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Norovirus (NoV) is a leading cause of acute gastroenteritis in people of all ages
worldwide. NoV-specific serum antibodies which block the binding of NoV virus-like
particles (VLPs) to the cell receptors have been thoroughly investigated. In contrast,
only a few publications are available on the NoV capsid VP1 protein-specific T cell
responses in humans naturally infected with the virus. Freshly isolated peripheral blood
mononuclear cells of eight healthy adult human donors previously exposed to NoV
were stimulated with purified VLPs derived from NoV GII.4-1999, GII.4-2012 (Sydney),
and GI.3, and IFN-γ production was measured by an ELISPOT assay. In addition,
76 overlapping synthetic peptides spanning the entire 539-amino acid sequence of
GII.4 VP1 were pooled into two-dimensional matrices and used to identify putative
T cell epitopes. Seven of the eight subjects produced IFN-γ in response to the
peptides and five subjects produced IFN-γ in response to the VLPs of the same
origin. In general, stronger T cell responses were induced with the peptides in each
donor compared to the VLPs. A CD8+ T cell epitope in the shell domain of the VP1
(134SPSQVTMFPHIIVDVRQL151) was identified in two subjects, both having human
leukocyte antigen (HLA)-A∗02:01 allele. To our knowledge, this is the first report using
synthetic peptides to study NoV-specific T cell responses in human subjects and identify
T cell epitopes.
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INTRODUCTION

Norovirus (NoV) is recognized as a leading cause of acute gastroenteritis in children and adults
worldwide (Hall et al., 2016). According to a recently published WHO report, NoVs caused
120 million cases of diarrheal diseases, more than any other foodborne or infectious agent
(Havelaar et al., 2015). These non-enveloped RNA viruses belonging to Caliciviridae family are
highly infectious and cause frequent outbreaks that can be serious to individuals with underlying
conditions, the elderly, and young children (Hall et al., 2016). Currently, there is no cure or
preventive vaccine available against NoV gastroenteritis.

Abbreviations: APC, allophycocyanin; BV, baculovirus; CEF, cytomegalovirus, Epstein–Barr Virus and Influenza virus;
CTL, cytotoxic T lymphocyte; ELISA, enzyme-linked immunosorbent assays; ELISPOT, enzyme-linked immunosorbent
spot; FITC, fluorescein isothiocyanate; HBGA, histo-blood group antigen; HIV-1, human immunodeficiency virus-1; HLA,
human leukocyte antigen; HRP, horseradish peroxidase; ICS, intracellular cytokine staining; IFN-γ, interferon gamma; IL-2,
interleukin-2; NoV, Norovirus; OD, optical density; ORF, open reading frame; OVA, ovalbumin; PBMCs, peripheral blood
mononuclear cells; PBS, phosphate buffered saline; PE, phycoerythrin; SEB, staphylococcal enterotoxin B; SFC, spot-forming
cells; SYD, Sydney; Th, T helper; TNF-α, tumor necrosis factor alpha; VLP, virus-like particle.
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The∼7.6 kb-long single-stranded positive-sense RNA genome
has three ORFs that encode for the replicase polyprotein (ORF-
1), major VP1 capsid protein (ORF-2), and minor capsid
protein VP2 (ORF-3; Prasad et al., 1999). NoVs are genetically
classified into seven genogroups (GI to GVII), which are
further divided into genotypes based on capsid VP1 amino acid
sequence diversity (Kroneman et al., 2013; Vinje, 2015). NoV
genotypes associated with human infections belong primarily
to GI (9 genotypes) and GII (22 genotypes), with a >50%
divergence of the VP1 at amino acid-level (Zheng et al., 2006;
Kroneman et al., 2013). Variants of the most efficiently evolving
GII.4 genotype, with approximately >95% homology in VP1
sequences, have predominated over the last two decades (Bok
et al., 2009). VP1 consists of a shell (S) domain, a hinge region,
and a protruding (P) domain, the latter of which is further
divided into the P1 and extremely variable P2 subdomains;
they contain sites important for host cell interaction (Cao
et al., 2007). Ninety dimeric VP1 proteins form the outer
layer of the icosahedral virus particle, which can vary in
size from ∼27 to 40 nm, depending on the genotype (Vinje,
2015). VLPs are self-assembled by the recombinant capsid
protein VP1. As a high-yield NoV cell culture system is
still elusive (Jones et al., 2015), NoV VLPs are essential for
structural and immunogenicity studies, and they are considered
promising vaccine candidates (Blazevic et al., 2011; Atmar et al.,
2015).

Norovirus infections occur early in life (Hinkula et al.,
1995; Nurminen et al., 2011) and antibody seroprevalence
reaches almost 100% by adulthood (Jing et al., 2000; Carmona-
Vicente et al., 2015). Multiple sequential infections by genetically
distinct NoV strains have been reported to occur frequently,
especially in young children (Saito et al., 2014; Blazevic et al.,
2015b). According to most studies, the duration of protection
in adults is relatively short and limited to genetically similar
virus strains (Wyatt et al., 1974; Johnson et al., 1990; Simmons
et al., 2013). There is controversy over the correlates of
protective NoV immunity and the length and specificity of the
protection, which is complicated by the genetic diversity of
NoVs (Siebenga et al., 2009; Vinje, 2015) and differences in
the pre-existing NoV immunity of humans (Lindesmith et al.,
2010, 2015). Furthermore, the distinctive expression pattern of
polymorphic HBGAs affects individual susceptibility to NoV
infections (Lindesmith et al., 2013). HBGAs, found, e.g., on the
respiratory and gastrointestinal tract surface epithelia and in
bodily secretions, are recognized and bound by NoV particles
in a genotype-specific manner (Uusi-Kerttula et al., 2014) and
putatively serve as the initiation site for NoV infection (Hutson
et al., 2002; Huang et al., 2003; Cao et al., 2007). Serum IgG
antibody titers blocking NoV VLP binding to HBGA have been
most frequently associated with protection from NoV infection
and disease (Reeck et al., 2010; Nurminen et al., 2011; Malm
et al., 2014; Atmar et al., 2015). Humoral immunity to homotypic
strains is efficiently elicited (Malm et al., 2014), and broadly
cross-reactive NoV-specific IgG antibodies are found after NoV
exposure (Rockx et al., 2005; Lindesmith et al., 2010; Malm et al.,
2014). However, the induction of cross-protective antibodies
capable of blocking NoV VLP-HBGA binding interaction have

been observed only to a certain degree between the different
genotypes of the GII or GI genogroups, but not across the
genogroups (Reeck et al., 2010; Atmar et al., 2015; Blazevic
et al., 2015c). Additionally, mucosal IgA responses have been
associated with the blocking activity of NoV-HBGA binding
(Tamminen et al., 2016) and protection from infection and
NoV gastroenteritis (Lindesmith et al., 2003; Ramani et al.,
2015).

While most NoV immunity studies have focused on humoral
immune responses (Ramani et al., 2016), only three studies have
gathered information on the role of cell-mediated immunity
(CMI), especially T cells in NoV infection (Tacket et al., 2003;
Lindesmith et al., 2005, 2010). Control of the pathogenesis
with several viral infections, such as HIV-1 (Rosenberg et al.,
1997; Blazevic et al., 2000; Seder et al., 2008), the influenza
virus (Wilkinson et al., 2012; La Gruta and Turner, 2014),
and the human papilloma virus (Stanley, 2006), is known to
be dependent on T cell-mediated immunity, especially CTLs.
Therefore, T cells are also likely to play an important role
in NoV clearance. Following NoV infection/challenge, IFN-γ
secretion by CD4+ T cells has been analyzed only by ELISAs
using NoV VLPs as antigens, and the results indicated the
generation of NoV-specific memory T cell responses (Lindesmith
et al., 2005, 2010). Furthermore, the essential role of T
cells in controlling NoV infections has been provided by
studies with murine NoV (Chachu et al., 2008; Tomov et al.,
2013).

In the present study, we employed ELISPOT IFN-γ and ICS
assays to study ex vivo NoV-specific T cell responses in adult
human subjects for the first time. We used 18-mer synthetic
peptides derived from the NoV GII.4 sequence organized into
matrix peptide pools to identify NoV-specific T cell epitopes.

MATERIALS AND METHODS

Human Blood Donors
Venous blood samples (30 ml) were obtained from eight
healthy adult (age range 26–56, Table 1) volunteers (laboratory
personnel) with no symptoms of acute gastroenteritis in the
past year. Additional blood of two volunteers (Donors 2 and 4)
was collected for subsequent ICS experiments. Informed consent
was obtained from each volunteer prior to the sample collection
in accordance with the Declaration of Helsinki. No approval
by an ethical committee was needed. PBMCs were isolated
from the heparinized blood samples within 6 h of collection
by Ficoll-Paque PLUS (GE Healthcare, Little Chalfont, UK)
density gradient and suspended in cell medium (CM) containing
RPMI 1640 with Glutamax R© and HEPES (GibcoTM by Thermo
Fisher Scientific, Waltham, USA) supplemented with 10 µg/ml
Gentamicin (GibcoTM) and 10% fetal bovine serum (FBS, Sigma–
Aldrich, St. Louis, MO, USA). Plasma was collected from each
donor’s blood sample and stored at −20◦C until further use.
Human leukocyte antigen (HLA) typing was done by HLA locus-
specific amplification by PCR and the subsequent probing of the
product by sequence-specific oligonucleotide probe (PCR-SSOP,
ProImmune Ltd., Oxford, UK).
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TABLE 1 | T cell interferon gamma (IFN-γ) responses to NoV antigens.

Donor # Age(years) CM GII.4-99 VLP GII.4 SYD VLP GI.3 VLP GII.4-99 peptide poola CEF peptide pool OVA peptide

1 38 13b 80 63 128 90 355 15

2 35 0 10 15 8 268 225 0

3 56 3 50 53 90 80 1345 3

4 36 0 23 50 75 640 1390 3

5 47 0 18 23 20 28 763 3

6 44 3 60 33 38 95 1698 15

7 26 8 55 50 170 140 1248 8

8 45 10 50 35 40 58 325 18

aGII.4-99 complete peptide pool containing 76 single peptides. bMean spot forming cell (SFC) values per 106 PBMCs of parallel wells in ELISPOT IFN-γ assay. Positive
SFC (≥50 SFC) are bolded. VLP, virus-like particle; CM, cell media; CEF, cytomegalovirus, Epstein–Barr Virus and Influenza virus; OVA, ovalbumin; SFC, spot-forming
cells; SEM, standard error of the mean.

Recombinant Proteins
Norovirus VP1 genes of the ancestor GII.4-1999 (GII.4-99,
reference strain accession no: AF080551), the most recent GII.4
Sydney (SYD, accession no: AFV08795.1), and the representative
genotype of GI genogroup, GI.3-2002 (accession no: AF414403),
were cloned into pFastBac1 vector (Invitrogen, Carlsbad, CA,
USA) and transfected in Spodoptera frugiperda (Sf)9 insect cells
(Invitrogen) as described in detail elsewhere (Blazevic et al.,
2011). The amplified BV stocks were used (multiple of infection,
MOI = 1) for the production of NoV VP1 proteins in Sf9 cells
which self-assembled into VLPs (Figure 1). The harvested VLPs
were purified by two consecutive discontinuous sucrose gradient
ultracentrifugations as previously described (Huhti et al., 2010).
The residual sucrose was removed from the VLP preparations
by dialysis against a PBS followed by a concentration step with
Amicon Ultra-30 filtering units (Merc Millipore, Billerica, MA,
USA). The protein concentrations of the purified VLP stocks
were determined by BCA Protein Assay (PierceTM by Thermo
Fisher Scientific). The purity, morphology, and in vitro and
in vivo antigenicity of the VLPs were analyzed by sodium dodecyl
sulfate polyacrylamide gel electrophoresis, electron microscopy
(EM, Figure 1), ELISA, and mouse immunization experiments as
earlier published by our laboratory (Huhti et al., 2010; Blazevic
et al., 2011; Uusi-Kerttula et al., 2014; Malm et al., 2015).

Synthetic Peptides
Seventy-six individual synthetic peptides designated 99-1 to 99-
76 representing the entire 539 amino acid (aa) sequence of GII.4-
99 NoV VP1 were synthetized (Synpeptide Co. Ltd, Shanghai,
China) as 18-mers with adjacent peptides overlapping by 11
aa. The purity exceeded 70%, as determined by high pressure
liquid chromatography. Each lyophilized peptide was dissolved in
dimethyl sulfoxide (DMSO, Sigma–Aldrich) and further diluted
in sterile PBS (Lonza, Basel, Switzerland) for use in the assays.
The amount of DMSO never exceeded 0.01% in the final
medium. A complete peptide pool (containing all 76 peptides)
and 18 two-dimensional matrix pools (M1–M18) were made
from individual peptides as previously described (Wilkinson
et al., 2012). The first dimension included nine pools (M1–M9),
the second dimension also included nine pools (M10–M18), and
each pool contained eight or nine individual peptides so that each

peptide was present in two different matrix pools. A CEF peptide
pool (CTL Europe GmbH) containing 32 viral T cell epitopes
from the human cytomegalovirus virus, the Epstein–Barr virus,
and the influenza virus was used as a positive control peptide
pool (Currier et al., 2002) in the ELISPOT assays. A murine T
cell epitope (McFarland et al., 1999) derived from OVA (323–
339, Invivogen, San Diego, CA, USA) was used as an irrelevant
negative control peptide in the assays.

Norovirus-Specific Serology Assay
An ELISA was utilized to detect the NoV GII.4-99-, GII.4
SYD-, and GI.3-specific IgG antibodies in the human samples
as previously described (Malm et al., 2014). In brief, plasma
diluted serially starting at 1:100 was added to NoV VLP-coated
(25 ng/well) half-area 96-well plates (Corning Inc., Corning, NY,
USA) and incubated for 1h at +37◦C. One known NoV-positive
and -negative human serum was added to each plate as controls.
Blank wells lacking a sample were added as background controls.
The bound antibodies were detected by HRP conjugated anti-
human IgG (Novex R© by Thermo Fisher Scientific) reacting with
o-phenylenediamine dihydrochloride substrate (OPD, Sigma-
Aldrich). The OD values of each well were measured in a
microplate reader (Victor2 1420, Perkin Elmer, Waltham, MA,
USA). The results are expressed as the end-point titers of the
individual plasma determined as the highest titer giving an
OD value above the set cut-off value (mean OD for negative
control wells + 3 × SD and at least 0.100 OD) after background
subtraction.

ELISPOT IFN-γ Assay
Fresh PBMCs of the eight donors were assayed in an ELISPOT
assay for IFN-γ production upon stimulation with NoV VLPs
(GII.4-99, GII.4 SYD, and GI.3) or synthetic GII.4-99 peptides
used as a complete peptide pool, peptide matrices, and in
subsequent experiments as single peptides. Ninety-six-well
nitrocellulose filter plates (Millipore) were coated at +4◦C (18–
72 h) with anti-human IFN-γ capture antibody (Mabtech) at
a concentration of 5 µg/ml. After washing with sterile PBS,
the plates were blocked for 2–3 h with CM containing 10%
FBS. The antigens were added to the plates: VLPs at final
concentrations of 0.5 and 5 µg/ml and GII.4-99 peptide pools
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FIGURE 1 | Electron microscopy image of baculovirus-insect cell system-produced and sucrose gradient-purified norovirus GII.4-99 (A), GII.4 Sydney
(B), and GI.3 (C) virus-like particles (VLPs). VLPs were negatively stained with 3% uranyl acetate (pH 4.5) and the preparations were examined using an FEI
Tecnai F12 electron microscope at a magnification of 23,000×.

at 2 µg/ml. The dilutions of the final peptide pools used in the
assay were determined from earlier titration experiments. The
single peptides were used at 0.5–4 µg/ml final concentration.
Positive control (CEF-pool, at 1.5 µg/ml) and negative control
(OVA 323–339, at 2 µg/ml) peptides and CM only (background
control) were tested on each plate. Fresh PBMCs were added at
0.2 × 106 cells/well and the plates were incubated for 44 h at
+37◦C and 5% CO2. After discarding the cells, the plates were
washed and biotinylated anti-human IFN-γ antibody (Mabtech)
was added at 2 µg/ml. The plates were incubated for 3 h at RT
followed by 1 h incubation with 1:500 diluted streptavidin-HRP
(BD, Trenton, NJ, USA). The spots were developed for 7.5 min
with Vector Nova Red substrate (Vector Labs, Burlingame,
CA, USA) in the dark and the reaction was stopped with
tap water. The plates were air-dried prior to automated spot
counting by an ImmunoSpot Series II analyzer (CTL Europe,
Leinfelden-Echterdingen, Germany). The results are expressed as
mean SFC/106 PBMCs of the duplicate wells. The results were
considered positive if the number of SFC per well was ≥50
spots/106 PBMCs and twice above the background control (CM
only wells). SFC in the background control wells never exceeded
15 SFC/106 PBMCs.

Intracellular Cytokine Staining (ICS)
An ICS assay was employed to measure IFN-γ, TNF-γ and IL-
2 cytokine production, and to determine the T cell phenotype
responsible for cytokine secretion. Fresh PBMCs of two donors
were stimulated (1 × 106 cells/condition) with 2 µg/ml 99–20
single peptide or with 1 µg/ml SEB (Sigma) in the presence of
1 µg/ml CD28 and 1 µg/ml CD49d costimulatory antibodies
(BD Biosciences, San Jose, CA, USA) for 2 h at 37◦C. As a
control, PBMCs were incubated in CM only supplemented with
the costimulatory antibodies. The protein transport inhibitor
brefeldin A (GolgiPlug, BD Biosciences, San Jose, CA, USA) at
a concentration of 10 µg/ml was added and the incubation was
continued for 16 h. After the stimulation, cells were treated with
EDTA for 15 min to arrest activation and remove adherent cells,
and washed with FACS Stain buffer. Non-specific binding was

blocked by incubating the cells for 10 min with Human BD Fc
Block. Cell surface markers CD3 and CD8 were stained before
the permeabilization of the cells by incubating the cells with
monoclonal antibodies against human CD3 (clone UCHT1, FITC
conjugate) and CD8 (clone RPA-T8, PerCP-Cy5.5 conjugate)
in 50 µl Stain buffer for 30 min on ice in the dark. Cells
were washed twice with Stain buffer and treated with BD
Fixation/Permeabilization solution for 20 min according to the
manufacturer’s instructions. Fixed and permeabilized cells were
washed twice with BD Perm/Wash buffer before intracellular
staining with the mixture of IFN-γ (clone 4S.B3) phycoerythrin
(PE)-Cy7-conjugate, IL-2 (clone MQ1-17H12) phycoerythrin-
conjugate, and TNF-α (clone MAb11) APC-conjugate in 50 µl
Perm/Wash buffer for 30 min on ice in the dark. After the ICS
incubation period, PBMCs were washed twice with Perm/Wash
buffer and resuspended in Staining Buffer for acquisition and
analysis. All reagents used for ICS were purchased from BD
Pharmingen (San Jose, CA, USA).

Flow Cytometric Analysis
Samples were acquired using a 2-laser FACS CantoII flow
cytometer (BD) and FACSDiva Software V 6.1.3 (Becton
Dickinson, Heidelberg, Germany) within 2 h of staining with
fluorescent antibodies. PMT voltages were adjusted with the
unstained, fixed PBMC sample. At least 70,000 CD3+ cells
were acquired per sample. The gates were designed in the
negative control sample with consideration of the marker
downregulation from the stimulated samples. The gating
strategy is shown in Figure 2. The final analysis plots of
IFN-γ IL-2, and TNF-α were gated on CD3+CD8+ and
CD3+CD8− populations. The data analysis was performed
using FlowJo software version 10.1 (Tree Star, San Carlos,
CA, USA). Cytokine responses were defined as positive if
the percentages of cytokine-positive cells stimulated with the
antigens were at least two times higher and >0.05% above the
cytokine positive cells in the background (CM; Ferrari et al.,
2004).
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FIGURE 2 | The gating strategy for flow cytometry analysis from representative data. PBMCs from a donor were stimulated with SEB for 16 h in the
presence of brefeldin A and then stained for IFN-γ and lineage markers CD3 and CD8. A forward and side scatter was used for gating the lymphocyte population.
CD3+ lymphocyte population was further gated to CD8+ and CD8− populations and IFN-γ staining was analyzed for both populations as previously described by
others (Meddows-Taylor et al., 2007). Dot plots show gated populations and events as percentages of the parent population.

Statistical Analyses
Fisher’s exact test was used to compare the differences in the
IgG end-point titers. The Mann–Whitney U-test was used to
assess the differences between NoV VLP- and GII.4-99 peptide
pool-induced SFC/106 PBMCs in the ELISPOT. Spearman’s
rank correlation coefficient was used to examine the correlation
between the SFC/106 PBMCs and the antibody end-point titer.
Statistical analyses were performed using IBM SPSS Statistics
(SPSS, Chicago, IL, USA) version 23.0. Statistical significance
was defined as p < 0.05. All hypothesis tests were two-
tailed.

RESULTS

Antibody Responses
NoV GII.4-99, GII.4 SYD, and GI.3 VLPs were used as antigens
in an ELISA to test plasma IgG antibody binding to native,
conformational antigenic determinants. The results showed that
all eight donors had NoV-specific antibodies (Figure 3A),
indicating previous NoV exposure, but the magnitude of the
genotype-specific responses varied among the donors. All donors
had antibody response to GII.4-99, and the end-point titers to this
genotype were the highest of the three VLPs tested (Figure 3B,
p < 0.05).

T Cell Response to NoV VLPs and Capsid
Peptide Pool
An ELISPOT assay was utilized to detect ex vivo IFN-γ release
from human PBMCs after in vitro stimulation for 44 h with
NoV VLPs (GII.4-99, GII.4 SYD, and GI.3) or a complete peptide

pool derived from GII.4-99 capsid VP1. None of the donors
responded to stimulation with 0.5 µg/ml VLPs (data not shown).
Table 1 shows that when using a high concentration (5 µg/ml)
of the VLPs, six of the eight donors responded to at least one
VLP, and three donors produced IFN-γ in response to all VLPs
tested. Interestingly, all but one donor (#5) responded to the
GII.4-99 peptide pool, but only five responded to GII.4-99 VLPs
(Table 1). Furthermore, the number of IFN-γ-secreting cells
in response to the peptide pool was higher (mean 175 ± 71.2
SFC/106 cells) than the response to the corresponding GII.4-
99 VLPs (mean 43 ± 8.5 SFC/106 cells; p < 0.05). However,
there was a difference in the magnitude of these responses
in each individual and high variation among the donors was
seen, especially with the peptide pool stimulation (58–640 mean
SFC/106 PBMCs). Two donors (#2 and #4), who were the
best responders to the GII.4-99 peptide pool, had no response
to the VLPs of the same origin. Only one donor (#5) did
not respond either to the VLP or peptide pool stimulation.
PBMCs of all eight donors produced IFN-γ after the CEF
peptide pool stimulation (>200 SFC/106 PBMCs) and none
responded to the negative OVA control peptide (<20 SFC/106

PBMCs).

Correlation of T Cell and Antibody
Responses
Next, we determined whether NoV VLP-specific antibody titers
correlated with the corresponding genotype T cell responses
detected in the ELISPOT IFN-γ assays (Figure 4). No correlation
(p > 0.05) was observed between GII.4-99 antibody titers and
IFN-γ-producing PBMC numbers after the VLP (Figure 4A)
or complete peptide pool (Figure 4B) stimulation. Similarly,
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FIGURE 3 | Norovirus genotype-specific immunoglobulin G (IgG) antibody titers. The plasma of eight donors was used to determine individual end-point titer
(A) and geometric mean titers (GMTs) with 95% confidence intervals (B) against NoV GII.4-1999, GII.4 Sydney, and GI.3 VLPs in an enzyme-linked immunosorbent
assay (ELISA). Statistical significance was determined by Fisher’s exact test, and a p-value ≤ 0.05 was considered to be statistically significant (∗).

FIGURE 4 | Correlation of GII.4-1999-specific antibody and T cell responses. Spearman’s rank correlation (r) was determined between the norovirus
GII.4-1999-specific antibody titer and ELISPOT IFN-γ spot-forming cell (SFC)/106 peripheral blood mononuclear cells (PMBCs) in response to GII.4-99 VLPs (A) and
a complete capsid peptide pool (B) stimulation.

no correlation was detected between antibody titers and IFN-
γ-secreting cell numbers against GII.4 SYD (r = −0.268,
p= 0.521) or GI.3 (r = 0.328, p= 0.618) VLPs (data not shown).

Mapping of T Cell Epitopes with Matrix
Peptide Pools
Seventy-six 18-mer overlapping peptides spanning the entire
GII.4-99 VP1 were used to identify NoV-specific T cell epitopes.
PBMCs of each donor were assayed for IFN-γ production in an
ELISPOT assay in response to the peptides organized into 18
matrix pools (M1–M18). Only three of the eight donors (donors
#2, #4, and #7) responded to at least two matrix pools (Figure 5),
and the same donors also had the strongest response to the
complete GII.4-99 peptide pool (Table 1). The strongest peptide-
specific IFN-γ response was toward matrix pools M2 and M12 in

donors #2 and #4. Donor #4 also responded moderately to matrix
pools M7 and M11, as did donor #7 to M4 and M13 (Figure 5).

For each donor responding to the matrix pools, stimulatory
peptides contained in the pools were deconvoluted from a two-
dimensional matrix system, where each peptide appeared only
once in each dimension. Three single peptides were identified as
putative T cell epitopes: 99-16 peptide (aa 106-123) included in
the M7 and M11 pools (donor #4), 99-20 peptide (aa 134-151)
included in the M2 and M12 pools (donors #2 and #4), and 99-31
(aa 211-228) in the M4 and M13 pools (donor #7).

T Cell Restriction of the Epitopes
In the three donors with the T cell epitopes deconvoluted
from a two-dimensional matrix system, newly isolated PBMCs
were stimulated with the single peptides 99-16, 99-20, and
99-31 in the second ELISPOT IFN-γ assay. Only peptide
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FIGURE 5 | Enzyme-linked immunosorbent spot interferon gamma (IFN-γ) responses to GII.4-1999 matrix peptide pool stimulation. Peripheral blood
mononuclear cells (PBMCs) of eight donors (#1-8) were stimulated with 76 18-mer GII.4-99 capsid-derived single peptides organized into 18 matrix pools (M1–M18)
or left unstimulated (CM, culture media). Shown are the mean spot-forming cells (SFC)/106 PBMCs of two replicate wells with the standard errors of the mean. The
cut-off line (dotted line) represents the positive SFC/106 value of >50 SFC/106 cells.
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FIGURE 6 | Enzyme-linked immunosorbent spot IFN-γ responses toward NoV GII.4-1999 T cell epitope 99-20. Fresh peripheral blood mononuclear cells
(PBMCs) of donors #2 (A) and #4 (B) were stimulated with an increasing concentration (0–4 µg/ml) of peptide 99-20 containing the putative NoV-specific T cell
epitope. Shown are the spot-forming cells (SFC)/106 PBMCs of two replicate wells with standard errors of the mean. The cut-off line (dotted line) represents the
positive SFC/106 value of >50 SFC/106 cells.

99-20 (134SPSQVTMFPHIIVDVRQL151) induced strong IFN-γ
production in donors #2 (Figure 6A) and #4 (Figure 6B), who
originally responded strongly to the M2 and M12 matrix pools
(Figure 5 and data not shown).

Peptide 99-20 was further tested by ICS to identify the T cell
subset responsible for IFN-γ production in donors #2 and #4
determined by the ELISPOT assay. Additionally, IL-2 and TNF-α
cytokine secretion were simultaneously analyzed. Fresh PBMCs
were stimulated with the peptide 99-20 or SEB as a positive
control antigen. The unstimulated PBMCs (CM) sample served
as a background control. The percentages of cytokine-producing
cells were determined within the CD3+CD8+ and CD3+CD8−
(CD4+) T cell populations. Peptide 99-20 induced the expression
of all three cytokines by CD3+CD8+ T cells for both donors
(Figure 7), identifying the epitope as CD8+ T cell-restricted.
These two donors were further typed for the HLA-A, -B, and
-C alleles in order to identify possible common HLA class I
restricting molecule binding to the peptide epitope 99-20. The
typing results showed that both donors carry HLA-A∗02:01 allele.

Further analysis of the cells responding to peptide 99-20 by
IFN-γ production (gating on CD3+CD8+IFN-γ+ lymphocytes)
revealed that∼74% of these populations in both donors were also
simultaneously expressing IL-2 and TNF-α cytokines. No positive
responses were found in the CD4+ T cell gate for any of the
cytokines after the 99-20 peptide stimulation (data not shown).
Both the CD3+CD8+ and CD3+CD8− T cell populations of
each donor were positive for all cytokines after SEB stimulation,
confirming the good viability and functionality of the cells and a
successful staining protocol (Figure 2 and data not shown).

DISCUSSION

Very limited published information is available on natural T
cell immunity in NoV-infected humans (Tacket et al., 2003;

Lindesmith et al., 2005, 2010). CD4+ Th and CD8+ CTLs
are important in protection from infection by different viruses,
including influenza (La Gruta and Turner, 2014; Lartey et al.,
2015), HIV (Rosenberg et al., 1997; Blazevic et al., 2000), HPV
(Stanley, 2006), and the Epstein–Barr virus (Pepperl et al.,
1998). Protective immunity to NoV might also be partially
dependent on the activation of T cell immunity. Murine NoV
establishes persistent infection in the absence of functional T
cells, supporting the importance of T cell-mediated immunity in
NoV infection (Wobus et al., 2006; Chachu et al., 2008; Tomov
et al., 2013).

We studied antibody and T cell-mediated pre-existing
immune responses in eight healthy adult donors. Each donor
had a positive serum IgG antibody titer against all NoV
VLPs tested, indicating previous exposures to the NoV (Jing
et al., 2000; Nurminen et al., 2011; Carmona-Vicente et al.,
2015). Two NoV GII.4 VLPs, derived from an ancestor GII.4-
99 and the most recent GII.4 SYD variants, were chosen as
antigens, as GII.4 has been the dominating NoV genotype for
over two decades (Bull and White, 2011; Eden et al., 2014).
GI.3 VLPs were chosen as a representative genotype of the
GI genogroup contributing to a minority of NoV infections
in humans (Matthews et al., 2012). The strongest antibody
response in seven of the eight donors was detected toward
GII.4-99 VLPs, suggesting that most of the donors have been
exposed to GII.4-99 or antigenically closely related variants in
the past. As these donors have likely not experienced infection
with the recently circulating GII.4 SYD, the antibody responses
to this genotype were significantly lower, probably consisting
of cross-reactive antibodies raised to the earlier circulating
variants of the GII.4 genotype (Rockx et al., 2005; Malm et al.,
2015).

Different methods are employed to measure T cell responses
in natural infections and vaccination studies. ELISPOT and ICS
detecting IFN-γ secretion from PBMCs induced by synthetic
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FIGURE 7 | Expression of IFN-γ, IL-2, and TNF-α by intracellular staining after stimulation with NoV GII.4-1999 peptide epitope 99-20. Peripheral blood
mononuclear cells (PBMCs) of donors #2 having A∗01:01/∗02:01; B∗08:01/∗56:01; C∗01:02/∗07:01 HLA class I phenotype alleles (A) and #4 having
A∗02:01/∗32:01; B∗35:01/∗40:02; C∗03:04/∗04:01 HLA class I phenotype alleles (B) were stimulated with 2 µg/ml of 99-20 single peptide for 16 h and the cytokine
response was measured by flow cytometry. PBMCs in culture media only (CM) (left panel) and peptide-stimulated PBMCs (right panel) were gated to CD3+CD8+ T
cells and the percentages of IFN-γ, IL-2, or TNF-α cytokine-expressing cells are indicated.

peptides and/or recombinant whole proteins are the most
commonly used (Schmittel et al., 2001; Currier et al., 2002;
Kutscher et al., 2008; Streeck et al., 2009; Freer and Rindi, 2013;
Kutscher et al., 2013; Lartey et al., 2015). In comparison to
ICS, ELISPOT is highly sensitive but does not identify the cell
type responsible for the cytokine production (Tassignon et al.,
2005; Tobery et al., 2006). Therefore, using ICS to complement
results from an ELISPOT assay is a worthwhile and generally
used practice (Freer and Rindi, 2013; Lartey et al., 2015).
To study T cell-mediated immunity, we investigated ex vivo
IFN-γ production from freshly isolated PBMCs in response to
stimulation with NoV VLPs and GII.4-99 synthetic peptides by
both ELISPOT IFN-γ and ICS. We detected a much higher
frequency and magnitude of T cell responses using an ELISPOT
IFN-γ assay in previously exposed adult human donors toward
synthetic peptides (pooled and individual) than the whole protein
assembled in the VLPs. All but one donor responded to the

complete GII.4-99 peptide pool, but only five responded to GII.4-
99 VLPs. Furthermore, two donors had a strong CD8+ T cell
response to GII.4-99-specific peptide 99-20, but no response to
the corresponding VLPs, as shown by the ELISPOT IFN-γ.

The greater response to the peptides than VLPs detected
here is not surprising, as the 15-20-mer synthetic peptides
added exogenously to the PBMCs circumvent the need for
antigen processing by directly binding to HLA classes I and
II molecules and stimulating both CD4+ and CD8+ T cells
efficiently (Blazevic et al., 1995; Kern et al., 2000; Kaufhold
et al., 2005). In contrast, protein antigens require processing
into smaller peptide fragments by antigen-presenting cells before
being presented for T cell recognition, preferentially stimulating
CD4+ T cells through HLA class II molecules. The ELISPOT
assay employing peptides usually requires overnight incubation
(Schmittel et al., 2001; Kaufhold et al., 2005). Therefore, we used
a 44 h assay to ensure processing of the VLPs and the binding
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of the peptide fragments to HLA molecules. Comparison of
the assays performed at 20 or 44 h showed that NoV peptide-
induced responses were comparable but the responses to the
VLPs were slightly improved by a longer incubation period (data
not shown). The absence of NoV seronegative samples implies
problems in setting the cut-off for true positives and warrants
further studies with the samples where the T cell response is
absent, such as cord blood samples.

The 18-mer epitope 99-20 (134SPSQVTMFPHIIVDVRQL151),
which induced strong IFN-γ, IL-2, and TNF-α production by
CD8+ T cells in two donors, may be restricted to an identical
HLA class I molecule shared between these two subjects or
may contain overlapping epitopes restricted by different HLA
class I molecules. Indeed, the HLA typing of the two donors
identified the HLA-A∗02:01 as a possible restriction allele as
both subjects carry this molecule. To fully describe the minimal
epitope sequence and to confirm its restriction, future work is
necessary. As the adjacent overlapping peptides (99-19 and 99-
21, respectively) did not elicit IFN-γ responses (data not shown),
the minimal T cell epitope is probably not contained in the
overlapping 11 aa peptide segments. As optimal CD8+ T cell
epitopes are 9 aa long (Kiecker et al., 2004; Murphy et al., 2007),
mapping studies using peptides of a shorter length are required
to identify the minimal epitope. Congruently, peptide binding
predictions using the IEDB analysis resource and ANN (Nielsen
et al., 2003; Lundegaard et al., 2008) and SMM (Peters and Sette,
2005) tools showed that the 10 aa sequence 139TMFPHIIVDV148,
contained in the 18-mer peptide 99-20, has a high affinity binding
(IC50 < 100 nM) to the HLA-A∗02:01 allele. Simultaneous
production of these cytokines by NoV-specific CD8+ T cells
indicates the generation of multifunctional memory T cells after
natural infection. It was previously shown that human central
memory CD8+ T cells – but not effector memory T cells –
produce IFN-γ and IL-2 in response to virus epitopes (Mallard
et al., 2004). These multifunctional T cells have been shown to be
highly relevant for conferring protection from infections such as
influenza (Seder et al., 2008; La Gruta and Turner, 2014; Lartey
et al., 2015).

The 99-20 epitope is situated in the S domain of the capsid VP1
and is highly conserved between distant GII.4 variants. There is
only 1 aa change in the sequence between the GII.4-99 and GII.4
SYD (145I to 145V). The 18 aa-long peptide sequence is highly
specific to the GII.4 genotype and differs by five aa from other
GII NoVs, including the GII.1, GII.2, GII.3, GII.12, and GII.17
genotypes; the aa at positions 136 (S), 138 (V), and 144 (I) are
variable in all aligned GII strains.

In this study, no correlation was found between pre-existing
NoV-specific antibody levels and T cell responses, however,
the small sample size makes it difficult to interpret the
absence of correlation. In contrast to the antibody responses,
our results indicate that natural T cell immunity to NoV is
quite weak. Congruently, limited information published thus
far (Tacket et al., 2003; Lindesmith et al., 2010) has shown
virtually undetectable baseline levels of NoV-specific T cell
responses prior to challenge or immunization. The mapping
studies performed here to detect the production of IFN-γ to
synthetic peptides by the PBMCs of adult donors exposed

to NoV in the past revealed a limited number of dominant
T cell stimulatory epitopes in the NoV GII.4 capsid protein.
Three putative T cell epitopes were identified using matrix
pools, located in the S domain (peptide 99-16, aa 106-123 and
peptide 99-20, aa 134-151) and at the junction of the S and
P1 domains (peptide 99-31, aa 211-228) of the NoV capsid,
but only one epitope was confirmed with the use of single
peptides in the ELISPOT assay. Intramuscular immunization
of mice of a single haplotype (H-2d) with GII.4-99 VLPs
induced responses to seven peptide epitopes located alongside
the capsid VP1 (unpublished observation), which is more than
seen in the eight NoV-exposed human donors. Studies on
recently exposed individuals or young children are needed to
elucidate if NoV-specific T cell response differs after recent
infection. It also remains to be seen if the NoV vaccination
would induce novel epitopes to broaden the T cell responses in
humans or/and increase the frequency of already existing NoV-
specific T cells. Additionally, gut-associated lymphoid tissue
needs to be investigated to determine T cell responses in
the gut, which may be different from the peripheral blood T
cells.

Short-lived antibody responses to NoV described previously
(Johnson et al., 1990; Simmons et al., 2013; Blazevic et al.,
2015a), together with a restricted memory T cell response to NoV
described here, may be responsible for repeated NoV infections
over an individual’s life time. Blocking (neutralizing) antibodies
are the most recognized correlate of protection against NoV
infection, and their activity is measured in current clinical trials
with VLP-based vaccine candidates (Lindesmith et al., 2015;
Ramani et al., 2016). Protection against NoV probably reflects
the sum of various immune responses, including antibody and
T cell responses. Therefore, measuring both arms of the adaptive
immunity should be undertaken in clinical trials. More studies on
NoV-specific T cell responses are needed to determine their role
in protection from infection.

This article describes for the first time an ELISPOT IFN-
γ method using synthetic peptides to measure NoV-specific T
cell responses from freshly isolated PBMCs. In addition, we
identified the first human NoV-specific CD8+ T cell epitope
(134SPSQVTMFPHIIVDVRQL151) using this approach.

AUTHOR CONTRIBUTIONS

MM and KT, equal contribution, shared first authorship.
Sample acquisition, processing and laboratory analysis (ELISA,
ELISPOT, ICS and flow cytometry). Data acquisition, analysis
and interpretation. Writing the manuscript. Final approval of the
version to be submitted. MM only: corresponding author during
the manuscript submission only. TV, the head of Vaccine research
center. Critical revision of article for important intellectual
content. Final approval of the version to be submitted. VB,
the head of the laboratory. Corresponding author in the final
published article. Conception and designing the study, data
interpretation, drafting and writing the article, critical revision
of article for important intellectual content. Final approval of the
version to be submitted.

Frontiers in Microbiology | www.frontiersin.org 10 October 2016 | Volume 7 | Article 1570

http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


fmicb-07-01570 September 29, 2016 Time: 16:25 # 11

Malm et al. Norovirus-Specific T Cell Responses

ACKNOWLEDGMENTS

The volunteers participating in this study are gratefully
acknowledged. We thank Suvi Lappalainen for the

sequence alignments, and we also are grateful for the
technical assistance given by the laboratory personnel
of the Vaccine Research Center at the University of
Tampere.

REFERENCES
Atmar, R. L., Bernstein, D. I., Lyon, G. M., Treanor, J. J., Al-Ibrahim, M. S., Graham,

D. Y., et al. (2015). Serological correlates of protection against a GII.4 Norovirus.
Clin. Vaccine Immunol. 22, 923–929. doi: 10.1128/CVI.00196-15

Blazevic, V., Lappalainen, S., Nurminen, K., Huhti, L., and Vesikari, T. (2011).
Norovirus VLPs and rotavirus VP6 protein as combined vaccine for childhood
gastroenteritis. Vaccine 29, 8126–8133. doi: 10.1016/j.vaccine.2011.08.026

Blazevic, V., Malm, M., Honkanen, H., Knip, M., Hyoty, H., and Vesikari, T.
(2015a). Development and maturation of norovirus antibodies in childhood.
Microbes Infect. 18, 263–269. doi: 10.1016/j.micinf.2015.12.004

Blazevic, V., Malm, M., Salminen, M., Oikarinen, S., Hyoty, H., Veijola, R., et al.
(2015b). Multiple consecutive norovirus infections in the first 2 years of life.
Eur. J. Pediatr. 174, 1679–1683. doi: 10.1007/s00431-015-2591-8

Blazevic, V., Malm, M., and Vesikari, T. (2015c). Induction of homologous
and cross-reactive GII.4-specific blocking antibodies in children after
GII.4 new orleans norovirus infection. J. Med. Virol. 87, 1656–1661. doi:
10.1002/jmv.24237

Blazevic, V., Ranki, A., and Krohn, K. J. (1995). Helper and cytotoxic T cell
responses of HIV type 1-infected individuals to synthetic peptides of HIV
type 1 Rev. AIDS Res. Hum. Retroviruses 11, 1335–1342. doi: 10.1089/aid.1995.
11.1335

Blazevic, V., Sahgal, N., Kessler, H. A., Landay, A. L., and Shearer, G. M. (2000).
T cell responses to recall antigens, alloantigen, and mitogen of HIV-infected
patients receiving long-term combined antiretroviral therapy. AIDS Res. Hum.
Retroviruses 16, 1887–1893. doi: 10.1089/08892220050195847

Bok, K., Abente, E. J., Realpe-Quintero, M., Mitra, T., Sosnovtsev, S. V., Kapikian,
A. Z., et al. (2009). Evolutionary dynamics of GII.4 noroviruses over a 34-year
period. J. Virol. 83, 11890–11901. doi: 10.1128/JVI.00864-09

Bull, R. A., and White, P. A. (2011). Mechanisms of GII.4 norovirus evolution.
Trends Microbiol. 19, 233–240. doi: 10.1016/j.tim.2011.01.002

Cao, S., Lou, Z., Tan, M., Chen, Y., Liu, Y., Zhang, Z., et al. (2007). Structural
basis for the recognition of blood group trisaccharides by norovirus. J. Virol.
81, 5949–5957. doi: 10.1128/JVI.00219-07

Carmona-Vicente, N., Fernandez-Jimenez, M., Ribes, J. M., Tellez-Castillo, C. J.,
Khodayar-Pardo, P., Rodriguez-Diaz, J., et al. (2015). Norovirus infections and
seroprevalence of genotype GII.4-specific antibodies in a Spanish population.
J. Med. Virol. 87, 675–682. doi: 10.1002/jmv.24112

Chachu, K. A., LoBue, A. D., Strong, D. W., Baric, R. S., and Virgin, H. W.
(2008). Immune mechanisms responsible for vaccination against and clearance
of mucosal and lymphatic norovirus infection. PLoS Pathog. 4:e1000236. doi:
10.1371/journal.ppat.1000236

Currier, J. R., Kuta, E. G., Turk, E., Earhart, L. B., Loomis-Price, L., Janetzki, S.,
et al. (2002). A panel of MHC class I restricted viral peptides for use as a quality
control for vaccine trial ELISPOT assays. J. Immunol. Methods 260, 157–172.
doi: 10.1016/S0022-1759(01)00535-X

Eden, J. S., Hewitt, J., Lim, K. L., Boni, M. F., Merif, J., Greening, G., et al. (2014).
The emergence and evolution of the novel epidemic norovirus GII.4 variant
Sydney 2012. Virology 450–451, 106–113. doi: 10.1016/j.virol.2013.12.005

Ferrari, G., Neal, W., Ottinger, J., Jones, A. M., Edwards, B. H., Goepfert, P., et al.
(2004). Absence of immunodominant anti-Gag p17 (SL9) responses among Gag
CTL-positive, HIV-uninfected vaccine recipients expressing the HLA-A*0201
allele. J. Immunol. 173, 2126–2133. doi: 10.4049/jimmunol.173.3.2126

Freer, G., and Rindi, L. (2013). Intracellular cytokine detection by fluorescence-
activated flow cytometry: basic principles and recent advances. Methods 61,
30–38. doi: 10.1016/j.ymeth.2013.03.035

Hall, A. J., Glass, R. I., and Parashar, U. D. (2016). New insights into the global
burden of noroviruses and opportunities for prevention. Expert Rev. Vaccines
15, 949–951. doi: 10.1080/14760584.2016.1178069

Havelaar, A. H., Kirk, M. D., Torgerson, P. R., Gibb, H. J., Hald, T., Lake, R. J., et al.
(2015). World Health Organization global estimates and regional comparisons

of the burden of foodborne disease in 2010. PLoS Med. 12:e1001923. doi:
10.1371/journal.pmed.1001923

Hinkula, J., Ball, J. M., Lofgren, S., Estes, M. K., and Svensson, L. (1995). Antibody
prevalence and immunoglobulin IgG subclass pattern to Norwalk virus in
Sweden. J. Med. Virol. 47, 52–57. doi: 10.1002/jmv.1890470111

Huang, P., Farkas, T., Marionneau, S., Zhong, W., Ruvoen-Clouet, N., Morrow,
A. L., et al. (2003). Noroviruses bind to human ABO, Lewis, and secretor
histo-blood group antigens: identification of 4 distinct strain-specific patterns.
J. Infect. Dis. 188, 19–31. doi: 10.1086/375742

Huhti, L., Blazevic, V., Nurminen, K., Koho, T., Hytonen, V. P., and Vesikari, T.
(2010). A comparison of methods for purification and concentration of
norovirus GII-4 capsid virus-like particles. Arch. Virol. 155, 1855–1858. doi:
10.1007/s00705-010-0768-z

Hutson, A. M., Atmar, R. L., Graham, D. Y., and Estes, M. K. (2002). Norwalk virus
infection and disease is associated with ABO histo-blood group type. J. Infect.
Dis. 185, 1335–1337. doi: 10.1086/339883

Jing, Y., Qian, Y., Huo, Y., Wang, L. P., and Jiang, X. (2000). Seroprevalence against
Norwalk-like human caliciviruses in beijing. China. J. Med. Virol. 60, 97–101.
doi: 10.1002/(SICI)1096-9071(200001)60:1<97::AID-JMV16>3.0.CO;2-D

Johnson, P. C., Mathewson, J. J., DuPont, H. L., and Greenberg, H. B. (1990).
Multiple-challenge study of host susceptibility to Norwalk gastroenteritis in US
adults. J. Infect. Dis. 161, 18–21. doi: 10.1093/infdis/161.1.18

Jones, M. K., Grau, K. R., Costantini, V., Kolawole, A. O., de Graaf, M., Freiden, P.,
et al. (2015). Human norovirus culture in B cells. Nat. Protoc. 10, 1939–1947.
doi: 10.1038/nprot.2015.121

Kaufhold, R. M., Field, J. A., Caulfield, M. J., Wang, S., Joseph, H., Wooters,
M. A., et al. (2005). Memory T-cell response to rotavirus detected with a
gamma interferon enzyme-linked immunospot assay. J. Virol. 79, 5684–5694.
doi: 10.1128/JVI.79.9.5684-5694.2005

Kern, F., Faulhaber, N., Frommel, C., Khatamzas, E., Prosch, S., Schonemann, C.,
et al. (2000). Analysis of CD8 T cell reactivity to cytomegalovirus
using protein-spanning pools of overlapping pentadecapeptides. Eur. J.
Immunol. 30, 1676–1682. doi: 10.1002/1521-4141(200006)30:6<1676::AID-
IMMU1676>3.0.CO;2-V

Kiecker, F., Streitz, M., Ay, B., Cherepnev, G., Volk, H. D., Volkmer-Engert, R., et al.
(2004). Analysis of antigen-specific T-cell responses with synthetic peptides–
what kind of peptide for which purpose? Hum. Immunol. 65, 523–536. doi:
10.1016/j.humimm.2004.02.017

Kroneman, A., Vega, E., Vennema, H., Vinje, J., White, P. A., Hansman, G., et al.
(2013). Proposal for a unified norovirus nomenclature and genotyping. Arch.
Virol. 158, 2059–2068. doi: 10.1007/s00705-013-1708-5

Kutscher, S., Dembek, C. J., Allgayer, S., Heltai, S., Stadlbauer, B., Biswas, P., et al.
(2008). The intracellular detection of MIP-1beta enhances the capacity to detect
IFN-gamma mediated HIV-1-specific CD8 T-cell responses in a flow cytometric
setting providing a sensitive alternative to the ELISPOT. AIDS Res. Ther. 5:22.
doi: 10.1186/1742-6405-5-22

Kutscher, S., Dembek, C. J., Deckert, S., Russo, C., Korber, N., Bogner, J. R., et al.
(2013). Overnight resting of PBMC changes functional signatures of antigen
specific T- cell responses: impact for immune monitoring within clinical trials.
PLoS ONE 8:e76215. doi: 10.1371/journal.pone.0076215

La Gruta, N. L., and Turner, S. J. (2014). T cell mediated immunity to
influenza: mechanisms of viral control. Trends Immunol. 35, 396–402. doi:
10.1016/j.it.2014.06.004

Lartey, S., Pathirana, R. D., Zhou, F., Jul-Larsen, A., Montomoli, E., Wood, J.,
et al. (2015). Single dose vaccination of the ASO3-adjuvanted A(H1N1)pdm09
monovalent vaccine in health care workers elicits homologous and cross-
reactive cellular and humoral responses to H1N1 strains. Hum. Vaccin.
Immunother. 11, 1654–1662. doi: 10.1080/21645515.2015.1048939

Lindesmith, L., Moe, C., Lependu, J., Frelinger, J. A., Treanor, J., and Baric,
R. S. (2005). Cellular and humoral immunity following Snow Mountain virus
challenge. J. Virol. 79, 2900–2909. doi: 10.1128/JVI.79.5.2900-2909.2005

Frontiers in Microbiology | www.frontiersin.org 11 October 2016 | Volume 7 | Article 1570

http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


fmicb-07-01570 September 29, 2016 Time: 16:25 # 12

Malm et al. Norovirus-Specific T Cell Responses

Lindesmith, L., Moe, C., Marionneau, S., Ruvoen, N., Jiang, X., Lindblad, L., et al.
(2003). Human susceptibility and resistance to Norwalk virus infection. Nat.
Med. 9, 548–553. doi: 10.1038/nm860

Lindesmith, L. C., Costantini, V., Swanstrom, J., Debbink, K., Donaldson, E. F.,
Vinje, J., et al. (2013). Emergence of a norovirus GII.4 strain correlates
with changes in evolving blockade epitopes. J. Virol. 87, 2803–2813. doi:
10.1128/JVI.03106-12

Lindesmith, L. C., Donaldson, E., Leon, J., Moe, C. L., Frelinger, J. A.,
Johnston, R. E., et al. (2010). Heterotypic humoral and cellular immune
responses following Norwalk virus infection. J. Virol. 84, 1800–1815. doi:
10.1128/JVI.02179-09

Lindesmith, L. C., Ferris, M. T., Mullan, C. W., Ferreira, J., Debbink, K.,
Swanstrom, J., et al. (2015). Broad blockade antibody responses in human
volunteers after immunization with a multivalent norovirus VLP candidate
vaccine: immunological analyses from a phase I clinical trial. PLoS Med.
12:e1001807. doi: 10.1371/journal.pmed.1001807

Lundegaard, C., Lamberth, K., Harndahl, M., Buus, S., Lund, O., and Nielsen, M.
(2008). NetMHC-3.0: accurate web accessible predictions of human, mouse and
monkey MHC class I affinities for peptides of length 8-11. Nucleic Acids Res. 36,
W509–W512. doi: 10.1093/nar/gkn202

Mallard, E., Vernel-Pauillac, F., Velu, T., Lehmann, F., Abastado, J. P., Salcedo, M.,
et al. (2004). IL-2 production by virus- and tumor-specific human CD8 T
cells is determined by their fine specificity. J. Immunol. 172, 3963–3970. doi:
10.4049/jimmunol.172.6.3963

Malm, M., Tamminen, K., Lappalainen, S., Uusi-Kerttula, H., Vesikari, T., and
Blazevic, V. (2015). Genotype considerations for virus-like particle-based
bivalent norovirus vaccine composition. Clin. Vaccine Immunol. 22, 656–663.
doi: 10.1128/CVI.00015-15

Malm, M., Uusi-Kerttula, H., Vesikari, T., and Blazevic, V. (2014). High
serum levels of norovirus genotype-specific blocking antibodies correlate with
protection from infection in children. J. Infect. Dis. 210, 1755–1762. doi:
10.1093/infdis/jiu361

Matthews, J. E., Dickey, B. W., Miller, R. D., Felzer, J. R., Dawson, B. P., Lee, A. S.,
et al. (2012). The epidemiology of published norovirus outbreaks: a review of
risk factors associated with attack rate and genogroup. Epidemiol. Infect. 140,
1161–1172. doi: 10.1017/S0950268812000234

McFarland, B. J., Sant, A. J., Lybrand, T. P., and Beeson, C. (1999). Ovalbumin(323-
339) peptide binds to the major histocompatibility complex class II I-A(d)
protein using two functionally distinct registers. Biochemistry 38, 16663–16670.
doi: 10.1021/bi991393l

Meddows-Taylor, S., Shalekoff, S., Kuhn, L., Gray, G. E., and Tiemessen, C. T.
(2007). Development of a whole blood intracellular cytokine staining assay
for mapping CD4(+) and CD8(+) T-cell responses across the HIV-1 genome.
J. Virol. Methods 144, 115–121. doi: 10.1016/j.jviromet.2007.04.004

Murphy, K., Travers, P., and Walport, M. (2007). “Chapter 3. Antigen recognition
by B-cell and T-cell receptors,” in Janeway’s Immunobiology, 7th Edn, ed. E.
Lawrence (New York, NY: Garland Science), 110–142.

Nielsen, M., Lundegaard, C., Worning, P., Lauemoller, S. L., Lamberth, K.,
Buus, S., et al. (2003). Reliable prediction of T-cell epitopes using neural
networks with novel sequence representations. Protein Sci. 12, 1007–1017. doi:
10.1110/ps.0239403

Nurminen, K., Blazevic, V., Huhti, L., Rasanen, S., Koho, T., Hytonen, V. P., et al.
(2011). Prevalence of norovirus GII-4 antibodies in Finnish children. J. Med.
Virol. 83, 525–531. doi: 10.1002/jmv.21990

Pepperl, S., Benninger-Doring, G., Modrow, S., Wolf, H., and Jilg, W. (1998).
Immediate-early transactivator Rta of Epstein-Barr virus (EBV) shows multiple
epitopes recognized by EBV-specific cytotoxic T lymphocytes. J. Virol. 72,
8644–8649.

Peters, B., and Sette, A. (2005). Generating quantitative models describing the
sequence specificity of biological processes with the stabilized matrix method.
BMC Bioinformatics 6:132. doi: 10.1186/1471-2105-6-132

Prasad, B. V., Hardy, M. E., Dokland, T., Bella, J., Rossmann, M. G., and Estes, M. K.
(1999). X-ray crystallographic structure of the Norwalk virus capsid. Science
286, 287–290. doi: 10.1126/science.286.5438.287

Ramani, S., Estes, M. K., and Atmar, R. L. (2016). Correlates of protection against
Norovirus infection and disease-where are we now, where do we go? PLoS
Pathog. 12:e1005334. doi: 10.1371/journal.ppat.1005334

Ramani, S., Neill, F. H., Opekun, A. R., Gilger, M. A., Graham, D. Y., Estes, M. K.,
et al. (2015). Mucosal and cellular immune responses to Norwalk virus. J. Infect.
Dis. 212, 397–405. doi: 10.1093/infdis/jiv053

Reeck, A., Kavanagh, O., Estes, M. K., Opekun, A. R., Gilger, M. A., Graham,
D. Y., et al. (2010). Serological correlate of protection against norovirus-induced
gastroenteritis. J. Infect. Dis. 202, 1212–1218. doi: 10.1086/656364

Rockx, B., Baric, R. S., de Grijs, I., Duizer, E., and Koopmans, M. P. (2005).
Characterization of the homo- and heterotypic immune responses after natural
norovirus infection. J. Med. Virol. 77, 439–446. doi: 10.1002/jmv.20473

Rosenberg, E. S., Billingsley, J. M., Caliendo, A. M., Boswell, S. L., Sax,
P. E., Kalams, S. A., et al. (1997). Vigorous HIV-1-specific CD4+ T cell
responses associated with control of viremia. Science 278, 1447–1450. doi:
10.1126/science.278.5342.1447

Saito, M., Goel-Apaza, S., Espetia, S., Velasquez, D., Cabrera, L., Loli, S., et al.
(2014). Multiple norovirus infections in a birth cohort in a Peruvian Periurban
community. Clin. Infect. Dis. 58, 483–491. doi: 10.1093/cid/cit763

Schmittel, A., Keilholz, U., Bauer, S., Kuhne, U., Stevanovic, S., Thiel, E.,
et al. (2001). Application of the IFN-gamma ELISPOT assay to quantify
T cell responses against proteins. J. Immunol. Methods 247, 17–24. doi:
10.1016/S0022-1759(00)00305-7

Seder, R. A., Darrah, P. A., and Roederer, M. (2008). T-cell quality in memory and
protection: implications for vaccine design. Nat. Rev. Immunol. 8, 247–258. doi:
10.1038/nri2274

Siebenga, J. J., Vennema, H., Zheng, D. P., Vinje, J., Lee, B. E., Pang, X. L.,
et al. (2009). Norovirus illness is a global problem: emergence and spread
of norovirus GII.4 variants, 2001-2007. J. Infect. Dis. 200, 802–812. doi:
10.1086/605127

Simmons, K., Gambhir, M., Leon, J., and Lopman, B. (2013). Duration of
immunity to norovirus gastroenteritis. Emerg. Infect. Dis. 19, 1260–1267. doi:
10.3201/eid1908.130472

Stanley, M. (2006). Immune responses to human papillomavirus. Vaccine 24(Suppl.
1), S16–S22. doi: 10.1016/j.vaccine.2005.09.002

Streeck, H., Frahm, N., and Walker, B. D. (2009). The role of IFN-gamma
Elispot assay in HIV vaccine research. Nat. Protoc. 4, 461–469. doi:
10.1038/nprot.2009.7

Tacket, C. O., Sztein, M. B., Losonsky, G. A., Wasserman, S. S., and Estes,
M. K. (2003). Humoral, mucosal, and cellular immune responses to oral
Norwalk virus-like particles in volunteers. Clin. Immunol. 108, 241–247. doi:
10.1016/S1521-6616(03)00120-7

Tamminen, K., Malm, M., Vesikari, T., and Blazevic, V. (2016). Mucosal antibodies
induced by intranasal but not intramuscular immunization block Norovirus
GII.4 virus-like particle receptor binding. Viral Immunol. 29, 315–319. doi:
10.1089/vim.2015.0141

Tassignon, J., Burny, W., Dahmani, S., Zhou, L., Stordeur, P., Byl, B., et al.
(2005). Monitoring of cellular responses after vaccination against tetanus
toxoid: comparison of the measurement of IFN-gamma production by ELISA,
ELISPOT, flow cytometry and real-time PCR. J. Immunol. Methods 305, 188–
198. doi: 10.1016/j.jim.2005.07.014

Tobery, T. W., Dubey, S. A., Anderson, K., Freed, D. C., Cox, K. S.,
Lin, J., et al. (2006). A comparison of standard immunogenicity assays for
monitoring HIV type 1 gag-specific T cell responses in Ad5 HIV Type 1 gag
vaccinated human subjects. AIDS Res. Hum. Retroviruses 22, 1081–1090. doi:
10.1089/aid.2006.22.1081

Tomov, V. T., Osborne, L. C., Dolfi, D. V., Sonnenberg, G. F., Monticelli, L. A.,
Mansfield, K., et al. (2013). Persistent enteric murine norovirus infection is
associated with functionally suboptimal virus-specific CD8 T cell responses.
J. Virol. 87, 7015–7031. doi: 10.1128/JVI.03389-12

Uusi-Kerttula, H., Tamminen, K., Malm, M., Vesikari, T., and Blazevic, V. (2014).
Comparison of human saliva and synthetic histo-blood group antigens usage as
ligands in norovirus-like particle binding and blocking assays. Microbes Infect.
16, 472–480. doi: 10.1016/j.micinf.2014.02.010

Vinje, J. (2015). Advances in laboratory methods for detection and typing of
norovirus. J. Clin. Microbiol. 53, 373–381. doi: 10.1128/JCM.01535-14

Wilkinson, T. M., Li, C. K., Chui, C. S., Huang, A. K., Perkins, M., Liebner, J. C.,
et al. (2012). Preexisting influenza-specific CD4+ T cells correlate with disease
protection against influenza challenge in humans. Nat. Med. 18, 274–280. doi:
10.1038/nm.2612

Frontiers in Microbiology | www.frontiersin.org 12 October 2016 | Volume 7 | Article 1570

http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


fmicb-07-01570 September 29, 2016 Time: 16:25 # 13

Malm et al. Norovirus-Specific T Cell Responses

Wobus, C. E., Thackray, L. B., and Virgin, H. W. (2006). Murine norovirus: a model
system to study norovirus biology and pathogenesis. J. Virol. 80, 5104–5112. doi:
10.1128/JVI.02346-05

Wyatt, R. G., Dolin, R., Blacklow, N. R., DuPont, H. L., Buscho, R. F., Thornhill,
T. S., et al. (1974). Comparison of three agents of acute infectious nonbacterial
gastroenteritis by cross-challenge in volunteers. J. Infect. Dis. 129, 709–714. doi:
10.1093/infdis/129.6.709

Zheng, D. P., Ando, T., Fankhauser, R. L., Beard, R. S., Glass, R. I., and Monroe, S. S.
(2006). Norovirus classification and proposed strain nomenclature. Virology
346, 312–323. doi: 10.1016/j.virol.2005.11.015

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Malm, Tamminen, Vesikari and Blazevic. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 13 October 2016 | Volume 7 | Article 1570

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

	Norovirus-Specific Memory T Cell Responses in Adult Human Donors
	Introduction
	Materials And Methods
	Human Blood Donors
	Recombinant Proteins
	Synthetic Peptides
	Norovirus-Specific Serology Assay
	ELISPOT IFN- Assay
	Intracellular Cytokine Staining (ICS)
	Flow Cytometric Analysis
	Statistical Analyses

	Results
	Antibody Responses
	T Cell Response to NoV VLPs and Capsid Peptide Pool
	Correlation of T Cell and Antibody Responses
	Mapping of T Cell Epitopes with Matrix Peptide Pools
	T Cell Restriction of the Epitopes

	Discussion
	Author Contributions
	Acknowledgments
	References


