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SUMMARY

Conserved HLA class I epitopes were defined by screening a
norovirus peptide library. HLA-peptide tetramers tracked
norovirus-specific CD8þ T cells with diverse differentiation
states across lymphoid and intestinal tissues. These reagents
can enhance future vaccine studies and cell-based treatment
approaches.

BACKGROUND & AIMS: Noroviruses (NoVs) are the leading
cause of acute gastroenteritis worldwide and are associated
with significant morbidity and mortality. Moreover, an
asymptomatic carrier state can persist following acute infec-
tion, promoting NoV spread and evolution. Thus, defining im-
mune correlates of NoV protection and persistence is needed to
guide the development of future vaccines and limit viral spread.
Whereas antibody responses following NoV infection or vacci-
nation have been studied extensively, cellular immunity has
received less attention. Data from the mouse NoV model sug-
gest that T cells are critical for preventing persistence and
achieving viral clearance, but little is known about NoV-specific
T-cell immunity in humans, particularly at mucosal sites.

METHODS: We screened peripheral blood mononuclear cells
from 3 volunteers with an overlapping NoV peptide library. We
then used HLA-peptide tetramers to track virus-specific CD8þ T
cells in peripheral, lymphoid, and intestinal tissues. Tetramerþ

cells were further characterized using markers for cellular
trafficking, exhaustion, cytotoxicity, and proliferation.

RESULTS: We defined 7 HLA-restricted immunodominant class
I epitopes that were highly conserved across pandemic strains
from genogroup II.4. NoV-specific CD8þ T cells with central,
effector, or tissue-resident memory phenotypes were present at
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all sites and were especially abundant in the intestinal lamina
propria. The properties and differentiation states of tetramerþ

cells varied across donors and epitopes.

CONCLUSIONS: Our findings are an important step toward
defining the breadth, distribution, and properties of human NoV
T-cell immunity. Moreover, the molecular tools we have devel-
oped can be used to evaluate future vaccines and engineer novel
cellular therapeutics. (Cell Mol Gastroenterol Hepatol 2021;11:
1267–1289; https://doi.org/10.1016/j.jcmgh.2020.12.012)

Keywords: T Cell Epitopes; Norovirus-Specific T Cells; Norovirus
Tetramers; Norovirus TRM.

oroviruses (NoVs) are highly infectious and resil-
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Nient pathogens and the leading cause of acute
gastroenteritis worldwide.1,2 Annually, an estimated 267
million NoV infections lead to more than 200,000 deaths,
with the highest morbidity and mortality among the elderly,
immunocompromised, and young children in developing
countries.3 In the United States alone, NoV gastroenteritis
leads to nearly 1 million health visits and significant eco-
nomic losses annually.4 Currently, there are no approved
pharmacologic therapies against NoV, and despite several
promising clinical trials, an effective vaccine is not
available.5,6

NoVs are non-enveloped, single-strand positive sense
RNA viruses belonging to the Caliciviridae family. The viral
genome is w7.6 kilobases long, and in the case of human
strains, it is organized into 3 overlapping open reading
frames (ORFs). ORF1 encodes a polyprotein that self-cleaves
into 6 mature nonstructural proteins including an NTPase
(NS3), protease (NS6), and RNA-dependent RNA polymerase
(NS7).7 ORF2 encodes the major structural protein, VP1,
which self-assembles into 90 dimers to form the viral
capsid.8 VP1 contains a conserved shell (S) domain and a
protruding (P) domain. The P domain in turn consists of a
stalk (P1) region and an exposed hypervariable (P2) region
that mediates attachment to host cells and is the primary
target of neutralizing antibodies.1 ORF3 encodes the minor
structural protein, VP2, which enables release of the viral
genome from the capsid upon cellular entry.9

The NoV genus is phylogenetically complex with up to 10
genogroups and 49 genotypes that are based on amino acid
diversity of VP1.10 Multiple human strains occupy gen-
ogroups I, II, and IV andmore than 30 genotypes,10 leading to
frequent exposures and seropositivity rates among adults of
greater than 90%.11 Despite this high genetic diversity, all 6
NoV pandemics since 1996 were caused by genetically
related members of genogroup II, genotype 4 (GII.4).12 These
variants differed primarily in P2, the hypervariable region of
VP1 thatmediates binding to ABH histo-blood group antigens
(HBGAs) on host cells. HBGAs are important NoV infectivity
determinants that enable viral attachment to host cells in a
strain- and host-specific manner.13 Thus, antibodies that
block P2-HBGA interactions correlate with protection, but
most are variant-specific, reflecting immune-driven viral
evolution.12,14 Broadly reactive antibodies that target
conserved epitope in the P1 and S domains have also been
described, particularly across GI genotypes,15 but they do not
neutralize GII variants.1,16 Conversely, genetic mutations in
HBGA synthesis pathways can be broadly protective by pre-
venting NoV binding to epithelial cells. For example, poly-
morphisms in the FUT2 gene lead to a defective a(1,2)
fructosyltransferase in up to 20%ofwhite individuals.17 Such
individuals, termed non-secretors, cannot produce the car-
bohydrate H type-1 on epithelial cells and are naturally
resistant to GI.1 and GII.4 NoVs, although they remain sus-
ceptible to NoVs from several other genogroups.18

Although the binding patterns and cross-reactivity of NoV-
specific antibodies have been characterized extensively, the
overall protective capacity and durability of humoral immu-
nity have been harder to define.1 Early volunteer studies us-
ing high NoV challenge titers suggested that preexisting
antibodies correlated with protection in some but not all in-
dividuals, and the longevity of such protection was on the
order of weeks to months.19–21 More recent data using
smaller challenge doses to reflect natural exposure, as well as
mathematical modeling, have shown that NoV immunity is
more durable and could last for years.22,23 Observations from
vaccine trials have further shown that antibody titers after
immunization correlate with protection upon homologous
challenge.24,25 In one of these trials, the overall infection rates
in the vaccine and placebo groups were 61% and 82%,
respectively, suggesting that immunemechanisms other than
antibodies may be important for protection against NoVs.24

Compared with humoral immunity, cellular immunity
has received little attention despite evidence from the
mouse NoV (MNV) model of the importance of T cells in
viral clearance and protection.26 Volunteers infected with a
GII.2 virus exhibited a predominantly Th1 immune response
that was cross-reactive against GI.1 and GII.1 virus-like
particles (VLPs) in ex vivo assays.27 In similar experi-
ments, peripheral blood mononuclear cells (PBMCs) from
volunteers infected with a GI.1 strain reacted to VLPs from
GI.1, GI.2, GI.3, and GI.4 variants.28 These studies were
notable for significant variation in the T-cell response be-
tween volunteers and the near absence of CD8 T-cell re-
sponses detected using VLP stimulation. Recently, T cells
from a cohort of non-secretors infected with a GII.2 strain
were shown to be cross-reactive against GII.4 VLPs, even
though these subjects had no preexisting GII.4 immunity.29
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These findings suggest that T cells may target conserved
epitopes and could offer cross-protection against a broad
range of NoVs.

Specific T-cell epitopes from NoV were initially identified
in mice immunized with VLP-expressing viral vectors, fol-
lowed by ex vivo stimulation with overlapping peptide li-
braries.30 Two epitopes, mapping to the P1 and S capsid
domains, were discovered and showed high degree of con-
servation across genogroups and genotypes. Moreover, re-
sponses against these epitopes were elicited by a diverse
range of VLPs, implying broad cross-reactivity of epitope-
specific T cells.30 Because these epitopes were discovered
in mice, their significance to human immunity is less clear.
Subsequently, a single HLA-restricted CD8þ T-cell epitope
was identified by using human PBMCs stimulated with a
GII.4 capsid peptide library.31,32 Recently, Hanajiri et al33

conducted a comprehensive epitope screen using peptides
derived from the GII.4 Sydney 2012 pandemic strain and
PBMCs from multiple healthy donors. NoV-specific CD4þ

and CD8þ T-cell responses were elicited by peptide pools
from each viral protein and varied among donors. Two NoV
proteins, NS6 and VP1, were chosen for detailed mapping
and led to the identification of 31 HLA-restricted epitopes.
Again, epitope-specific T cells showed cross-reactivity
against variant sequences from other NoV strains. Notably,
all but 3 of these epitopes were HLA class II restricted,
possibly reflecting a paucity of CD8þ T-cell epitopes in NS6
and VP1.33

Beyond defining immunodominant epitopes for thera-
peutic purposes, understanding the phenotype, function-
ality, and localization of virus-specific T cells could shed
light on important aspects of NoV-host interactions. For
example, although most human NoV infections are brief and
self-limited, chronic infections have been repeatedly docu-
mented in immunocompetent individuals and likely
contribute to viral evolution and spread.12,34–38 Discovering
the cellular reservoir and immune mechanisms that enable
such NoV persistence will have important therapeutic and
epidemiologic implications. We have used the MNV system
to address these questions and found that during chronic
infection, virus-specific tissue-resident memory (TRM) CD8

þ

T cells in the intestinal lamina propria (LP) followed a
unique differentiation program that allowed them to retain
effector properties, while apparently ignoring ongoing viral
replication.2 It is likely that this mechanism of immune
evasion is related to sequestration of MNV in intestinal tuft
cells that serve as an immune-privileged niche for long-term
viral persistence.2,39 A similar mechanism is likely to be at
play in humans, although the cellular target for persistent
human NoV infection remains unknown,40 and the T-cell
component of the human immune response is largely
undefined.

Here we use a NoV peptide library and HLA-typed
human PBMCs from 3 healthy donors, including a non-
secretor, to identify 7 immunodominant CD8 T-cell epi-
topes. We show that these epitopes are highly conserved
across GII.4 strains and use peptide-HLA tetramer reagents
(tetramers) to track and phenotype NoV-specific memory T
cells in peripheral blood, lymphoid tissues, and the
intestinal LP. Our findings show that circulating and TRM
CD8þ T cells can be detected in healthy adults and express
distinct patterns of tissue residence markers. Moreover, the
tissue distribution and phenotype of NoV-specific T cells
vary between donors and epitopes, suggesting a range of
differentiation states after NoV infection. The molecular
tools we have developed can be used to assess responses to
NoV vaccination or natural infection and define CD8þ T-cell
correlates of NoV immunity.

Results
Norovirus-Specific T-Cell Responses Can Be
Detected in Blood From Healthy Donors

Peripheral blood samples were collected from 3 healthy
adult donors (Table 1) with unknown NoV exposure his-
tories, and the presence of NoV functional antibodies was
assessed by measuring binding between VLPs and HBGAs in
the presence of serum from each donor.22 Donor 1 had
blocking antibodies against several pandemic GII.4 strains
and a GII.17 strain (Figure 1A and D). Donor 2 had a broader
antibody repertoire that was active against both GI and GII
strains (Figure 1B and D). In contrast to Donors 1 and 2,
serum from Donor 3 showed no activity against the strains
tested (Figure 1C and D), suggesting that this donor had a
limited exposure history and/or was a non-secretor. To
further investigate this question, we sequenced the FUT2
susceptibility allele from each donor and confirmed that
Donor 3 was homozygous for the G428A nonsense mutation
and was therefore a non-secretor and resistant to most GI.1
and GII.4 viruses18 (data not shown). Therefore, we tested
serum from the 3 donors against the GII.2 Chapel Hill strain
that can infect non-secretors.29 Donors 1 and 2 had blocking
activity against this GII.2 virus (Figure 1A and B), whereas
no activity was detected in the serum from Donor 3
(Figure 1C). These findings further suggested limited NoV
exposure of Donor 3, although they did not rule out the
possibility that this donor had been exposed to strains that
were not represented in our VLP panel, because cross-
blockade antibodies, particularly among GII strains, are
rare.1 Next we tested donor PBMCs for NoV-specific T-cell
responses using overlapping peptide libraries covering each
ORF (Figure 2A). Peptides were 15 amino acids long (15-
mers) and overlapped neighbors by 10 residues. Our li-
brary was based on the 2002 Farmington Hills GII.4
pandemic strain (GenBank: AY502023),41 which could be
blocked from cellular ligand binding by serum from Donors
1 and 2 (Figure 1A and B). We chose the Farmington Hills
strain because we reasoned that adults would have likely
had 2002 pandemic strain exposure. Moreover, we chose
not to use a more recent strain because we wanted to
identify conserved GII.4 epitopes that were not subject to
evolution and thus constituted promising vaccine targets
that could generate broad immunity across emergent GII.4
strains. To amplify preexisting NoV-specific responses, we
first incubated donor PBMCs with all 496 peptides from the
3 libraries and expanded responding cells with interleukin
(IL) 2 (Figure 2B). A similar stimulation method has been
used to detect cytomegalovirus-specific T cells.42 We then



Table 1.Donor Demographics

Donor Age (y) Sex HLA A HLA B HLA C Cells/tissues Cause of death

1 33 Male 11:01; 24:02 40:01; 58:01 03:02; 07:02 PBMCs for library screen and phenotyping N/A

2 33 Male 24:02; 24:02 07:02; 44:06 05:01; 07:02 PBMCs for library screen and phenotyping N/A

3 45 Male 11:01; 11:01 35:01; 51:01 04:01; 04:01 PBMCs for library screen and phenotyping N/A

4 18 Male 02:01; 25:01 07:02; 35:01 04:01; 07:02 MLN, SPL Cardiac arrest

5 37 Male 02; 03 07; 38 07; 12 LPMCs Head trauma

6 27 Female 03:01; 68:03 18:01; 35:01 05:01; 07:02 LPMCs Cardiac arrest

7 26 Female 02:06; 11:01 15:02; 40:01 04:03; 08:01 PBMCs to validate findings from initial screen N/A

8 ? Male 24; 26 38; 61 PBMCs to validate findings from initial screen N/A

9 40 Male 01:01; 24:02 08:01; 15:01 03:03; 07:01 PBMCs to validate findings from initial screen N/A

10 48 Male 02:01; 23:01 07:02; 49:01 07:01; 07:02 PBMCs to validate findings from initial screen N/A

11 25 Male 34:02; 68:02 07:02; 57:03 07:01; 07:02 PBMCs to validate findings from initial screen N/A

12 27 Female 01:01; 02:01 07:02; 08:01 07:01; 07:02 PBMCs to validate findings from initial screen N/A

13 24 Female 02:01 07:02; 15:01 03:04; 07:02 PBMCs to validate findings from initial screen N/A

14 20 Male 02:01 07:02; 18:01 07:02; 12:03 PBMCs to validate findings from initial screen N/A

15 41 Male 66; 68 41; 35 PBMCs to validate findings from initial screen N/A

16 53 Female 29:02; 30:01 35:01;53:01 04:01 PBMCs to validate findings from initial screen N/A

17 41 Male 02:01; 03:01 35:01; 44:03 04:01; 16:01 PBMCs to validate findings from initial screen N/A

18 29 Male 01:01; 68:03 35:12; 55:01 03:03; 04:01 PBMCs to validate findings from initial screen N/A

19 19 Male 01:01; 02:01 08:01; 35:03 04:01; 07:01 PBMCs to validate findings from initial screen N/A
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restimulated PBMCs with smaller peptide pools (or indi-
vidual candidate peptides) in the presence of brefeldin A
and measured interferon gamma (IFN-g) and tumor ne-
crosis factor (TNF) production by flow cytometry (Figure 2B
and C).

T-cell responses induced by stimulation with all 496
peptides were readily detectable and varied in magnitude
for individual donors (Figure 2C, column 1). These re-
sponses were predominantly CD8þ, with only Donor 1
showing a robust CD4þ T-cell response. This likely re-
flected differences in individual exposure histories, our
peptide library design that favored discovery of short
(HLA class I) epitopes,43 and the stimulation conditions
that enabled CD8þ T-cell outgrowth. Inter-donor differ-
ences were also observed within the CD8 T-cell
compartment. Donor 1 had responses directed primarily
against ORF1 epitopes, whereas Donors 2 and 3 targeted
mainly ORF2 (Figure 2C, columns 2 and 3). Furthermore,
these data suggested that Donor 3, who was a non-
secretor and had undetectable serologic responses
against the tested strains (Figure 1C), must have been
exposed to a non-GII.4 NoV, or another pathogen, that
shared CD8 T-cell epitopes with the Farmington Hills
strain.44 Overall, responses were weakest against ORF3.
Thus, NoV-specific T cells targeting ORF1 and ORF2 epi-
topes are present in peripheral blood from healthy donors
regardless of secretor status.
Defining Immunodominant T-Cell Epitopes
Having shown CD8þ T-cell responses to large peptide

pools, we aimed to define the specific epitopes triggering
these responses. For this purpose, we divided the 3
peptide libraries into smaller overlapping pools consisting
of 20–25 peptides using a “3-D” matrix layout with each
peptide represented in 3 different pools45 (Figure 3A). We
then expanded and stimulated donor PBMCs with these
pools as shown in Figure 2B and measured TNF and IFN-g
production (Figure 3B). This allowed us to quickly narrow
down the response to individual 15-mers (Figure 3B and
C). Candidate peptides were further analyzed by using
the Immune Epitope Database (IEDB) Analysis Resource
(http://tools.immuneepitope.org)46 and NetMHCpan method
(http://www.cbs.dtu.dk/services/NetMHCpan/)47 to predict
optimal shorter binding sequences (typically 9 or 10 amino
acids long) within each 15-mer (Figure 3D).

Using the above strategy, we identified seven 15-mers
corresponding to 8 predicted immunodominant epitopes
restricted to donor HLA types (Figure 4). On the basis of
IEDB predictions, shorter peptides (ranging between 9
and 13 amino acids in length) were further explored to
define the optimal immunodominant sequences (Figure 4,
data not shown). In Donor 1, the CD8þ T-cell response was
driven primarily by peptides 137 (RASGLLHERLDEFEL)
and 39 (LHGETFPYTAFDNNC) from ORF1 and peptide 6
(VMALEPVVGAAIAAP) from ORF2 (Figure 4A and D). IEDB
analysis of peptide 137 identified 2 possible 9-mers
restricted to HLA-B*40:01 (HERLDEFEL) and HLA-
C*03:02 (LLHERLDEF), with the former sequence yielding
the stronger response. Peptides 39 and 6 contained 9-
mers (GETFPYTAF and LEPVVGAAI, respectively) with
predicted restriction to HLA-B*40:01 (Figure 4A). In
Donor 2, peptide 206 (FWVSPSLFITSTHVI) from ORF1 and
peptides 14 (VSPRNAPGEILWASP) and 106
(TLAPMGNGTGRRRAL) from ORF2 accounted for most of
the CD8þ T-cell response (Figure 4B). Peptide 206

http://tools.immuneepitope.org
http://www.cbs.dtu.dk/services/NetMHCpan/


Figure 1. NoV functional antibodies in healthy donors. Serum from 3 healthy adult donors was assessed using a blockade
assay that measures the ability of samples to block interaction of VLPs with ligands. A panel of antigenically diverse GI and GII
VLPs representing time-ordered pandemic strains was tested. Donors 1 and 2 were secretors (A and B), whereas Donor 3 was
a non-secretor (C). Blockade antibody titers and IC50 values (reported in parentheses as reciprocal of the serum dilution 95%
confidence interval) are summarized in (D). Each sample was assayed in 10-fold serial dilution in minimum of 2 independent
experiments.
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incorporated a 9-mer (LFITSTHVI) restricted to HLA-
A*24:01. Peptides 14 and 106 contained a 10-mer
(SPRNAPGEIL) and 13-mer (APMGNGTGRRRAL), respec-
tively, restricted to HLA-B*07:02. Finally, a single immu-
nodominant 9-mer (LPDVRNNFY) derived from ORF2 and
restricted to HLA-B*35:01 was identified from Donor 3
(Figure 4C).

Consistent with HLA class I binding preferences, most
identified epitopes were 9 or 10 amino acids long and
contained canonical anchor residues at the second and last
positions43 (Figure 4D). Although epitope 106 exceeded
the typical length for HLA class I restricted epitopes, epi-
topes of this length have been described, including ones
that bind to HLA-B*07:02.48 In most cases, the shorter
peptides resulted in increased magnitude and/or mean
fluorescence intensity of the IFN-gþ TNFþ signal compared
with the parental 15-mers, consistent with improved
binding of the optimal HLA-peptide complex to the T-cell
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receptor (Figure 4A–C). Epitope 137B was an exception to
this rule, yielding a markedly weaker response compared
with the parental 15-mer (Figure 4A). This observation
suggested that epitope 137A was immunodominant and
accounted for most of the signaling response seen with
peptide 137 in Donor 1. Thus, our peptide screen identified
8 HLA class I restricted epitopes derived from a GII.4
pandemic NoV strain.
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Conservation of HLA Class I Epitopes
Previously described NoV-specific T-cell responses were

cross-reactive, and epitopes were conserved among gen-
ogroups.29,30,33 We checked ORF2 and available ORF1 se-
quences of known epidemic and pandemic strains for
conservation of the epitopes we defined. All 8 epitopes were
highly conserved among GII.4 variants (Table 2), consistent
with the fact that none of them fell within the hypervariable
P2 capsid domain (Figure 4D). Epitopes 6, 14, and 206 were
100% conserved among all analyzed GII.4 sequences. The
remaining epitopes differed by a single amino acid among
variants, and in most cases these differences did not affect
anchor residues. Epitope 137B, which was nondominant
(Figure 4A), was the only one with variation in the C-ter-
minal aromatic anchor (phenylalanine versus tyrosine).
Interestingly, we have observed similar variation in a highly
conserved MNV epitope where a Tyr/Phe change at the C-
terminal anchor leads to a significantly attenuated CD8þ T-
cell response.2,45 Alignment of sequences from other GII
genotypes showed that most of these 8 epitopes were
broadly conserved beyond GII.4 (Table 3). As expected,
there was significant divergence when epitope sequences
were aligned to GI.1 variants (Table 4). Finally, a query of
the basic local alignment search tool (https://blast.ncbi.nlm.
nih.gov) did not find the 7 NoV epitopes within proteins
from other pathogens. Thus, all 7 immunodominant CD8þ T-
cell epitopes are highly conserved among GII.4 NoVs, mak-
ing them valuable targets for vaccines and cell-based
therapies.

Detection of Norovirus-Specific CD8þ T Cells
Using HLA-Peptide Tetramers

NoV-derived T-cell epitopes have previously been
described,30,32,33 but the distribution of NoV-specific T cells
in human tissues is unknown. We used HLA-peptide
tetramer reagents (tetramers) to track NoV-specific CD8þ

T cells in peripheral blood, lymphoid tissues, and intestinal
LP. Tetramer-positive (Tetþ) CD8þ T cells were readily
detectable in PBMCs from the 3 HLA-matched donors
(Figure 5A). Because NoV exposure is nearly universal by
age 1016 and we did not have PBMCs from young children,
we used HLA-mismatched samples as negative controls for
tetramer staining. Tetþ CD8þ T cells were significantly more
abundant and clustered into well-defined populations in
HLA-matched compared with HLA-mismatched PBMCs
(Figure 5B). These data suggested that the Tetþ CD8þ T cells
in HLA-matched samples were indeed NoV-specific. To
further confirm the specificity of tetramer staining, we
compared the abundance of Tetþ CD8þ T cells in non-
stimulated PBMCs with the abundance of cytokine-
Figure 2. (See previous page). T-cell responses after stimul
spanning each ORF of the GII.4 2002 Farmington Hills strain
overlapping neighboring peptides by 10 amino acids. A total o
amplify NoV-specific T-cell responses. Donor PBMCs were in
amplified over 10 days using IL2. Cells were then washed, brie
peptide pools, or single candidate peptides in the presence of
cytometry. (C) CD4þ and CD8þ T-cell responses in 3 donors aft
spanning individual ORFs. Gated on live CD4þ or CD8þ T cells
producing CD8þ T cells in peptide-stimulated PBMCs from
2 donors. For this comparison, PBMCs were stimulated with
all 496 NoV peptides for 18 hours without undergoing
initial expansion with IL 2 (Figure 5C). Thus, we measured
the “true” abundance of NoV-specific CD8þ T cells by both
tetramer staining (Figure 5B) and cytokine production
(Figure 5C). These analyses showed that the percentages of
Tetþ (Figure 5B) and IFN-g– and/or TNF-producing
(Figure 5C) CD8þ T cells were similar (Figure 5D). For
Donor 1, the abundance of NoV-specific CD8þ T cells was
slightly higher when measured by tetramer staining
compared with IFN-g and TNF production (Figure 5D). This
discrepancy could have been due to cell death during
ex vivo stimulation or the presence of CD8þ T cells whose
cytokine profiles did not include IFN-g or TNF. Collectively,
these experiments show that our tetramers captured the
true abundance of epitope-specific CD8þ T cells in human
peripheral blood.

Norovirus-Specific CD8þ T Cells Are Widely
Distributed Across Donors and Tissues

The high degree of epitope conservation across GII NoVs
(Tables 2 and 3) suggested that responses against them
should be universal and not limited to individual donors. To
test this hypothesis, we obtained PBMCs from 13 additional
HLA-matched adult donors (Table 1) and used tetramers to
screen for the presence of NoV-specific CD8þ T cells. We
detected Tetþ CD8þ T cells against all 7 epitopes
(Figure 6A). As expected, the abundance of NoV-specific
CD8þ T cells varied by epitope and across donors, consis-
tent with individual immune differences and/or exposure
histories. These data further confirm that epitope-specific
CD8þ T cells are a universal feature of the overall NoV im-
mune response and could be an attractive target for future
vaccines.

In mice, MNV-specific CD8þT cells are least abundant in
the periphery and become increasingly enriched in
lymphoid tissues and the intestine.2,45 Therefore, we
examined spleen (SPL) and mesenteric lymph nodes (MLN)
from a deceased donor in the Human Pancreas Analysis
Program who was an HLA match for epitopes 14, 106, and
32 (Figure 6B). A robust population of Tetþ CD8þ T cells
was detected only with tetramer 14 in MLN and to a lesser
extent SPL, suggesting that this donor either did not have
CD8þ T cells specific for epitopes 32 and 106, or that such
cells did not home to lymphoid tissues. Finally, we obtained
duodenal tissue from 2 deceased donors who were a match
for the same 3 epitopes (Figure 6C). We detected robust
populations of Tetþ CD8þ T cells specific for epitopes 32
and 106, but not 14, in the LP from these donors. We did not
ation with NoV peptide libraries. (A) Three peptide libraries
were assembled. Each library consisted of 15-mer peptides
f 496 peptides were synthesized. (B) Experimental design to
cubated with all 496 peptides, and responding cells were
fly rested, and re-stimulated with individual libraries, smaller
brefeldin A. IFN-g and TNF production was assessed by flow
er stimulation with full set of 496 peptides or smaller libraries
. These experiments were repeated at least 3 times.

https://blast.ncbi.nlm.nih.gov
https://blast.ncbi.nlm.nih.gov


Figure 3. Peptide library screening strategy. (A) Overlapping pools of 20–25 peptides were assembled in 3-dimensional
matrix arrangement. In this example, peptide 137 was included in pools 1, 7, and 13. (B) Donor PBMCs were stimulated
with each of the 15 pools, and cytokine responses were detected with pools 1, 7, and 13, suggesting that peptide 137
contained an immunodominant epitope. (C) PBMCs from the same donor were then stimulated with peptide 137, confirming a
robust response. (D) Analysis of peptide 137 using the IEDB (https://www.iedb.org/) uncovered 2 potential HLA-restricted
epitopes within the 15-mer sequence that were subsequently tested (Figure 4A).
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Figure 4. Defining HLA-restricted immunodominant HLA class I. Candidate 15-mer peptides were identified as described
in Figure 3. Next, shorter peptides were generated from 15-mers on the basis of donor HLA types and predicted anchor
residues (https://www.iedb.org/ and http://www.cbs.dtu.dk/services/NetMHCpan/). These shorter candidate epitopes were
tested using the method shown in Figure 2. Anchor residues are shown in red. (A–C) Epitopes deriving from 15-mer library
peptides for Donors 1, 2, and 3. (D) Summary of epitope sequences, location, and HLA restriction.

2021 Human NoV-Specific CD8+ T-Cell Responses1275

https://www.iedb.org/
http://www.cbs.dtu.dk/services/NetMHCpan/


Table 2.Conservation of CD8þ T-Cell Epitopes Across GII.4 NoV Strains

Epitope (HLA) GII.4 strain %Similarity Sequence Epitope (HLA) GII.4 Strain %Similarity Sequence

137A (B*40:01) Farmington_Hills_2002 100 H E R L D E F E L 137B (C*03:02) Farmington_Hills_2002 100 L L H E R L D E F

New_Orleans_2009 100 H E R L D E F E L New_Orleans_2009 100 L L H E R L D E F

Hunter_2004 100 H E R L D E F E L Hunter_2004 100 L L H E R L D E F

Oxford_2002 100 H E R L D E F E L Oxford_2002 100 L L H E R L D E F

Sydney_2012 88.89 H E R L D E Y E L Sydney_2012 88.89 L L H E R L D E Y

Lorsdale_1993 88.89 H E R L D E Y E L Lorsdale_1993 88.89 L L H E R L D E Y

Camberwell_1987 88.89 H E R L D E Y E L Camberwell_1987 88.89 L L H E R L D E Y

39 (B*40:01) Farmington_Hills_2002 100 G E T F P Y T A F 206 (A*24:02) Farmington_Hills_2002 100 L F I T S T H V I

New_Orleans_2009 100 G E T F P Y T A F New_Orleans_2009 100 L F I T S T H V I

Hunter_2004 100 G E T F P Y T A F Hunter_2004 100 L F I T S T H V I

Oxford_2002 100 G E T F P Y T A F Oxford_2002 100 L F I T S T H V I

Sydney_2012 88.89 G E S F P Y T A F Sydney_2012 100 L F I T S T H V I

Lorsdale_1993 88.89 G E S F P Y T A F Lorsdale_1993 100 L F I T S T H V I

Camberwell_1987 88.89 G E S F P Y T A F Camberwell_1987 100 L F I T S T H V I

6 (B*40:01) Farmington_Hills_2002 100 L E P V V G A A I 14 (B*07:02) Farmington_Hills_2002 100 S P R N A P G E I L

Camberwell_1987 100 L E P V V G A A I Camberwell_1987 100 S P R N A P G E I L

Lorsdale_1993 100 L E P V V G A A I Lorsdale_1993 100 S P R N A P G E I L

Grimsby_1995 100 L E P V V G A A I Grimsby_1995 100 S P R N A P G E I L

Dresden_1997 100 L E P V V G A A I Dresden_1997 100 S P R N A P G E I L

Bochum_1997 100 L E P V V G A A I Bochum_1997 100 S P R N A P G E I L

Oxford_2002 100 L E P V V G A A I Oxford_2002 100 S P R N A P G E I L

Hunter_2004 100 L E P V V G A A I Hunter_2004 100 S P R N A P G E I L

Den_Haag_2006 100 L E P V V G A A I Den_Haag_2006 100 S P R N A P G E I L

Yerseke_2006 100 L E P V V G A A I Yerseke_2006 100 S P R N A P G E I L

Apeldoorn_2007 100 L E P V V G A A I Apeldoorn_2007 100 S P R N A P G E I L

New_Orleans_2009 100 L E P V V G A A I New_Orleans_2009 100 S P R N A P G E I L

Sydney_2012 100 L E P V V G A A I Sydney_2012 100 S P R N A P G E I L

32 (B*35:01) Farmington_Hills_2002 100 L P D V R N N F Y 106 (B*07:02) Farmington_Hills_2002 100 A P M G N G T G R R R A L

Camberwell_1987 100 L P D V R N N F Y Camberwell_1987 100 A P M G N G T G R R R A L

Lorsdale_1993 100 L P D V R N N F Y Lorsdale_1993 100 A P M G N G T G R R R A L

Grimsby_1995 100 L P D V R N N F Y Grimsby_1995 92.31 A P M G N G A G R R R A L

Dresden_1997 100 L P D V R N N F Y Dresden_1997 92.31 A P M G N G A G R R R A L

Oxford_2002 100 L P D V R N N F Y Oxford_2002 100 A P M G N G T G R R R A L

Den_Haag_2006 100 L P D V R N N F Y Den_Haag_2006 100 A P M G N G T G R R R A L

Yerseke_2006 100 L P D V R N N F Y Yerseke_2006 100 A P M G N G T G R R R A L

Apeldoorn_2007 100 L P D V R N N F Y Apeldoorn_2007 100 A P M G N G T G R R R A L
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have a full set of peripheral, lymphoid, and intestinal
samples from the same donor and thus could not
compare the anatomic distribution of individual epitope-
specific T cell clones within the same subject. However,
our observations were broadly consistent with data from
the mouse model, where MNV-specific T cells are most
abundant in intestinal tissues.2,45 Our findings also sug-
gest that CD8þ T cells with different epitope specificity
may have distinct tissue distribution.
Norovirus-Specific CD8þ T Cells Have Distinct
Phenotypes Based on Tissue Distribution

TRM reside permanently within organs such as the
intestine, where they act as “first responders” during
pathogen reexposure.49 TRM must therefore balance in-
flammatory and regulatory pathways to provide sufficient
protection from pathogens, while minimizing local tissue
damage.50–52 In line with these requirements, we have
shown that MNV-specific CD8þ TRM follow a unique dif-
ferentiation program and retain both effector and
exhaustion features.2 To explore this question in humans,
we analyzed Tetþ PBMCs and lamina LP mononuclear
cells (LPMCs) for markers of memory differentiation,
tissue residence, exhaustion, cytotoxicity, and prolifera-
tion (Figure 7). Tetþ CD8þ PBMCs were mainly
CD45RA-CCR7- or CD45RA-CCR7þ, consistent with
effector memory (TEM) or central memory (TCM) lineages,
respectively (Figure 7A, column 1). TEM cells re-
expressing CD45RA (TEMRA) were detected only for
epitope 39. As expected, most Tetþ CD8þ T cells in the
periphery did not express the key marker for tissue
residence, CD69. However, some Tetþ CD8þ T cells
expressed the a integrin CD103, suggesting that they
could be retained upon recruitment to intestinal tissues
(Figure 7A, column 2). These observations were reminis-
cent of findings from the mouse model, where both
CD103HI and CD103LOW MNV-specific T-cell subsets
develop.2 Tetþ CD8þ PBMCs did not up-regulate the
immunoregulatory marker PD-1, which is associated with
T-cell exhaustion, although some of them expressed the
transcription factor EOMES, which can be associated with
either exhaustion or TCM (Figure 7A, column 3). Consistent
with the fact that our donors were not acutely infected
with NoV, Tetþ CD8þ PBMCs were not actively prolifer-
ating as measured by Ki67 staining. Most Tetþ CD8þ

PBMCs were also low for granzyme B, consistent with TCM
lineage.53 (Figure 7A, column 4). Only epitope 39–specific
CD8þ T cells showed significant granzyme B expression,
and most of these cytotoxic cells came from the TEM and
TEMRA pools (data not shown).

In contrast to PBMCs, Tetþ CD8þ T cells in the intes-
tinal LP were mostly TEM, and many of them expressed
CD69, consistent with tissue residence (Figure 7B). As in
the periphery and consistent with findings from the MNV
model, both CD103þ and CD103- Tetþ CD8þ T cells were
present in the intestine2 (Figure 7B, column 2). NoV-
specific CD8þ T cells did not express PD-1 or EOMES,
suggesting that they were not exhausted (Figure 7B,



Table 3.Conservation of CD8þ T-Cell Epitopes Across GII NoV Strains

137A (B*40:01) Farmington_Hills_2002 100 H E R L D E F E L 137B (C*03:02) Farmington_Hills_2002 100 L L H E R L D E F

GII.1/Hawaii 89 H E R L D E Y E L GII.1/Hawaii 89 L L H E R L D E Y

GII.22/Yuri 89 H E R L D E F D L GII.22/Yuri 100 L L H E R L D E F

GII.24/Loreto1972 89 H E R L D E F D L GII.24/Loreto1972 100 L L H E R L D E F

GII.26/Leon4509 89 H E R L D E F D L GII.26/Leon4509 100 L L H E R L D E F

GII.27/Loreto0959 89 H E R L D E F D L GII.27/Loreto0959 100 L L H E R L D E F

GII.NA1/Loreto1257 89 H E R L D E F D L GII.NA1/Loreto1257 100 L L H E R L D E F

GII.NA2/PNV06929 89 H E R L D E F D L GII.NA2/PNV06929 100 L L H E R L D E F

39 (B*40:01) Farmington_Hills_2002 100 G E T F P Y T A F 206 (A*24:02) Farmington_Hills_2002 100 L F I T S T H V I

GII.1/Hawaii 89 G E S F P Y T A F GII.1/Hawaii 100 L F I T S T H V I

GII.22/Yuri 89 G E S F P Y T A F GII.22/Yuri 100 L F I T S T H V I

GII.24/Loreto1972 100 G E T F P Y T A F GII.24/Loreto1972 100 L F I T S T H V I

GII.26/Leon4509 100 G E T F P Y T A F GII.26/Leon4509 100 L F I T S T H V I

GII.27/Loreto0959 89 G E S F P Y T A F GII.27/Loreto0959 100 L F I T S T H V I

GII.NA1/Loreto1257 89 G E S F P Y T A F GII.NA1/Loreto1257 100 L F I T S T H V I

GII.NA2/PNV06929 89 G E S F P Y T A F GII.NA2/PNV06929 89 L F I T S T H V V

6 (B*40:01) Farmington_Hills_2002 100 L E P V V G A A I 14 (B*07:02) Farmington_Hills_2002 100 S P R N A P G E I L

GII.1/Hawaii 78 L E P V A G A S I GII.1/Hawaii 90 S P R N S P G E I L

GII.2/Chapel hill 78 L E P V A G A A L GII.2/Chapel hill 90 S P R N A P G E V L

GII.3/TV24 78 L E P V A G S A I GII.3/TV24 80 S P R N S P G E V L

GII.5/Hillingdon 78 L E P V V G A S L GII.5/Hillingdon 80 S P K N S P G E I L

GII.6/Seacroft 89 L E P V V G A S I GII.6/Seacroft 80 S P R N S P G E M L

GII.7/Leeds 67 L E P V A G A S L GII.7/Leeds 90 S P R N S P G E I L

GII.8/Amsterdam 67 I E P V A G A S L GII.8/Amsterdam 90 S P R N A P G E F L

GII.9/VA97207 67 I E P V A G A S I GII.9/VA97207 90 S P R N A P G E F L

GII.10/Erfurt546 67 L E P V A G A S L GII.10/Erfurt546 80 S P R N S P G E V L

GII.11/Sw918 78 L E P V V G A P L GII.11/Sw918 100 S P R N A P G E I L

GII.12/Wortley 78 L E P V A G A S I GII.12/Wortley 80 S P R N S P G E V L

GII.13/Fayetteville 78 L E P V A G A S I GII.13/Fayetteville 90 S P R N S P G E I L

GII.14/M7 78 L E P V A G A S I GII.14/M7 80 S P R N S P G E L L

GII.16/Tiffin 78 L E P V A G A S I GII.16/Tiffin 90 S P R N S P G E I L

GII.17/CS-E1 89 L E P V A G A A I GII.17/CS-E1 90 S P R N S P G E I L

GII.18/OH-QW101 78 L E P V A G A A L GII.18/OH-QW101 80 S P R N S P G E V L

GII.19/OH-QW170 78 L E P V V G A P L GII.19/OH-QW170 100 S P R N A P G E I L

GII.20/Luckenwalde591 89 L E P V A G A A I GII.20/Luckenwalde591 90 S P R N A P G E V L

GII.21/IF1998 89 L E P V A G A A I GII.21/IF1998 90 S P R N S P G E I L

GII.22/Yuri 78 L E P V A G G A I GII.22/Yuri 90 S P R N S P G E I L

GII.23/Loreto1847 78 L E P V A G G A I GII.23/Loreto1847 90 S P R N S P G E I L
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GII.24/Loreto1972 78 L E P V A G G A I GII.24/Loreto1972 80 S P R N S P G E V L

GII.25/Beijing53931 78 L E P V A G G A I GII.25/Beijing53931 80 S P R N S P G E V L

32 (B*35:01) Farmington_Hills_2002 100 L P D V R N N F Y 106 (B*07:02) Farmington_Hills_2002 100 A P M G N G T G R R R A L

GII.1/Hawaii 89 L P D V R N N F F GII.1/Hawaii 69 A P M G T G N G R R R V Q

GII.2/Chapel hill 89 L P D V R N N F F GII.2/Chapel Hill 69 A P M G T G N G R R R V Q

GII.3/TV24 78 M P D V R N N F F GII.3/TV24 69 A P M G T G N G R R R I Q

GII.5/Hillingdon 44 M P D V R S T L F GII.5/Hillingdon 69 A P M G T G N G R R R F Q

GII.6/Seacroft 67 L P D I R N R F F GII.6/Seacroft 77 A P M G S G Q G R R R A Q

GII.7/Leeds 56 M P D I K N N F F GII.7/Leeds 62 A P V G T G N G R R R V Q

GII.8/Amsterdam 56 M P D I R N T F F GII.8/Amsterdam 62 A P V G T G S G R R R V Q

GII.9/VA97207 56 M P D I R N T F F GII.9/VA97207 62 A P V G T G S G R R R I Q

GII.10/Erfurt546 56 M P D I R N S F F GII.10/Erfurt546 77 A P M G N G S G R R R M Q

GII.11/Sw918 44 M P D I R N K L F GII.11/Sw918 85 A P M G N G S G R R R A R

GII.12/Wortley 67 F P D V R N S F F GII.12/Wortley 69 A P M G T G N G R R R V Q

GII.13/Fayetteville 89 L P D V R N V F Y GII.13/Fayetteville 69 A P M G T G N G R R R I Q

GII.14/M7 67 M P D I R N V F Y GII.14/M7 62 A P V G T G S G R R R I Q

GII.16/Tiffin 89 L P D V R N N F F GII.16/Tiffin 69 A P M G T G N G R R R M Q

GII.17/CS-E1 78 L P D V R N T F F GII.17/CS-E1 69 A P M G T G N G R R R V Q

GII.18/OH-QW101 78 M P D V R N N F F GII.18/OH-QW101 77 A P M G S G T G R R R N Q

GII.19/OH-QW170 56 M P D V R N R L F GII.19/OH-QW170 77 A P M G N G S G R R R V Y

GII.20/Luckenwalde591 100 L P D V R N N F Y GII.20/Luckenwalde591 38 A P M G T G R A E E I Q

GII.21/IF1998 89 L P D V R N V F Y GII.21/IF1998 69 A P M G T G N G R R R I Q

GII.22/Yuri 67 M P D V R N Q F F GII.22/Yuri 69 A P M G N G N G R R R I Q

GII.23/Loreto1847 78 V P D V R N N F F GII.23/Loreto1847 69 A P M G T G N G R R R I Q

GII.24/Loreto1972 89 L P D V R N S F Y GII.24/Loreto1972 69 A P M G T G N G R R R I Q

GII.25/Beijing53931 78 L P D V R N Q F F GII.25/Beijing53931 77 A P M G N G N G R R R V Q

NOTE. Alignments to GII.4 sequences are shown in Table 2. Epitopes were aligned to representative GII sequences. For each epitope, the sequence identified from the
Farmington Hills strain is shown at the top with anchor residues in italics. Bold font indicates variable residues. Note that complete ORF1 and ORF2 sequences were not
available for all strains; thus not every epitope could be compared across all strains.
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Table 4.Alignment of CD8þ T-Cell Epitopes to GI.1 NoV Sequences

Epitope (HLA) GI strain % Similarity Sequence

137A (B*40:01) Farmington_Hills_2002 100 H E R L D E F E L

GI.I/Hu/CHA9A004/USA 66.60 M E R Q D E F Q L

GI.I/Hu/Norwalk 66.60 M E R Q D E F Q L

137B (C*03:02) Farmington_Hills_2002 100 L L H E R L D E F

GI.I/Hu/CHA9A004/USA 66.60 L T M E R Q D E F

GI.I/Hu/Norwalk 66.60 L T M E R Q D E F

206 (A*24:02) Farmington_Hills_2002 100 L F I T S T H V I

GI.I/Hu/CHA9A004/USA 66.60 V F I T T T H V V

GI.I/Hu/Norwalk 66.60 V F I T T T H V V

32 (B*35:01) Farmington_Hills_2002 100 L P D V R N N F Y

GI.I/Hu/CHA9A004/USA 44.40 L E D V R N V L F

GI.I/Hu/Norwalk 44.40 L E D V R N V L F

GI.1/Hu/SRSVKY8989 44.40 L E D V R N V L F

14 (B*07:02) Farmington_Hills_2002 100 S P R N A P G E I L

GI.I/Hu/CHA9A004/USA 60 S P N N T P G D V L

GI.I/Hu/Norwalk 60 S P N N T P G D V L

GI.1/Hu/SRSVKY8989 60 S P N N T P G D V L

NOTE. Epitopes were aligned to available sequences from GI strains. For each epitope, the sequence identified from the
Farmington Hills strain is shown at the top with anchor residues in italics. Bold font indicates variable residues. Only conserved
epitopes are shown.
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column 3). Moreover, a significant proportion of the epitope
106–specific CD8þ T cells produced granzyme B (Figure 7B,
column 4), and this cytotoxic subset was CD69þ CD103þ,
indicating they were TRM (Figure 7C). Collectively, these
experiments begin to define NoV-specific T-cell immunity
directly in humans. Our data suggest that Tetþ CD8þ T cells
are broadly distributed across tissues and display a range of
phenotypic and functional properties.
Conclusions
NoVs are the leading cause of food-borne illness glob-

ally54 and have been designated a priority pathogen for
vaccine development by the World Health Organization.55

Although several clinical trials are currently underway,5 sig-
nificant challenges continue to hamper the development of an
effective NoV vaccine. First, GII.4 NoVs continuously evolve to
escape preexisting neutralizing antibodies, as evidenced by
the emergence of new pandemic variants.12 Thus, antibody-
based vaccines will likely have limited cross-strain breadth
and require periodic reformulation. Second, antibody-
mediated protection alone may not be sufficient, and other
correlates of NoV immunity, including cellular responses,
must be elucidated. Conversely, host-NoV interactions that
enable immune evasion and long-term persistence are simi-
larly unclear. Third, propagating human NoVs in cell culture
remains difficult despite recent advances in this area,56,57 and
these systems cannot fully recapitulate the complex immune
environment of the intestine. Our findings and the reagents
we have developed help address these limitations by defining
conserved T-cell epitopes and enabling the study of NoV-
specific T cells directly in human tissues.
Current NoV vaccine candidates incorporate GI.1 and
GII.4 sequences, and readouts of immunogenicity are pri-
marily based on antibody titers.5 The ability to also measure
T-cell responses could enable a more comprehensive
assessment of NoV immunity, particularly when coupled to
post-vaccination challenge outcomes. Whereas neutralizing
antibodies against GII.4 viruses target the viral capsid and
are mostly strain-specific, the T-cell epitopes we describe
are highly conserved and could generate broadly reactive
responses across GII.4 (Figure 4). Importantly, VLPs, which
are devoid of nonstructural proteins and do not replicate
intracellularly, may not be able to take advantage of these
CD8þ T-cell epitopes. Future studies will have to determine
whether incorporating specific T-cell epitopes into live or
mRNA vaccine formulations can boost overall protection
and/or mitigate disease severity.

Another therapeutic application of our findings could be
in T cell–based therapies of chronic NoV infection, as
recently proposed by Hanajiri et al33 and used in other
settings.58,59 Tetramers can simplify the purification of
donor NoV-specific T cells and their subsequent tracking in
immunocompromised recipients. In this regard, our findings
could be especially valuable, because they add to the short
list of known human HLA class I restricted NoV epi-
topes.32,33 Although Hanajiri et al used a GII.4 peptide li-
brary based on the Sydney_2012 strain of similar design to
ours (15-mers, overlapping by 10 amino acids), their find-
ings were biased in favor of HLA class II restricted epitopes.
Differences in donor exposures and/or HLA types between
the 2 studies might account for these discrepancies. For
example, of the 3 CD8þ T-cell epitopes described by Hanajiri
et al, only one was restricted to an HLA type (B*35:01) that



Figure 5. Detection of Nov-specific CD8D T cells using HLA-peptide tetramers. (A) PBMCs from 3 donors were stained
with HLA-matched tetramers to detect NoV-specific CD8þ T cells. Representative of 3 independent experiments. (B) To
confirm tetramer specificity, each tetramer was used to stain HLA-matched and HLA-mismatched PBMCs. Total abundance of
Tetþ cells for each donor was calculated by adding the percentage of Tetþ cells from HLA-matched samples and subtracting
nonspecific staining from HLA-mismatched samples. Donor 1: (0.017 þ 0.023 þ 0.038) – (0.008 þ 0.001 þ 0.008) ¼ 0.061.
Donor 2: (0.020 þ 0.017 þ 0.019) – (0.004 þ 0.003 þ 0.003) ¼ 0.046. (C) PBMCs from Donors 1 and 2 were stimulated for 18
hours with all 496 NoV peptides (without addition of IL2), and IFN-g and TNF responses were measured by flow cytometry.
Unstimulated PBMCs were analyzed in parallel, and the nonspecific cytokine signal was subtracted from stimulated samples.
Donor 1: (0.063 – 0.020) ¼ 0.043. Donor 2: (0.063 – 0.012) ¼ 0.051. (D) Summary of data from (B) and (C).
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Figure 6. NoV-specific CD8D T cells are distributed broadly across donors and tissues. (A) PBMCs from 13 additional
HLA-typed adult donors were stained with tetramers. (B) Cells from MLN and SPL from a deceased donor (Donor 4) who was
an HLA match for epitopes 14, 106, and 32 were stained with tetramers. (C) LPMCs from 2 different deceased donors (Donors
5 and 6) whose HLAs were a match for epitopes 14, 106, and 32 were stained with tetramers. Staining for (B) and (C) could only
be done once because of limited samples. Gated on live CD8þ T cells.
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Figure 7. Phenotypic characterization of NoV-specific CD8D T cells. (A) PBMCs or (B) LPMCs were stained with tetramers
and a panel of antibodies against memory, homing, exhaustion, proliferation, and cytotoxicity markers. Total live CD8þ T cells
are shown in grey with Tetþ cells overlayed in red. Representative of 3 independent experiments.
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was represented in our study. Moreover, this shared HLA
type was present in Donor 3, who was a non-secretor and
had an unclear exposure history, complicating comparisons
(Figure 3C and D). Notably, epitope 32, which was restricted
to HLA B*35:01, was not discovered by Hanajiri et al despite
being conserved in the Sydney_2012 strain (Figure 4).
Conversely, the B*35:01-restricted epitope described by
Hanajiri et al (FPGEQLLFF) did not elicit a strong signal in
our screen, even though it was present in our library (data
not shown). One explanation for these discrepancies could
be altered immunodominance hierarchy between individual
subjects. This phenomenon has been described for influenza
virus where presence of the B*27:05 antigen diminished
binding of an otherwise immunodominant epitope to HLA
A*02:01.60 Another explanation for why we did not find the
FPGEQLLFF epitope could be differences in exposure his-
tories. Although we did not detect serologic responses from
Donor 3, it is likely that his NoV immune repertoire was
shaped by secretor-independent strains that were not
represented in our VLP library. Such strains have been well-
documented27,61–65 and include members of GII.2 that har-
bor a glutamine deletion in the FPGEQLLFF sequence (data
not shown). This deletion is likely to impact binding to HLA
B*35:01 by shortening the spacing between anchor resi-
dues, thus making it a non-dominant epitope for Donor 3. In
contrast, the length and anchor positions of epitope 32 were
largely conserved among GII.2 strains with only minor
variation between aromatic residues (Phe versus Tyr) in
position 9 (Table 3).

The importance of cellular immunity for NoV control
has been clearly shown in the mouse model where deple-
tion of CD4þ or CD8þ T cells enables viral persistence.26 In
humans, data from both immunocompromised and immu-
nocompetent hosts suggest a similar need for broad
cellular immunity to achieve viral control.29,66–69 At the
same time, antibodies remain critical for MNV control,70

and a functional T-cell response is not always sufficient
for viral clearance.2 Similarly, immunocompetent humans
can have prolonged viral shedding after acute infection,
possibly suggesting that NoVs can circumvent humoral and
cellular immunity.34,36–38 Indeed, the high degree of HLA
class I epitope conservation among GII.4 viruses (Table 2)
suggests that these sequences are not under immune
pressure, and T cells alone cannot provide sufficient pro-
tection against NoV. Thus, NoVs have likely evolved stra-
tegies of T-cell evasion that do not rely on epitope changes.
In mice, one such strategy is persistence in tuft cells, which
provide an immune-privileged niche for viral replica-
tion.39,45 In humans, the cellular target for acute and
chronic NoV infection remains unknown, as do other host-
virus interactions that may enable T-cell evasion, pointing
to a need for future studies. Consistent with data from
mice2 and humans,33 our limited phenotypic and functional
analysis shows that NoV-specific TCM and TEM are poly-
functional (Figure 2) and do not show features of T-cell
exhaustion (Figure 7). Although our observations derive
from a small set of samples, it should now be possible to
use tetramers to track NoV-specific CD8þ T cells in larger
cohorts at defined time points after infection. Such studies
could validate our findings and provide more comprehen-
sive functional, transcriptional, and epigenetic analyses of
NoV-specific T cells.

The tissue distribution and trafficking patterns of
memory T cells are important determinants of their effec-
tiveness, and several vaccination strategies have focused on
promoting TRM formation at relevant mucosal surfaces.71–74

Thus, an important question is whether preexisting virus-
specific TRM after exposure to multiple GI or GII strains
early in life correlate with future NoV susceptibility and
disease severity. Similarly, the ability to elicit a robust TRM
response may be an important metric for future NoV vaccine
candidates. We were able to detect Tetþ TRM in the intes-
tinal LP (Figure 7), suggesting that such cells could play an
important protective role. Future studies using tetramers
and intestinal samples should build on these observations
and fully define the location and microenvironment of NoV-
specific T cells. If carried out in the context of a vaccine trial,
such studies could be highly valuable in elucidating TRM
correlates of NoV immunity.

Methods
Human Donors

PBMCs used for peptide library screening were obtained
from 3 healthy adult volunteers with no significant medical
history in accordance with the Institutional Review Board
approval at the University of Pennsylvania (Donors 1–3,
Table 1). PBMCs from 13 additional donors were obtained
from the Human Immunology Core at the University of
Pennsylvania (https://pathbio.med.upenn.edu/hic/site/)
with limited clinical metadata available (Donors 7–19,
Table 1). Duodenal organs and lymphoid tissues were ob-
tained from deceased donors in accordance with Institu-
tional Review Board approval of the Human Pancreas
Analysis Program75 (https://hpap.pmacs.upenn.edu/) (Do-
nors 4–6, Table 1).

Blockade Antibody Detection
Serum samples were thawed, heat-inactivated at 56�C

for 30 minutes, and stored at 4�C during testing. To deter-
mine blockade antibody titer (mean inhibitory concentra-
tion of 50%), enzyme immunoassay plates were coated with
10 mg/mL porcine gastric mucin (PGM) type III diluted in
phosphate-buffered saline (PBS) and blocked with 5%
Blotto in PBS-0.05% Tween 20. VLPs (0.25 mg/mL) were
pretreated with decreasing 2-fold concentrations of serum
for 1 hour before being added to the PGM-coated plates for
1 hour. Ligand-bound VLPs were detected with rabbit anti-
VLP hyperimmune serum followed by anti-rabbit immuno-
globulin G–horseradish peroxidase, and color developed
with TMB substrate. Incubations were done at 37�C. The
percent control binding was defined as binding in the
presence of antibody pretreatment compared with binding
in the absence of antibody pretreatment multiplied by 100.
Samples that did not block at least 50% of VLP binding at
the lowest dilution tested (10%) were assigned a titer of
5%, 0.5� the lower limit of detection. Each sample was
assayed in 10-fold serial dilution in a minimum of 2

https://pathbio.med.upenn.edu/hic/site/
https://hpap.pmacs.upenn.edu/


Table 5.Antibodies Used

Antibody Clone Source Catalog #

Anti-hu CD4 PE/CY5 OKT4 Biolegend 317411

Anti-hu CD8 BV785 RPA-T8 BD Biosciences 563823

Anti-hu CD3 BV570 UCHT1 Biolegend 300436

Anti-hu CD14 V500 M5E2 BD Biosciences 561391

Anti-hu CD16 V500 3G8 BD Biosciences 561393

Anti-hu CD19 V500 HIB19 BD Biosciences 561125

Ghost Dye Violet 510 N/A Tonbo Bioscieces 13-0870-T500

Anti-hu CD103 AF488 Ber-ACT8 Biolegend 350208

Anti-hu Eomes PerCP e-fluor710 WD1928 eBioscience 46-4877-42

Anti-hu GranzymeB PE-TxRd GB11 Invitrogen GRB17

Anti-hu Ki-67 PECy7 20Raj1 eBioscience 25-5699-41

Anti-hu CD69 AF700 FN50 Biolegend 310922

Anti-hu CCR7 APC-Cy7 GO43H7 Biolegend 353211

Anti-hu IFNG B27 Biolegend 506516

Anti-hu TNFA Mab1 Biolegend 502930
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independent experiments. Blockade data were fit using
sigmoidal dose response analysis of normalized non-linear
data, and serum mean inhibitory concentration of 50%
with 95% confidence intervals was calculated in GraphPad
Prism 8.0.2 (San Diego, CA).

Peripheral Blood Mononuclear Cell Isolation
Blood was drawn in a vacutainer containing sodium

heparin and diluted 1:1 with 1� PBS (Corning-Cellgro,
Corning, NY). Up to 25 mL of diluted sample was loaded
onto Sepmate50 tubes (Stemcell Technologies, Vancouver,
Canada) containing 15 mL density gradient Lymphoprep
(Stemcell Technologies). Samples were centrifuged at 1500
rpm for 10 minutes at room temperature. Cells were
washed with RPMI 1640 (Corning-Cellgro) þ 2% fetal
bovine serum (FBS) (GeminiBio, Calabasas, CA) and resus-
pended in freezing medium (90% FBS þ 10% dimethyl
sulfoxide [DMSO]). Samples were gradually cooled in a Mr.
Frosty container (Thermo Fisher Scientific, Waltham, MA)
with 100% isopropyl alcohol and kept at –80�C for up to 2
weeks or at –150�C for longer-term storage.

Lamina Propria Mononuclear Cell Isolation
Intestinal samples were processed as previously

described.76 Duodenal tissue (w20 cm of length) was
opened longitudinally and cleaned thoroughly from bile by
using a cell lifter and paper towels. The tissue was rinsed in
PBS, cut into small pieces (�1 cm2), and distributed into
eight 50-mL conical tubes. After washing once in Epithelial
Strip Buffer (1� PBS, 5 mmol/L EDTA, 1 mmol/L dithio-
threitol, 5% FBS) at 37�C, the tissue was incubated in 30 mL
fresh Strip Buffer per tube in a 37�C shaker for 90 minutes.
After epithelial stripping, the duodenal tissue was rinsed in
20 mL cold Wash Buffer (RPMI, 2% FBS, 1% L-Glut, 1%
Pen/Strep) and incubated in Digest Buffer consisting of
Wash Buffer with 1 mg/mL collagenase type 4 (Worthington
LS004188; Worthington Biochemical, Lakewood, NJ), 1 mg/
mL trypsin inhibitor (Worthington LS003587), and 50 mg/
mL DNase I (Worthington LS002139) for 120 minutes in a
37�C shaker. After digestion, the samples were passed
through a 70-mm cell strainer and washed in 20 mL cold
Wash Buffer. The samples were then resuspended in 30 mL
of 40% Percoll (Sigma-Aldrich, St Louis, MO) prepared in
Wash Buffer and centrifuged for 30 minutes at room tem-
perature at 600g with acceleration and deceleration set to 0.
After centrifugation, the mucus and Percoll layers were
carefully removed, and the LPMCs were washed twice with
cold Wash Buffer and counted. LPMCs were finally resus-
pended in freezing medium (90% FBS þ 10% DMSO),
gradually cooled in a Mr. Frosty container (Thermo Fisher
Scientific) with 100% isopropyl alcohol, and stored at –80�C
for up to 2 weeks or at –150�C long term.
Mesenteric Lymph Node and Splenocyte
Isolation

MLN samples were placed in a culture dish containing
RPMI 1640 with 10% FBS and 1:100 DNase I (Roche, Basel,
Germany). SPL were placed in RPMI 1640 with 10% FBS,
1:100 DNase I, and 1 mg/mL collagenase D (Sigma-Aldrich).
The samples were rinsed, and fatty tissue was removed by
using fine forceps. The tissues were then cut into small
pieces. MLN samples were placed in a 70-mm cell strainer
over a 50-mL conical tube and smashed using a 5-mL sy-
ringe piston. The cell strainer was washed twice with 10 mL
medium. Cells were then spun down and resuspended in
freezing medium (90% FBSþ 10% DMSO). SPL samples
were placed in gentle MACS tubes and dissociated with a
gentle MACS Dissociator (Miltenyi Biotec, Bergisch Glad-
bach, Germany). This was followed by 15-minute incubation
at 37�C and a repeat dissociation. The suspension was
passed through 100-mm cell strainer into 50-mL conical
tube. The cells were washed and resuspended in 10 mL ACK
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lysis buffer (Fisher Scientific, Pittsburgh, PA) for 5 minutes.
After quenching with Wash Buffer, the cells were passed
through 70-mm cell strainer and washed. The pellet was
resuspended in 10 mL medium (RPMI 1640 with 10% FBS)
and overlayed carefully on 10 mL Ficoll in fresh 50-mL
conical tube. The sample was centrifuged at 2200 rpm at
room temperature for 20 minutes with acceleration and
deceleration set to 0. The cells were finally resuspended in
freezing medium and frozen as described above.
Peptide Libraries
Overlapping peptide libraries were designed on the basis

of the GII.4 Farmington Hills strain (Genbank accession
number AY502023). Peptides were 15 amino acids long and
spanned each ORF, with neighboring peptides overlapping
by 10 residues. All peptides were synthesized by GenScript
(Piscataway, NJ), resuspended in DMSO at a concentration of
40 mg/mL, and stored at –80�C. Overlapping peptide pools
containing up to 25 peptides were generated as shown in
Figure 3. Pools were made in serum-free RPMI 1640 with
each peptide at 0.8 mg/mL and stored at –80�C.

Peptide Stimulations
PBMCs were thawed and washed with RPMI containing

10% FBS and 1% Pen/Strep. Thawed cells were resus-
pended in 2� culture medium consisting of RPMI 1640 with
20% FBS, 2% Pen strep, 40 mmol/L HEPES, 2 mmol/L so-
dium pyruvate, 200 mmol/L non-essential amino acid, and
0.1 mmol/L b-mercaptoethanol. Cells were then stimulated
by adding equal volume of 0.8 mg/mL peptide mix in serum-
free RPMI for a final peptide concentration of 0.4 mg/mL.
IL2 was added to a final concentration of 100 U/mL, and
cells were incubated at 37�C and 5% CO2. Cells were
cultured for 10 days, with additional IL2 added on days 3, 5,
and 7, and culture medium changed on day 5. On day 10, the
cells were re-stimulated with peptide(s) at a final concen-
tration of 0.4 mg/mL in the presence of GolgiPlug (BD Bio-
sciences, San Jose, CA) for 18 hours.

Flow Cytometry
Surface antibody mixes were prepared in fluorescence-

activated cell sorter (FACS) buffer (PBS with 0.05% FBS).
Cells were washed in FACS buffer, incubated with surface
antibodies for 30 minutes at room temperature, and washed
again with FACS buffer. Next, cells were permeabilized using
a Fix/Perm kit (BD Biosciences) for 30 minutes at room
temperature, followed by 2 washes. Intracellular antibody
mixes were prepared in Fix/Perm Wash buffer, and cells
were stained for 1 hour, washed, and resuspended in FACS
buffer. Data were acquired on an LSR II flow cytometer (BD
Immunocytometry Systems, San Jose, CA). Data analyses
were done by using FlowJo v10.7 (TreeStar, San Carlos, CA).
Antibodies used are listed in Table 5.

Tetramers
Biotinylated monomers were synthesized at the NIH

Tetramer Core Facility (Atlanta, GA). Monomers at a
concentration of 200 mg/100 mL were tetramerized by
adding aliquots of streptavidin-APC or streptavidin-PE at 1
mg/mL (Fisher Scientific). Aliquots of 17.6 mL streptavidin-
APC or 31.9 mL streptavidin-PE were added and mixed
gently, followed by incubation in the dark at room tem-
perature for 10 minutes. This process was repeated 10
times. Tetramer staining was done at 1:200 dilution.
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