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Abstract
Human Rhinovirus (HRV) is a major cause of common cold, bronchiolitis, and ex-
acerbations of chronic pulmonary diseases such as asthma. CD8 T cell responses 
likely play an important role in the control of HRV infection but, surprisingly, HRV-
specific CD8 T cell epitopes remain yet to be identified. Here, we approached the 
discovery and characterization of conserved HRV-specific CD8 T cell epitopes from 
species A (HRV A) and C (HRV C), the most frequent subtypes in the clinics of 
various pulmonary diseases. We found IFNγ-ELISPOT positive responses to 23 
conserved HRV-specific peptides on peripheral blood mononuclear cells (PBMCs) 
from 14 HLA I typed subjects. Peptide-specific IFNγ production by CD8 T cells 
and binding to the relevant HLA I were confirmed for six HRV A-specific and three 
HRV C-specific CD8 T cell epitopes. In addition, we validated A*02:01-restricted 
epitopes by DimerX staining and found out that these peptides mediated cytotoxicity. 
All these A*02:01-restricted epitopes were 9-mers but, interestingly, we also identi-
fied and validated an unusually long 16-mer epitope peptide restricted by A*02:01, 
HRVC1791-1806 (GLEPLDLNTSAGFPYV). HRV-specific CD8 T cell epitopes de-
scribe here are expected to elicit CD8 T cell responses in up to 87% of the population 
and could be key for developing an HRV vaccine.
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1 |  INTRODUCTION

Human Rhinovirus (HRV) respiratory tract infections are the 
most frequent cause of the common cold.1 In most individu-
als, HRV infection does not lead to serious illness and is gen-
erally perceived as benign. However, HRV is a leading cause 
behind severe bronchiolitis needing hospitalization in infants 
and exacerbations of chronic pulmonary diseases, such as 
asthma or chronic obstructive pulmonary disease.2 It has 
been found that HRV infections during early life are associ-
ated with a subsequent development of asthma during child-
hood.3 Besides, it is estimated that HRV infections represent 
a large economic burden annually in terms of medical costs 
and work absenteeism.4 In this context, finding a good candi-
date for a vaccine or unravel possible therapeutic targets for 
this virus could minimize many of the health and economic 
problems associated with HRV infections, especially in those 
individuals with underlying chronic pulmonary diseases.

So far, over 150 antigenically distinct serotypes of HRV 
have been described. Molecular advances have allowed to 
classify them into three genetically distinct groups known as 
HRV A (74 serotypes), HRV B (25 serotypes), and the novel 
species HRV C (50 serotypes).5 It has been estimated that 
HRV respiratory infections are mainly due to HRV A and 
HRV C species.6 Despite both HRV A and C species hav-
ing similar prevalence and rate of infection, it is now estab-
lished that HRV C is a major cause of asthma and chronic 
obstructive pulmonary disease exacerbations, compared to 
HRV A.2,7 However, the pathogenic mechanisms of HRV C 
and HRV A infections leading to such complications are still 
poorly understood.

Like other Picornaviruses, HRVs are small viruses that 
contain a positive-sense single-stranded RNA genome.1 The 
viral genome consists of a single gene that is translated into 
a single polyprotein. The entire viral proteome is produced 
upon proteolytic processing of the polyprotein. Specifically, 
the polyprotein is cut by virally encoded proteases to produce 
11 proteins: four (VP1, VP2, VP3, and VP4) form the capsid, 
while the remaining nonstructural proteins (2A, 2B, 2C, 3A, 
3B, 3C, and 3D) are involved in the replication and assembly 
of the viral genome.8 The external structural proteins VP1, 
VP2, and VP3 are responsible for most of the antigenic di-
versity of the virus, while VP4, found on the inner side of the 
capsid, has little variability.8,9

HRV infects upper and lower respiratory tract epithelial 
cells. Viral entry starts with attachment of VP1 capsid pro-
tein to ICAM-1, LDL, or CDHR3 cell-surface receptors.10,11 
Typically, the entrance of the virus into the host epithelial 
cells is associated with a release of inflammatory mediators 
and neutralizing antibodies.12 Neutralizing antibodies di-
rected against the VP1, VP2, and VP3 surface-exposed areas 
of the capsid are considered as the main protective mecha-
nism against HRV infection.13 However, these regions of the 

capsid display high variability between different serotypes. 
As a result, antibodies induced by past exposures to particu-
lar HRV serotypes cannot recognize other serotypes; hence, 
there is a lack of effective cross-protective antibody-mediated 
immunity among HRV serotypes.14

It has been shown that both CD4 and CD8 memory T cells 
capable of recognizing HRV-specific antigens are present in 
the circulation of healthy subjects.15 However, in contrast to 
the serotype-specific antibody response, virus-specific CD4 
T cells have been shown to respond to multiple serotypes,16-18 
indicating the existence of conserved epitopes within the 
large antigenic heterogeneity between HRV serotypes. CD4 
T cell responses against HRV have a typical T cell helper type 
1 (Th1) pro-inflammatory cytokine profile, including IFNγ, 
IL-1β, TNFα, and IL-6.12 In contrast, CD8 T cell responses 
against HRV remain largely unexplored but, judging from 
other respiratory viral infections, are likely critical for HRV 
clearance.19

CD8 T cells combat viral infections thanks to their ability 
to detect and kill infected cells. To that end, CD8 T cells rec-
ognize viral peptides displayed on the surface of infected cells 
bound to class I major histocompatibility complex (MHC I) 
molecules; in humans known as HLA I molecules (human 
leukocyte antigens).20 Currently, many of these peptides 
(CD8 T cell epitopes) have been identified for most common 
viruses but, to the best of our knowledge, not a single one for 
HRV. However, the identification of HRV-specific epitopes 
will be of great interest, as they will enable the induction of 
virus-specific CD8 T cell responses, thereby providing an al-
ternative approach to that of eliciting neutralizing antibodies 
for vaccine development. Attempts to produce conventional 
vaccine against HRV have failed due to the large number of 
antigenically distinct serotypes.14,21

In this work, we successfully tackled the identification of 
CD8 T cell epitopes from HRV A and C species, the most fre-
quent subtypes in the clinics of various pulmonary diseases. 
T cell epitope mapping is costly and time-consuming as it 
involves testing numerous epitope candidates. To reduce the 
experimental load, we used a computer-assisted method to 
select non-variable CD8 T cell epitope candidates for exper-
imental scrutiny. We used Shannon Entropy to assess HRV 
sequence variability22 and predicted CD8 T cell epitopes 
within non-variable regions. Since CD8 T cells can only 
recognize peptides presented by MHC I molecules, we pre-
dicted CD8 T cell epitopes through peptide-MHC I binding 
predictions using methods based on profile matrices23 and 
artificial neural networks.24 Thus, we selected 31 peptides 
for screening by IFNγ-ELISPOT assays, finding positives 
responses to 23 peptides and validating 9 of them as CD8 
T cell epitopes through additional molecular and cellular as-
says. Interestingly, among the characterized HRV-specific 
CD8 T cell epitopes, we report a 16-mer epitope restricted by 
A*02:01 (HRVC1791-1806, GLEPLDLNTSAGFPYV).
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2 |  MATERIALS AND METHODS

2.1 | Donors and HLA I typing

Blood samples were collected from 14 healthy donors (7 fe-
males and 7 males) who had previously signed the informed 
consent document for the use of blood samples for research 
purposes, following the legislation corresponding to the 
Royal Decree-Law 1088/2005 of September 16 (reference 
number: BOE-A-2005-15514). Genomic DNA was extracted 
from the peripheral blood samples of 14 healthy donors using 
MagNa pure Compact instrument (Roche, UK) and pre-
served at −70°C. HLA-A and -B typing was performed using 
the LIFECODES HLA-A and -B SSO typing kit (Immucor, 
Stamford, CT, USA).

2.2 | Synthetic peptides

Peptides used in this study were synthesized by ProteoGenix 
(Schiltigheim, France) at ≥95% purity as confirmed by re-
versed-phase high-performance liquid chromatography (RP-
HPLC). Mass of purchased synthetic peptides was verified 
in house by MALDI-TOF mass spectrometry (Research 
Assistance Center for Mass Spectroscopy at Complutense 
University of Madrid). Lyophilized peptides were dissolved 
in 40% dimethyl sulfoxide, diluted in ultra-pure water to a 
peptide concentration of 5  mM, and stored at −80°C until 
use.

2.3 | HRV sequence variability analysis and 
generation of consensus proteomes

Consensus HRV A and C proteomes with variable residues 
masked were generated upon sequence variability analysis as 
described elsewhere.25 Briefly, from all HRV A and C pro-
teins available at NCBI, we selected 87 HRV A and 39 HRV 
C protein sequences corresponding to entire polyproteins 
(sequence length ≥ 3000 amino acids) and generated a mul-
tiple sequence alignment (MSA) for both HRV A and C spe-
cies using MUSCLE.26 Subsequently, we used the Shannon 
Entropy (H)22 Equation (1) to compute the sequence variabil-
ity per site/position in the MSA.

Where Pi is the fraction of residues of amino acid type 
i and M is the number of amino acid types. H ranges from 
0 (only one amino acid type is present at that position) to 
4.322 (every amino acid is equally represented in that po-
sition). Finally, sequence variability computed for HRV 

A and C polyproteins was assigned to HRV A and HRV C 
polyproteins with accession numbers NP_042288.1 and 
YP_001552411.1, respectively. Subsequently we masked any 
residue site with H ≥ 1.0, thus generating reference consen-
sus polyproteins for HRV A and HRV C. It should be noted 
that sites with H < 1 consist almost entirely of sites with no 
more than two amino acids per site.27,28

2.4 | Prediction of peptide binding to HLA 
I molecules

Peptide-HLA binding predictions were used as the main 
basis to anticipate CD8 T cell epitopes. Prediction of peptide 
binding to the 55 most common HLA class I molecules was 
assessed using RANKPEP.23 RANKPEP uses profile motifs 
to compute peptide-HLA I binding scores telling the prox-
imity in sequence space of test peptides to peptides that are 
known to bind to a given HLA I molecule.23,29,30 Since the 
range of binding scores provided by different profile motifs 
varies widely, here a given peptide was considered to bind 
to a particular HLA I molecule if its binding score ranked 
among the 2% percentile of scores computed for 1000 ran-
dom peptides using the same relevant HLA I-specific profile. 
Profile motifs used in this study were only suited for peptides 
of nine residues in length (9-mer), the most common size of 
peptides found to bind HLA I molecules.31 For longer pep-
tides, HLA I binding was obtained upon evaluating the bind-
ing of all 9-mer peptides within the longer peptide. Binding 
affinity of 9-mer peptides to selected HLA I molecules was 
also determined using NetMHC 4.0.24 NetMHC uses a neural 
network method that returns IC50 values of peptides to HLA 
I molecules.

2.5 | Isolation of Peripheral blood 
mononuclear cells and in vitro expansion of 
HRV-specific T cells

Peripheral blood mononuclear cells (PBMCs) were isolated 
from donor's blood samples (30  mL) by a density gradi-
ent on FicollPaque PLUS (Amershan). For in vitro expan-
sions, PBMCs were cultured in RPMI 1640 (Gibco, NY, 
USA) supplemented with 10% human serum (Gibco NY, 
USA), 100 U/mL penicillin, 100 µg/mL streptomycin, and 
2 mM l-glutamine (Lonza, Walkersville, USA) at a den-
sity of 2 × 106 cells/mL in 24-well plates (BD Biosciences) 
and stimulated with individual HRV peptides (10 µM final 
concentration) and IL-2 (10  U/mL; Immunotools). Cells 
were kept at 37°C in 5% CO2 for 6 days being split and 
fed as necessary with an additional doses of IL-2 (10 U/
mL; Immunotools) and individual HRV peptides (10 µM) 
at day 3 of culture. Expanded cells were washed twice with 

(1)H=−

M
∑

i

PiLog2(Pi)
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PBS (Gibco, NY, USA) and let rest for 4 hours in RPMI 
1640 without both, human serum and stimulation, prior to 
any functional assay.

2.6 | IFNγ-ELISPOT assays

Production of IFNγ by PBMCs from HLA I typed donors 
in response to stimulation with the corresponding HRV 
peptides was detected by ELISPOT assays, following 
standard procedures.32 Briefly, 1 × 105 cells in RPMI 1640 
(Gibco, NY, USA) supplemented with 100 U/ml peni-
cillin, 100  µg/mL streptomycin, and 2  mM l-glutamine 
(Lonza, Walkersville, USA) were plated in 96-well PVDF 
(Millipore, Germany) coated with an anti-IFNγ capture 
mAb 1-D1K (Mabtech) and individual HRV peptides 
were added at each well at 10  μM final concentration. 
Plates were incubated at 37°C and 5% CO2 for 24  hours 
and processed as described.32 Negative and positive con-
trols were obtained by incubating PBMCs without peptide 
(background control) and with phytohemagglutinin (PHA), 
respectively. To assess general viral-specific CD8 T cell 
responses in donors, IFNγ production from PBMCs to a 
control CEF peptide pool (Mabtech) was measured. This 
peptide pool contains 23 immunodominant CD8 T cell 
epitope peptides from Human Cytomegalovirus, Epstein-
Barr, and Influenza viruses. The number of IFNγ secreting 
cells (SFC, “spot forming cells”) was determined with an 
ELISPOT reader (ImmunoSpot 5.0, CTL Analyzers, LLC, 
OH, USA). For each individual peptide, the assay was run 
in triplicate and a response to a peptide was considered 
positive if the mean of detected SFC was ≥ 50 SFC per 106 
input cells after subtracting the mean ± standard deviation 
of the background count.

2.7 | HLA I-peptide binding affinity assays

Binding affinity of peptides to HLA I molecules A*01:01 
A*02:01, A*03:01, and A*11:01 was determined by quan-
titative competitive inhibition assays.33 Briefly, purified 
HLA I molecules (0.1 nM) were co-incubated with test com-
petitor peptides and 1 nM of high-affinity radiolabeled pep-
tides (YTAVVPLVY, FLPSDYFPSV, YVFPVIFSK, and 
YVFPVIFSK for A*01:01; A*02:01, A*03:01, and A*11:01, 
respectively), for 48 hours at 37ºC in the presence of protease 
inhibitors and 1 µM of β2 microglobulin (β2m). Each compet-
itor test peptide was tested in three or more independent as-
says at six different 10-fold concentrations (0.3 nM-30 µM); 
the unlabeled version of the radiolabeled peptide was used as 
positive control. HLA I-peptide complexes were captured on 
anti-HLA I W6/32 mAb-coated Lumitrac 600 plates (Greiner 
Bio-One, Frickenhausen) and HLA I-bound radioactivity 

was measured using the TopCount microscintillation coun-
ter (Packard Instrument Company). The concentration of 
test peptide yielding 50% binding inhibition (IC50) of the 
radiolabeled peptide was calculated. Under the conditions 
utilized, where [labeled peptide]  <  [MHC], and measured 
IC50  ≥  [MHC], IC50 values are reasonable approximations 
of true Kd.

34,35

2.8 | T2 binding assay

Binding stability and presentation of some of the A*02:01-
restricted HRV peptides were tested in cellular assays using 
A*02:01+ TAP-deficient T2 hybridoma cells as follows. T2 
cells in AIM-V free serum medium (Gibco) were plated at 
a density of 106 cells/ml in 96-well plates and pulsed over-
night at 37°C and 5% CO2 with the tested peptides at six 
concentrations varying from 1 to 100  μM and 5  µg/mL of 
β2m (BD biosciences). A*02:01-restricted HTLV-TAX 
peptide (LLFGYPVYV) was used as a positive control. 
A*02:01-surface expression was determined by flow cytom-
etry (FACScalibur, BD Biosciences) using FITC-conjugated 
HLA-A2 mAb BB7.2 (BDbiosciences).

2.9 | Intracellular cytokine staining

PBMCs from matching donors were cultured for 14  hours 
in RPMI 1640 (Gibco, NY, USA) supplemented with 10% 
human serum (Gibco NY, USA), 100  U/mL penicillin, 
100  µg/mL streptomycin, and 2  mM l-glutamine (Lonza, 
Walkersville, USA) at 37°C and 5% CO2 with the HRV 
peptides (10 μM) in the presence of Brefeldin A (5 μg/mL) 
(Thermo Fisher Scientific). The same PBMCs cultured with 
media alone were used as negative control. CEF peptide 
pool (Mabtech) was used as a positive control. After cul-
ture, cells were washed with PBS and surface stained with 
APC-conjugated anti-CD8 REA734 mAb (Miltenyi Biotec) 
followed by intracellular staining with FITC-conjugated anti-
IFN-γ 45-15 mAb (Miltenyi Biotec) according to the manu-
facturer's instructions. Stained cells were detected by flow 
cytometry (FACScalibur, BD Biosciences).

2.10 | DimerX staining

A chimeric protein consisting of a mouse Immunoglobulin 
G (IgG) fused with two A*02:01 molecules commercialized 
under the name of DimerX (BD Biosciences) was used to de-
tect CD8 T cells recognizing A*02:01-restricted epitopes as 
described.32 Briefly, DimerX was passively loaded with indi-
vidual A*02:01-restricted HRV peptides at 640 molar excess 
in PBS pH 7.2 at 37°C overnight. Peptide-expanded PBMCs 
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from A*02:01-donors were then stained with peptide-loaded 
DimerX for 1  hour at room temperature (RT) and cognate 
CD8 T cells were detected by flow cytometry (FACScalibur, 
BD Biosciences) using PE-conjugated anti-mouse IgG1 
A85-1 mAb (BD biosciences) and APC-conjugated anti-CD8 
REA734 mAb (Miltenyi Biotec). The same PBMCs stained 
with unloaded DimerX or with DimerX loaded with the 
A*01:01-restricted peptide HRVA2029-2037 (YGDDVIFSY) 
were used as negative controls.

2.11 | Cytotoxicity assays

Cytotoxic activity was determined by quantification of lac-
tate dehydrogenase (LDH) release using the Pierce LDH 
non-radioactive cytotoxicity assay kit (Thermo Fisher 
Scientific) following manufacturer's instructions. Target 
(T) cells consisted of T2 cells pulsed overnight at 37°C 
and 5% CO2 with 10 µM of test peptides and 5 µg/mL β2 
microglobulin in AIM-V-free serum medium (Gibco). 
T2 cells pulsed with the A*01:01-restricted peptide 
HRVA2029-2037 (YGDDVIFSY) were used as a negative 
control. Peptide-expanded PBMCs from A*02:01 donors 
were used as effector cells (E). Target cells (5 × 103) were 
plated in 96-well plates and co-cultured with effectors cells 
at E:T ratios 1:1, 5:1, 10:1, and 30:1 at 37°C and 5% CO2 
for 8 hours. The percentage of specific lysis of the target 
cells was determined with the formula: 100*[(experimental 
release − effector spontaneous release − target spontane-
ous release)/(target maximum release − target spontaneous 
release)], where target maximum release was determined 
by adding  10X Lysis Buffer (provided by the manufac-
turer) to target cells 45 minutes prior to harvest the super-
natants for LDH quantification.

2.12 | Other procedures

The tertiary structure of A*02:01 in complex with a 16-mer 
A*02:01-restricted HRV peptide identified in this work 
was generated by homology modeling after the known ter-
tiary structures of three A*02:01-peptide complexes (PDB 
IDs: 1I1F, 2V2X, 4U6Y), using a standalone version of 
MODELLER.36 Tertiary structure models were subjected to 
MODELLER energy optimization methods the best model 
was chosen based on the discrete optimized potential en-
ergy (DOPE) scores. Superimposition of tertiary structures 
and molecular graphic representations were obtained using 
PyMol Molecular Graphics System, Version 2.0 Schrödinger, 
LLC. Population protection coverage (PPC) and identifica-
tion of optimal epitope combination with the largest PPC 
were obtained using the method by Molero et al implemented 
in EPISOPT.37

3 |  RESULTS

3.1 | Computational selection of conserved 
HRV peptides with potential CD8 T cell 
epitopes

We sought to select HRV A and C conserved peptides that 
were predicted to bind to different HLA I molecules. To 
that end, we first carried out sequence variability analysis 
of HRV A and C proteomes generating reference consensus 
proteomes with variable sites (H ≥ 1) masked (details in 
Materials and Methods). Our variability analysis revealed 
that HRV C contains 34.1% of variable residues, whereas 
these residues represent 27.9% in HRV A. We next tar-
geted HRV A and C consensus proteomes for peptide-HLA 
I binding predictions (as described in the Materials and 
Methods) to identify potential CD8 T cell epitopes. For 
HRV A, we selected 22 conserved peptides with the op-
timal size (9 residues) for HLA I binding. However, for 
HRV C we just sought for conserved peptides, selecting 
9 conserved peptides with a length ranging from 11 to 17 
residues. These peptides encompass various 9-mer pep-
tides predicted to bind to different HLA I molecules and 
can be tested on a higher number of HLA I typed donors 
(Table  1). All these peptides were synthesized and sub-

jected to functional assays.

3.2 | Identification of conserved HRV-
specific CD8 T cell epitopes

We tested the immunogenicity of HRV peptides by IFNγ-
ELISPOT assays using PBMCs from 14 HLA-I typed sub-
jects. We tested each peptide in HLA-I matched subjects; 
therefore, peptides were only tested on subjects express-
ing at least one HLA I molecule included on the predicted 
peptide-HLA I binding profiles. Subject-specific responses 
for individual peptides are summarized in Figure 1 and ad-
ditional information regarding HLA I typing and peptide-
specific responses of the donors is provided in Table S1. 
We found that 23 out of the 31 conserved peptides were 
able to elicit recall T cell responses in at least one of the 
subjects that were tested. The peptides with the broader 
responses were HRVA60-80 (VLEKGIPTL) and HRVC24-36 
(VVKYFNINYYKDA), four out of six and six out of eight 
donors, respectively, responded.

Of the 22 HRV A peptides, 16 gave a positive response 
in one or more subjects with HLA I typing matching at least 
one of the HLA I molecules included in the predicted pep-
tide-HLA I binding profile. To identify the most likely HLA 
I restriction element of the immunogenic HRV A peptides, 
we compared the number of subjects with matching HLA I 
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T A B L E  1  Predicted HLA I binding profile of the conserved HRV A and C peptides selected in this study

Virus Peptide Sequence Proteina Positionb Predicted HLA I bindingc 

HRV A HRVA19-27 VSNGSSLNY VP4 19-27 A*11:01, B*15:08, B*15:16, 
B*57:02

HRVA24-32 SLNYFNINY VP4 24-32 A*02:01, A*03:01, A*11:01, 
B*15:08

HRVA26-34 NYFNINYFK VP4 26-34 A*03:01, A*31:01, A*33:01, 
A*68:01

HRVA49-57 DPSKFTDPV VP4 49-57 B*07:02, B*35:01, B*51:01, 
B*51:02, B*51:03, B*54:01

HRVA60-68 VLEKGIPTL VP4 60-68 A*02:01, A*02:02, A*02:03, 
A*02:04, A*02:05, A*02:06, 
A*02:09, A*02:14, B*15:10

HRVA70-78 SPTVEACGY VP4 70-78 B*15:08, B*35:01, B*44:02, 
B*53:01

HRVA96-104 DVANAVVGY VP4 96-104 A*11:01, B*15:08

HRVA286-294 RHNNWSLVI VP2 286-294 B*38:01, B*48:01

HRVA503-511 VPWVSASHF VP3 503-511 B*07:02

HRVA586-594 NEVLVVPNI VP1 586-594 B*44:02

HRVA764-772 SIASAYYMF VP1 764-772 A*24:02

HRVA877-885 NLIYRNLHL 2A 877-885 A*02:01, B*08:01

HRVA898-906 YSSDLVIYR 2A 898-906 A*31:01, A*68:01, A*11:01

HRVA954-962 KHIQYNLLI 2A 954-962 B*38:01

HRVA1080-1088 SGSPWRFLK 2B 1080-1088 A*11:01

HRVA1288-1296 QMVSSVTFI 3D 1288-1296 A*02:01

HRVA1377-1385 CPFICGKAV 3D 1377-1385 B*07:02

HRVA1655-1663 RMLKYNYPT 2C 1655-1663 A*02:01, B*48:01

HRVA1859-1867 VTFLKDELR 3D 1859-1867 A*31:01, A*33:01, A*68:01

HRVA2009-2017 RTLVLDAYK 3D 2009-2017 A*30:01, A*31:01, A*11:01

HRVA2029-2037 YGDDVIFSY 3D 2029-2037 A*01:01, A*66:01, B*35:01

HRVA2147-2155 ALYIPPYEL 3D 2147-2155 A*02:01, A*02:02, A*02:03, 
A*02:04, A*02:05, A*02:06, 
A*02:09

HRV C HRVC24-36 VVKYFNINYYKDA VP4 24-36 A*03:01, A*11:01, A*30:01, 
A*31:01, A*33:01, A*68:01, 
B*15:01

HRVC61-75 LTNPALMSPSVEACG VP4 61-75 A*02:01, B*07:02, B*35:01, 
B*51:01,

HRVC258-274 INLRTNNSSTIVVPYIN VP2 258-274 A*01:01, A*30:01, A*68:01, 
B*15:01, B*35:01

HRVC630-640 IENFLGRSALW VP1 630-640 A*24:02, B*14:02, B*40:02

HRVC686-696 GLMQIMYVPPG VP1 686-696 A*30:01, B*15:01

HRVC1582-1592 KEKFRDIRRFIP 3D 1582-1592 A*30:01, A*31:01

HRVC1791-1806 GLEPLDLNTSAGFPYV 3D 1791-1806 A*01:01, A*02:01, A*11:01, 
A*30:01, A*66:01, A*68:01, 
B*15:01, B*35:01

HRVC1835-1847 DLPYVTYLKDELR 3D 1835-1847 A*31:01, A*33:01, A*68:01

HRVC1974-1990 GTSVFNTMINNIILRTL 3D 1974-1990 A*11:01, A*24:02, A*31:01, 
A*33:01

aProtein of HRV that contain the peptide sequence. 
bPosition of the peptide in the selected reference HRV polyproteins 
cHLA I molecules predicted to bind the corresponding peptides or nested 9-mer peptides. 
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alleles that responded vs those that did not respond (Table 
S2). As a result, we selected for further evaluation six HRV 
A peptides; four potentially restricted by A*02:01 (HRVA60-

68, HRVA877-885, HRVA1288-1296, and HRVA2147-2155), one by 
A*01:01 (HRVA2029-2037) and one by A*30:01 (HRVA2009-

2017). All these peptides were found to be immunogenic in at 
least three subjects and non-immunogenic in zero or only one 
subject matching the corresponding HLA I allele (Table S2).

All nine HRV C peptides but one elicited recall T cell re-
sponses in at least one donor. These peptides have a length 
(> 11 residues) that likely precludes direct binding to 
HLA I molecules, without some processing in the culture. 
Thereby, we predicted which 9-mer nested peptides could 
potentially be presented by HLA I molecules expressed by 
the responding donors. Following this approach, we antic-
ipated potential HRV C CD8 T cell epitopes that are likely 
responsible for the observed IFNγ-responses along with 
their HLA I restriction element (Table S3). After this anal-
ysis, we synthesized the peptide KYFNINYYK (HRVC26-

34), which is a potential A*11:01-restricted CD8 T cell 
epitope included in peptide HRVC24-36, and confirmed 
strong positive responses by IFNγ-ELISPOT in A*11:01 
donors (data not shown). This peptide was also selected for 
further evaluation.

Overall, the combination of computational and IFNγ-
ELISPOT assays allowed us to identify six immunogenic 
peptides from HRV A virus that are potentially restricted 
by A*02:01 (HRVA60-68, HRVA877-885, HRVA1288-1296, and 

HRVA2147-2155), A*01:01 (HRVA2029-2037) and A*30:01 
(HRVA2009-2017). Additionally, we identified an immuno-
genic peptide from HRV C virus, HRVC26-34, which is po-
tentially restricted by A*11:01. All these peptides have nine 
residues, the optimal for binding and presentation by HLA 
I molecules, and likely correspond to bona fide CD8 T cell 
epitopes. In fact, we detected by intracellular cytokine stain-
ing peptide-specific production of IFNγ by CD8 T cells in 
PBMCs from matching donors (Figure 2). We found out that 
the percentage of peptide-specific IFNγ-producing CD8 T 
cells when stimulated with the HRV peptides were: 1.27% 
for the A*11:01-peptide, 1.12% for the A*01:01-peptide, 
1.16% for the A*30:01-peptide, and ranged between 0.37% 
and 1.25% for the A*02:01-peptides.

3.3 | Validation of selected CD8 T 
cell epitopes

We carried out further experiments to validate the seven 
HRV-specific CD8 T cell epitopes identified in the previ-
ous section by intracellular staining assays. We carried out 
quantitative competitive inhibition assays to confirm bind-
ing of these CD8 T cell epitopes to the relevant purified 
HLA I molecules (details in Materials and Methods). As 
shown in Figure 3A, HRVA60-68 (VLEKGIPTL), HRVA877-

885 (NLIYRNLHL), and HRVA1288-1296 (QMVSSVTFI) 
bound with high affinity (IC50 < 200 nM) to A*02:01, while 

F I G U R E  1  T cell responses to conserved HRV A and C peptides. Recall T cell responses to conserved HRV peptides were measured by 
IFNγ-ELISPOT assays in PBMCs of 14 HLA-I typed subjects. Results for each peptide are expressed as the mean of spot forming cells (SFC)/106 
PBMCs in each subject. Error bars represent mean ± SEM of SFC of all donors tested, regardless of their HLA-I typing. For subject-specific 
peptide responses and HLA I typing of the donors see Table SII. The horizontal line represents the threshold used as selection criteria for positive 
responses (>50 SFC/106 PBMCs). A, T cell responses to conserved 9-mer HRV A peptides. B, T cell responses to conserved 11-17-mer HRV C 
peptides that contain 9-mer nested peptides predicted to bind to HLA I molecules. Twenty-three out of 31 peptides were able to elicit a positive 
IFNγ recall response

(A) (B)
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HRVA2147-2155 (ALYIPPYEL) bound with intermediate af-
finity (586 nM) to this same HLA I molecule. In these ex-
periments, we also assayed the binding of HRVC1791-1806 
(GLEPLDLNTSAGFPYV) to A*02:01. This peptide was 
included in the binding experiments as a negative con-
trol since its large length should prevent binding to HLA I 
molecules. Interestingly, HRVC1791-1806 bound to A*02:01 
with high affinity (91 nM). Therefore, we selected this pep-
tide for additional analysis (see below). Moreover, quanti-
tative competitive inhibition assays allowed us to confirm 
that peptides HRVC26-34 (KYFNINYYK), HRVA2029-2037 
(YGDDVIFSY), and HRVA2009-2017 (RTLVLDAYK) bound 
to A*11:01, A*01:01, and A*30:01, respectively, with high 
affinity (IC50 < 200 nM).

We selected all four A*02:01-restricted CD8-T cell 
epitopes (HRVA60-68, HRVA877-885, HRVA1288-1296, and 
HRVA2147-2155) for additional validation and carried out 

DimerX staining and killing assays (details in Materials 
and Methods). In these experiments, we used PBMCs from 
A*02:01 subjects that were previously stimulated with in-
dividual A*02:01-peptides. DimerX staining experiments, 
shown in Figure 3B, revealed the existence of CD8 T cells 
that were specific for each of the A*02:01-peptides. The 
percentage of CD8 T cells that recognized the A*02:01-
peptides in the representative subject shown in Figure  3, 
varied from 0.91% for HRVA877-885 to 3.08% for HRVA1288-

1296. Moreover, killing assays (Figure  3C), showed that all 
A*02:01-peptides mediated cytotoxic activity. In the repre-
sentative assay shown in Figure  3C, up to 20% to 40% of 
T2 cells loaded with HRV A*02:01-peptides underwent 
peptide-specific lysis when incubated with effector cells con-
sisting of PBMCs from a responding A*02:01 subject. Note 
that T2 cells were not lysed when pulsed with the A*01:01-
peptide HRVA2029-2037 (YGDDVIFSY).

F I G U R E  2  Peptide-specific production of IFNγ by CD8 T cells. PBMCs from HLA I matched donors were stimulated with 10 μM of 
the relevant peptides in the presence of Brefeldin A for 14 hours, labeled with anti-CD8 antibody and stained intracellularly for IFNγ. Data are 
expressed as percentage of peptide-specific IFNγ-producing CD8 T cells within the total of gated-CD8 T cells from A*02:01 (panel A), A*11:01 
(panel B), A*01:01 (panel C) and A*30:01 (panel D) subjects after stimulation with HRV peptides. CEF peptide pool was used as positive control 
and negative control (media) was obtained by incubating donor PBMCs without the addition of exogenous peptide

(A) (B)

(C)

(D)
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3.4 | Validation of an HRV C-specific 
A*02:01-restricted 16-mer CD8 T cell epitope

As noted earlier, we detected strong binding of the peptide 
HRVC1791-1806 (GLEPLDLNTSAGFPYV) to A*02:01. Since 
most A*02:01 subjects responded to HRVC1791-1806 (Figure 1 
and Table S1), we aimed to determine if the responses were 
directed against this peptide or if smaller nested peptides 
were responsible for the observed responses in A*02:01 
subjects. We actually found 4 peptides within HRVC1791-

1806 with a length between 9 and 11 residues that were pre-
dicted to bind to A*02:01 (NTSAGFPYV, LNTSAGFPYV, 
DLNTSAGFPYV, and GLEPLDLNT). We synthesized 
these peptides and carried out further analyses.

We first determined the binding capacity of the nested 
peptides to A*02:01, and compared it with the binding of 

the 16-mer peptide HRVC1791-1806. Quantitative competitive 
inhibition assays (Figure 4A) demonstrated that the A*02:01 
peptides nested in HRVC1791-1806 could bind to A*02:01 (IC50 
range 100-500 nM), but with lower affinity than HRVC1791-

1806 (IC50 < 100 nM). We also tested binding and presentation 
by A*02:01 of HRVC1791-1806 and the nested 9-mer peptide 
that bound to A*02:01 with the highest affinity (HRVC1798-

1806, NTSAGFPYV) using T2 binding assays (Figure  4B). 
T2 cells are A*02:01+ TAP-deficient cells with no or little 
detectable A*02:01 in the cell surface unless exogenous pep-
tides capable of binding to A*02:01 are provided. As positive 
control we used a well-known A*02:01-restricted peptide 
(HTLV-TAX). In these assays, we confirmed that A*02:01-
surface stabilization induced by GLEPLDLNTSAGFPYV 
was similar to that of HTLV-TAX, and much greater than that 
by NTSAGFPYV.

F I G U R E  3  Validation of HRV-specific CD8 T cell epitopes. A, Figure depicts the binding affinity of each epitope to the relevant HLA 
I molecule anticipated to restrict the responses. Binding affinity is given as 1/IC50 value (nM) and was determined by quantitative competitive 
inhibition assays (details in Materials and Methods). B, Percentage of CD8 T cells recognizing A*02:01-restricted epitopes. PBMCs from a 
responding A*02:01-subject, previously stimulated with the A*02:01-peptides, were stained with DimerX loaded with the individual A*02:01-
peptides and detected by flow cytometry. The PBMCs stained with unloaded DimerX or with DimerX loaded with the A*01:01-restricted peptide 
HRVA2029-2037 (YGDDVIFSY) were used as negative controls. Results are expressed as the percentage of peptide-specific CD8 T cells recognizing 
DimerX-peptides within the total of gated-CD8 T. C, Cytotoxic activity of CD8 T cells specific for A*02:01-epitopes from HRV. Target (T) 
A*02:01+ TAP-deficient T2 cells pulsed with A*02:01-peptides overnight were incubated with effector (E) cells consisting of PBMC from 
A*02:01 subjects previously stimulated with the peptides. Subsequently, peptide-specific lysis of target cells was quantified by LDH release after 
8 hours (details in Materials and Methods) and the percentage of lysis obtained at increasing E:T ratios is plotted. As a negative control, we used 
T2 cells loaded with the A*01:01-peptide HRVA2029-2037 (YGDDVIFSY). Open squares represent T2 spontaneous lysis during the 8 hours of the 
assay. Results depicted in panels B and C correspond to a representative experiment obtained using PBMCs from A*02:01-subject #14
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We next studied the production of IFNγ by CD8 T cells 
induced by GLEPLDLNTSAGFPYV and NTSAGFPYV 
using PBMCs from responding A*02:01 subjects. As shown 
in Figure  4C, the percentage of peptide-specific IFNγ-
producing CD8 T cells was higher when PBMCs were stim-
ulated with the 16-mer peptide than with the 9-mer nested 
peptide. Thus, IFNγ-producing CD8 T cells induced by 
GLEPLDLNTSAGFPYV represented a 2.03%, while those 
induced by NTSAGFPYV represented a 0.43%.

Finally, to complete the validation of the 16-mer 
HRVC1791-1806 peptide as a bona fide A*02:01-restricted 
CD8 T cell epitope, we carried out DimerX staining and cy-
totoxicity assays with PBMCs from A*02:01 subjects previ-
ously stimulated with the peptides. DimerX staining results 
(Figure 5A) showed that there is a considerable population 
of CD8 T cells recognizing the 16-mer peptide (2.38% of 
CD8 T cells) that doubles that of the 9-mer peptide (1.12% 
of CD8 T cells). In addition, cytotoxicity assays (Figure 5B) 
demonstrated that GLEPLDLNTSAGFPYV mediated cyto-
toxic activity; over 30% of T2 cells pulsed with this peptide 
were lysed by PBMCs from A*02:01 subjects. The cytotoxic-
ity mediated by GLEPLDLNTSAGFPYV was comparable to 
that of HRVA1288-1296, an A*02:01-restricted CD8 T cell epi-
tope described previously (Figure 3C). Likewise, the peptide 

NTSAGFPYV also mediated cytotoxic activity, less than 
HRVC1791-1806, but yet in range with other A*02:01-restricted 
CD8 T cell epitopes identified in this study. Altogether, 
our data reveals a dominant CD8 T cell response toward 
HRVC1791-1806 peptide, shadowing that to other canonical 
A*02:01-restricted epitopes nested within.

4 |  DISCUSSION

HRV causes respiratory tract infections that are associated 
with acute exacerbations of chronic pulmonary diseases 
such as asthma.1,2 A major characteristic of HRV is the high 
number of antigenically distinct serotypes (more than 150 
serotypes have been described) which have been classified 
in HRV A, B, and C species.5 HRV A and HRV C are the 
most infective species and HRV C is the most pathogenic, 
being a major cause of asthma exacerbations.2,7 In addition 
to a direct effect on respiratory epithelial cells, the innate and 
adaptive host responses also have a role in the pathogenesis 
of HRV infection by promoting inflammatory mediators.12 
It has been shown that HRV induce potent humoral and T 
cell responses. The humoral response includes neutralizing 
antibodies but they are serotype-specific, exhibiting little 

F I G U R E  4  Validation of a 16-mer peptide restricted by A*02:01. A, A*02:01-binding affinity of HRVC1791-1806 (GLEPLDLNTSAGFPYV) 
and 9-11-mer peptides nested within and predicted to bind to A*02:01. Figure shows binding affinity given as 1/IC50 (nM) as determined by 
quantitative competitive inhibition assays (Details in Materials and Methods). B, T2 binding assays of HRVC1791-1806 and the 9-mer nested peptide 
NTSAGFPYV. Results are expressed as Mean Fluorescence Intensity (MFI) of A*02:01-surface expression in T2 cells when pulsed with increasing 
concentrations (0.5-100 μM) of each peptide. Open circles represent basal A*02:01-surface expression in absence of exogenous peptide and HTLV-
TAX, a well-known A*02:01-restricted peptide, was used as positive control. C, Peptide-specific IFNγ-production by CD8 T cells. PBMCs from 
an A*02:01-subject were stimulated with GLEPLDLNTSAGFPYV or with NTSAGFPYV and stained for flow cytometry. Results are expressed 
as the percentage of peptide-specific IFNγ-producing CD8 T cells within the total of gated-CD8 T cells. The same PBMCs incubated with media 
alone were used as negative control. Panel C shows a representative experiment using PBMCs from A*02:01-donor #13

(A)

(C)

(B)
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cross-reactivity.14 CD4 T cells contribute to antiviral im-
munity through the recognition of viral antigens, triggering 
both cellular and antibody-mediated immune responses. 
Unlike HRV-specific antibodies, HRV-specific CD4 T cells 
can be cross-reactive and recognize shared epitopes between 
serotypes.16-18 Interestingly, in healthy individuals, HRV-
specific CD4 T cells polarize to Th1 facilitating HRV clear-
ance, while in asthmatic individuals polarize to Th2, fueling 
asthma exacerbations.38 CD8 T cells are also expected to play 
a key role facilitating viral clearance by killing infected cells. 
However, CD8 T cell responses against HRV are still poorly 
studied and, in fact, to our knowledge HRV-specific CD8 T 
cell epitopes remain to be identified. In the present study, we 
targeted HRV A and C species, which together are responsi-
ble for almost 90% of HRV infections, for CD8 T cell epitope 
identification. To that end, we followed a computer-aided 
approach summarized in Figure 6. Briefly, for HRV A, we 
selected for experimental validation potential 9-mer CD8 T 
cell epitopes predicted to bind to common HLA I molecules. 
However, since HRV C is much more variable than HRV A, 
we first selected conserved peptides (11-17-mers) predicted 

to encompass various 9-mer CD8 T cell epitopes, screened 
them for immunogenicity using IFNγ-ELISPOT assays and 
subsequently proceed to validate the CD8 T cell epitopes 
nested within the immunogenic peptides.

We selected 31 conserved HRV peptides (22 for HRV A 
and 9 for HRV C) encompassing potential CD8 T cell epi-
topes upon sequence variability analysis and HLA I binding 
predictions. In IFNγ-ELISPOT assays, 23 out of 31 peptides 
(74%) were able to elicit a detectable T cell recall responses 
(Figure 1) in HLA I matched donors. IFNγ responses induced 
by peptides of both HRV A and C were of similar magnitude 
to those found in similar assays of PBMCs to papillomavi-
rus,39 norovirus,40 and coronavirus.41 Since the immunoge-
nicity of the peptides was tested on a small cohort including 
14 HLA I typed subjects, we cannot discard that other pep-
tides might also be immunogenic in other backgrounds and/
or individuals. Intracellular cytokine staining allowed us to 
confirm that the observed responses were owed to CD8 T 
cells (Figure 2) and we verified HLA I-restriction elements 
for 7 of the 23 immunogenic peptides: HRVC26-34 (A*11:01), 
HRVA2029-2037 (A*01:01), HRVA2009-2017 (A*30:01), and 

F I G U R E  5  DimerX staining and killing assays. Figure shows a representative experiment using PBMCs from an A*02:01-subject #14. A, 
Percentage of CD8 T cells recognizing GLEPLDLNTSAGFPYV and NTSAGFPYV peptides. PBMCs from a responding A*02:01 subject were 
previously stimulated with the relevant peptides and stained with DimerX loaded with the relevant peptides. We used the same PBMCs stained with 
unloaded DimerX or with DimerX loaded with the A*01:01-restricted peptide HRVA2029-2037 (YGDDVIFSY) as negative controls. Peptide-specific 
CD8 T cells were detected by flow cytometry and results are expressed as the percentage of CD8 T cells recognizing DimerX-peptides within the 
total of gated-CD8 T cells. B, Cytotoxic activity induced by GLEPLDLNTSAGFPYV and NTSAGFPYV peptides. Effector (E) cells, consisting of 
PBMCs from an A*02:01 subject previously stimulated with the peptides, were incubated with target (T) A*02:01+ TAP-deficient T2 cells pulsed 
with the relevant peptides. After 8 hours, we determined peptide-specific lysis of target cells by quantification of LDH release and results are 
expressed as the percentage of lysis at increasing E:T ratios. T2 cells loaded with the A*01:01-peptide HRVA2029-2037 (YGDDVIFSY) were used as 
negative-control. Open squares represent T2 spontaneous lysis during the 8 hours of the assay. HRVA1288-1296 is plotted as an example to compare 
the cytotoxic activity of GLEPLDLNTSAGFPYV and NTSAGFPYV with that induced by other A*02:01-restricted CD8 T cell epitopes previously 
identified in this study

(A) (B)
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HRVA60-68, HRVA877-885, HRVA1288-1296, HRVA1798-1806, and 
HRVA2147-2155 (A*02:01).

As shown in Figure 7, immunogenic peptides are distrib-
uted uniformly in HRV proteome but the density is greater in 
VP4 protein, which is highly conserved. VP4 is located on 
the amino terminal extreme of the polyprotein and a previ-
ous study42 revealed that this location favors presentation by 
HLA I molecules and consequent recognition by CD8 T cells. 
In contrast to HRV-specific CD4 T cell epitope identification, 
which have been mainly focused on capsid proteins,16-18,43 
here we report CD8 T cell epitopes that are distributed 
throughout the whole HRV proteome.

The responses to A*02:01-restricted CD8 T cell epi-
topes were further characterized using DimerX staining and 

cytotoxicity assays. As noted earlier and depicted in Figure 2 
all A*02:01-restricted CD8 T cell epitopes were able to induce 
significant populations of IFNγ-producing CD8 T cells that 
were similar to those of peptide-specific CD8 T cells with a 
TCR capable of recognizing the epitopes (Figure 3B). An ex-
ception was HRVA1288-1296, which was recognized by a 3.08% 
of CD8 T cells, but only a 0.37% of the CD8 T cells produced 
IFNγ after peptide-stimulation (Figures 2 and 3B). It could be 
that some of the CD8 T cells recognizing HRVA1288-1296 in this 
representative subject are non-functional or exhausted, but we 
found similar responses to this peptide in other A*02:01 sub-
jects (data not shown). In any case, poor T cell reactivity to 
HRVA1288-1296 does not appear to be related with weak bind-
ing to A*02:01, as the IC50 is similar to that of other A*02:01 

F I G U R E  6  Computer-aided strategy for the identification of HRV-specific CD8 T cell epitopes. The figure depicts a flowchart of the process 
followed to identify HRV-specific CD8 T cell epitopes. Consensus HRV A and HRV C proteomes were built upon sequence variability analysis 
of available HRV A and HRV C full proteomes using the Shannon Entropy (H) as variability metric. For further analysis, we considered peptide 
fragments with nine or more consecutive residues with H < 1. For HRV A, which is more conserved than HRV C, we predicted potential 9-mer 
CD8 T cell epitopes with HLA I binding capacity and we screened them for immunogenicity by IFNγ-ELISPOT. For HRV C, which is highly 
variable, we selected 11-17-mer peptides containing nested peptides of 9 residues predicted to bind to one or more common HLA I molecules and 
evaluated immunogenicity by IFNγ-ELISPOT assays. By comparing the HLA I typing of the responding donors with peptides-HLA I binding 
profile we could pinpoint the nested 9-mer peptides responsible for the observed IFNγ-response. We synthesized those peptides and we confirmed 
immunogenicity by IFNγ-ELISPOT assays. Finally, we selected six HRV A-specific and three HRV C-specific immunogenic conserved peptides 
and we validated them as bona fide CD8 T cell epitopes using functional assays and experimental HLA I binding assays
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epitopes (Figure  3A). The reactivity of CD8 T cell epitopes 
depends on several factors,19 and perhaps most of the CD8 T 
cells recognizing HRVA1288-1296 do not have enough affinity for 
A*02:01 to trigger IFNγ responses.

All the CD8 T cell epitopes with verified HLA I restric-
tion described earlier were 9-mers, however, we also identi-
fied a 16-mer epitope restricted by A*02:01 (HRVC1791-1806, 
GLEPLDLNTSAGFPYV). This 16-mer epitope contained 
a 9-mer epitope nested in its sequence (HRVC1798-1806, 
NTSAGFPYV) that could also bind to A*02:01 and in-
duced CD8 T cell recall responses (Figure 4). However, the 

16-mer epitope bound with greater affinity to A*02:01 and 
exhibited a dominant response. Thus, we found larger num-
bers of peptide-specific (Figure  5A) and IFNγ-producing 
(Figure 4C) CD8 T cells for GLEPLDLNTSAGFPYV than 
for NTSAGFPYV. Likewise, GLEPLDLNTSAGFPYV 
mediated a greater cytotoxic activity than NTSAGFPYV 
(Figure  5B). In sum, there is no doubt that HRVC1791-1806 
is a bona fide HRV C-specific CD8 T cell epitope targeted 
during HRV C infection. To the best of our knowledge 
GLEPLDLNTSAGFPYV is the longest A*02:01-restricted 
epitope reported so far.

F I G U R E  7  Distribution of conserved immunogenic HRV-specific peptides identified in this study. Figure shows the location of all conserved 
HRV A and C peptides considered in this study. Black asterisks represent peptides that elicited positive recall responses in IFNγ-ELISPOT assays. 
Red asterisks represent immunogenic peptides with validated restriction elements. Green asterisks represent the HRV C-specific A*02:01-restricted 
16-mer CD8 T cell epitope and the 9-mer A*02:01-restricted epitope nested in its sequence

F I G U R E  8  Tertiary structure of GLEPLDLNTSAGFPYV in complex with A*02:01. A, Ribbon representation of the tertiary structure 
of HRVC1791-1806-A*02:01 and TCRαβ. The tertiary structure was obtained by homology modeling using templates 1I1F, 2V2X, and 4U6Y 
(PDB). The TCR was positioned after superimposing the tertiary structure of our model with that of 5YXN (PDB). A*02:01 is in purple, TCR 
in yellow and pink, and peptide in green sticks. B, Structural alignment of GLEPLDLNTSAGFPYV (green), FLNKDLEVDGHFVTM (pink), 
and SLFNTVATL (orange) peptides bound to A*02:01 cleft. Structural alignment was obtained after superimposing our model with A*02:01 
3D-structures in PDBs 2V2X, and 4U6Y. C, Alignment of A*02:01 bound peptides used for generating the homology model. Anchor position and 
conserved residues are indicated

(A) (B)
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Typically HLA I molecules bind and present 8-11-mer 
peptides20 but there are reports of longer peptides that can be 
presented by HLA I molecules and readily recognized by T 
cells.44-46 Nonetheless, it may seem difficult that a peptide like 
GLEPLDLNTSAGFPYV can fit into A*02:01 and be recog-
nized by a TCR. To visualize how that could happen, we mod-
eled the tertiary structure of HRVC1791-1806 in complex with 
A*02:01 and superimposed it with the solved 3D-structure of 
an A*02:01-peptide-TCR complex (Figure 8). We found that 
the central residues of GLEPLDLNTSAGFPYV form a su-
per-bulged structure which protrudes from A*02:01 and fits 
within the Vα and Vβ of the TCR without interfering with 
the recognition.

The development of broadly protective vaccines against 
HRV represents a significant clinical challenge since there are 
more than 150 HRV serotypes currently described.21 The CD8 
T cell epitopes identified here are conserved––they were se-
lected after sequence variability analysis––and they are likely 
subjected to structural and functional restrains that limit their 
variation. In fact, we noticed that HRVA877-885 bear residue 
884, which is indispensable for the correct activity of pro-
tease 2A, and HRVA2009-2017 epitope contains residue 2013, 
essential for RNA-dependent RNA polymerase.47 In addition, 
the HRVC26-34 (KYFNINYYK) epitope is conserved not only 
in HRV C species, but also in many HRV A strains, and could 
be a source of cross-reactive immunity between HRV A and 
HRV C. Thus, the elicitation of CD8 T cell responses against 
these conserved epitopes could serve as a basis for develop-
ing a cross-serotype vaccine against HRV. Unfortunately, the 
population protection coverage (PPC) of this type of vaccine 

would be limited to those individuals expressing any of the 
HLA I molecules restricting the T cell responses, which we 
computed to be about 58% of the population. However, we 
predicted that these epitopes can also be presented by other 
HLA I molecules and could elicit CD8 T cell responses in 
up to 87% of the population (Table 2). Moreover, we found 
that as few as 3 epitopes (VLEKGIPTL, NLIYRNLHL, and 
GLEPLDLNTSAGFPYV) provide a PPC ≥ 84%, regardless 
of the ethnicity of the population, reaching a PPC of 95% and 

91% in Caucasians and Asians, respectively.
To conclude, it should be noted that HRV-specific CD8 

T cell epitopes here identified might not be the dominant 
epitopes; those focusing the immune response. However, 
dominant epitopes are not necessarily protective,48 and virus 
can escape immune response to them through exhaustion or 
variation.49,50 Therefore, sub-dominant but yet conserved 
epitopes are of particular interest for epitope-vaccine design, 
regardless of their immunodominance.51

5 |  CONCLUSIONS AND 
LIMITATIONS

We identified and validated six HRV A-specific and three 
HRV C-specific CD8 T cell epitopes, respectively, includ-
ing a 16-mer A*02:01-restricted epitope from HRV C. 
These epitopes are conserved in the relevant HRV species 
and are expected to elicit CD8 T cell responses in up to 
87% of the population. A much-needed HRV vaccine is 

T A B L E  2  Summary of the HRV-specific CD8 T cell epitopes identified in this study

Peptide Sequence Protein Validated HLA I Extended HLA I binding profilea 
PPC 
(%)b 

HRVA60-68 VLEKGIPTL VP4 A*02:01 A*02:01, A*02:02, A*02:03, 
A*02:04, A*02:05, A*02:06, 
A*02:09, A*02:14, B*15:10

43.82

HRVA877-885 NLIYRNLHL 2A A*02:01 A*02:01, B*08:01 40.06

HRVA1288-1296 QMVSSVTFI 3D A*02:01 A*02:01 33.46

HRVA2009-2017 RTLVLDAYK 3D A*30:01 A*11:01, A*30:01, A*31:01 26.62

HRVA2029-2037 YGDDVIFSY 3D A*01:01 A*01:01, A*66:01, B*35:01 26.88

HRVA2147-2155 ALYIPPYEL 3D A*02:01 A*02:01, A*02:02, A*02:03, 
A*02:04, A*02:05, A*02:06, 
A*02:09

43.24

HRVC26-34 KYFNINYYK VP4 A*11:01 A*11:01, A*31:01 25.75

HRVC1791-1806 GLEPLDLNTSAGFPYV 3D A*02:01 A*01:01, A*02:01, A*11:01, 
A*30:01, A*66:01, A*68:01, 
B*15:01, B*35:01

75.09

HRVC1798-1806 NTSAGFPYV 3D A*02:01 A*02:01 33.46
aHLA I molecules predicted to bind the corresponding peptides. 
bPopulation protection coverage (PPC), meaning the percentage of the population that exhibits at least one of the HLA I alleles in which the epitope could elicit an 
immune response. PPC was computed independently for five ethnic groups and here we report the average PPC. 
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not available due to the variability of the virus and these 
epitopes represent excellent candidates to develop an ef-
fective HRV vaccine. However, this vaccine will need ad-
ditional components to engage CD4 T cells and B cells. 
Interestingly, the 16-mer peptide is predicted to bind to 
various different HLA II molecules and we actually de-
tected intracellular IFNγ production by CD4 T cells after 
HRVC1791-1806 stimulation in different donors (not shown). 
Stimulation of HRV-specific CD8 T cell responses alone 
may also have therapeutic utility, helping infected indi-
viduals to clear the infection by increasing local cytokine 
production and killing of infected cells.
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