogenesis.
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