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Abstract: Human rhinovirus (RV) is the most common cause of upper respiratory infections and
exacerbations of asthma. In this work, we selected 14 peptides (6 from RV A and 8 from RV C)
encompassing potential CD4 T cell epitopes. Peptides were selected for being highly conserved in
RV A and C serotypes and predicted to bind to multiple human leukocyte antigen class II (HLA II)
molecules. We found positive T cell recall responses by interferon gamma (IFNy)-ELISPOT assays to
eight peptides, validating seven of them (three from RV A and four from RV C) as CD4 T cell epitopes
through intracellular cytokine staining assays. Additionally, we verified their promiscuous binding
to multiple HLA II molecules by quantitative binding assays. According to their experimental HLA
II binding profile, the combination of all these seven epitopes could be recognized by >95% of the
world population. We actually determined IFNy responses to a pool encompassing these CD4 T cell
epitopes by intracellular cytokine staining, finding positive responses in 29 out of 30 donors. The
CD4 T cell epitopes identified in this study could be key to monitor RV infections and to develop
peptide-based vaccines against most RV A and C serotypes.
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1. Introduction

Human rhinovirus (RV) species A and C are the most frequent cause of viral respiratory
tract infections worldwide [1]. In most individuals, RV infections are relatively mild and
self-limited to the upper respiratory tract, being the most common cause of the common
cold. However, in those patients with chronic respiratory diseases, in particular children
and immunocompromised individuals, RVs can infect the lower respiratory tract, causing
severe symptoms of bronchiolitis and pneumonia [2]. Likewise, it has been established
that RV C species are the main cause of acute exacerbations in individuals with underlying
chronic lung diseases, such as chronic obstructive pulmonary disease (COPD), cystic
fibrosis, or asthma [3]. In fact, it is estimated that between 70-90% of asthma exacerbations
requiring hospitalization in children are caused by RV C [4,5]. Currently, there is no vaccine
for RV, and understating the immune response to RV is a necessary step.

As in any viral infection, adaptive immunity against RV is mediated by B and T cells,
which recognize specific sites in antigens known as epitopes [6]. Identification of these
RV-specific epitopes is of great interest for many reasons, including the monitoring of RV
infections, understanding their immunopathology and the design of effective vaccines.
Initial efforts to characterize the adaptive immune response to RV were aimed to iden-
tify B cell epitopes on VP1, VP2, and VP3 capsid proteins, which could be targeted by
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neutralizing antibodies [7]. Unfortunately, the RV genome is very plastic, and surface
capsid proteins are particularly variable in different RV strains [8,9]. In fact, attending
specifically to the variability found in these capsid proteins, there have been over 160-180
serologically distinct RV serotypes described [10]. As a result, neutralizing antibodies can
only recognize serotype-specific epitopes, exhibiting little or no cross-reactivity between
different serotypes [11,12]. Moreover, stimulating the humoral response as a means to
provide effective protection against RV infection is difficult, requiring a high polyvalency
(~25-50) to cover all possible RV strains [13].

Along with neutralizing antibodies, T cells also play a crucial role in the RV immu-
nity [14], triggering both cellular and humoral immune responses. Interestingly, despite
the low sequence identity among RV exposed capsid proteins, it has been shown that
RV-specific CD4 and CD8 T cells can be reactive to multiple RV serotypes [15-18], reveal-
ing the presence of RV-specific conserved T cell epitopes. So far, only a few conserved
RV-specific T epitopes have been identified [15-19]. A recent study [18] identified the first
RV A and C conserved epitopes targeted by CD8 T cells, finding that they were distributed
throughout the entire RV proteome, including proteins of the capsid and non-structural
proteins. Given the link between antigen recognition by B and T cells, CD4 T cell epitope
mapping has mainly focused on external RV capsid proteins VP1, VP2, and VP3 (reviewed
in Stepanova et al. [20]), neglecting the remaining proteins.

In this work, we validated three RV A-specific CD4 T cell epitopes from VP4 capsid
protein, along with four RV C-specific CD4 T cell epitopes mapping in various proteins of
the capsid and in non-structural proteins. These epitopes are highly conserved in most RV
A and C serotypes and exhibit a promiscuous binding to multiple human leukocyte antigen
class II (HLA II) molecules that are highly frequent in the world population. In fact, a pool
encompassing these epitopes was able to elicit interferon gamma (IFNvy) responses by CD4
T cells in 29 out of 30 donors. These identified CD4 T cell epitopes are clearly relevant for
both monitoring RV infections and for designing an epitope-based vaccine against RV A
and C serotypes with an ample population protection coverage.

2. Materials and Methods
2.1. Human Subjects

A study was carried out in 33 healthy adults aged 24-58 years (13 female and 20 males)
without known allergies. All donors 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).

2.2. PBMCs Isolation and HLA Typing

Peripheral blood mononuclear cells (PBMCs) were isolated from peripheral blood
samples (20 mL) by a density gradient on FicollPaque™ PLUS (Amersham, Darmstadt,
Germany) following the manufacturer’s instructions. Genomic DNA was extracted from
peripheral blood samples from 3 donors (1 female and 2 males) by using a MagNa pure
compact instrument (Roche, London, UK), and HLA-DRB1, HLA-DQA1/B1, HLA-A and
HLA-B typing were performed by PCR amplification and hybridization with allele-specific
oligonucleotides, as described elsewhere [21].

2.3. Peptide Synthesis

Peptides were synthesized by ProteoGenix (Schiltigheim, France) at >95% purity
as confirmed by reversed-phase high performance liquid chromatography (RP-HPLC).
The mass of purchased synthetic peptides was verified by matrix-assisted laser desorp-
tion/ionization time-of-flight (MALDI-TOF) mass spectrometry (Research Assistance Cen-
ter for Mass Spectroscopy at Complutense University of Madrid). Lyophilized peptides
were dissolved in 40% dimethyl sulfoxide, diluted in ultra-pure water to a peptide concen-
tration of 5 mM and stored at —80 °C until use.
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2.4. CD4 T Cell Epitope Prediction

VP4 protein from RV A and whole consensus proteome from RV C were chosen as
targets for CD4 T cell epitope prediction. The RV C consensus proteome was previously
generated, as described by Gomez-Perosanz et al. [18], upon sequence variability analysis
of 39 RV C full proteomes using the Shannon Entropy (H) as a variability metric. The RV A
peptides were 18-mer long, overlapping by 10 amino acids, and covered the entire VP4 pro-
tein of RV A with accession number NP_042288.1. Peptide binding affinity to 20 HLA-DRB1
and 20 HLA-DQA1/B1 molecules was predicted using RANKPEP [22] and NETMHCII 2.3
servers [23]. HLA-DRB1 and HLA-DQA1/B1 molecules targeted for binding prediction
are listed in Table S1. A peptide was considered to bind to a particular HLA II molecule if
it ranked among the top 10% binding peptides with RANKPEP or NETMHCIL. In addition,
prediction of peptide binding to HLA II molecules with NETMHCII 2.3 was addressed,
considering a range of sizes between 12-18 amino acids.

2.5. IFN«y-ELISPOT Assays

Peptide-specific IFNy production by PBMCs from HLA II-typed donors was detected
by standard IFNy ELISPOT assays [24]. Briefly, 96-well PVDF plates (Millipore, Darmstadt,
Germany) were coated with anti-IFNy (1-D1K mAb, Mabtech, Stockholm, Sweden) and
1 x 10° PBMCs were pleated with RPMI 1640 (Gibco, Waltham, MA, USA), supplemented
with 10% of fetal bovine serum (Gibco, Waltham, MA, USA), 100 pg/mL streptomycin,
100 U/mL penicillin, and 2 mM L-glutamine (Lonza, Basel, Switzerland). Individual RV
peptides were added at 10 uM. Plates were incubated at 37 °C and 5% CO, and, after
24 h, were processed according to the manufacturer’s instructions [24]. PBMCs incubated
with 10 pg/mL phytohemagglutinin (PHA) or without any stimuli were used as positive
and background controls, respectively. The assay was run in triplicate for each individual
peptide. The number of IFNy-secreting cells (spot forming cells (SFCs)) was determined
with an ELISPOT reader (ImmunoSpot 5.0, CTL Analyzers, Shaker Heights, OH, USA).

2.6. Intracellular Cytokine Staining

RV-specific T cells were expanded as described by Gomez-Perosanz et al. [18]. Briefly,
donors’ PBMCs were cultured at a density of 2 x 10° cells/mL in 24-well plates (BD Bio-
sciences, Bedford, MA, USA) with RPMI 1640 (Gibco, Waltham, MA, USA), supplemented
with 10% human serum (Gibco, Waltham, MA, USA), 100 pg/mL streptomycin, 100 U/mL
penicillin, and 2 mM L-glutamine (Lonza, Basel, Switzerland). PBMCs were stimulated
with individual RV peptides (10 uM) and 10 U/mL of IL-2 (Immunotools, Friesoythe,
Germany). Cells were kept at 37 °C in 5% CO; for 6 days, being fed and split as neces-
sary with additional doses of peptide (10 uM) and IL-2 (10 U/mL) at day 3 of culture.
In some experiments, the same PBMCs were also expanded and stimulated with 10 pM
of RVC1974,_1990 (GTSVFNTMINNHLRTL), RVA2029_2037 (YGDDVIFSY), CEFTA peptide
pool (Mabtech, Stockholm, Sweden), CEF peptide pool (Mabtech, Stockholm, Sweden),
RV-specific peptide pool, or an irrelevant peptide pool. RVCig74-19990 and RVAyp9_2037
corresponded to RV-specific peptides that were not immunogenic in IFNy ELISPOT assays.
The CEFTA peptide pool (Mabtech, Stockholm, Sweden) contained 35 immunodominant
HLA Il-restricted epitopes from human cytomegalovirus (CMV), Epstein-Barr (EBV) and
Influenza viruses and Tetanus toxin. The CEF peptide pool (Mabtech, Stockholm, Swe-
den) contained 23 HLA I-restricted immunodominant epitopes from human CMV, EBV
and influenza viruses. The RV-specific peptide pool contained the 7 RV-specific CD4 T
cell epitopes identified in this study. The irrelevant peptide pool contained four 15-mer
peptides (VHNSQTFGRELPMYW, WCRSGYHPVMLNAQF, LRVKGCENITMQPYD and
FNWLRSEMCHKPVAY), randomly generated using RandSeq [25], which were predicted
not to bind to any of the 20 HLA-DR or 20 HLA-DQ molecules selected in this study. All
peptide pools were added at a final concentration of 10 uM of each peptide contained in
the pool.
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PBMCs expanded with the RV peptides were stimulated for 14 h, with 10 uM of each
stimulus in the presence of Brefeldin A (5 pg/mL) (ThermoFisher Scientific, Waltham,
MA, USA). Cells were washed with phosphate buffered saline (PBS) and surface stained
with APC-conjugated anti-CD4 (REA623 mAb, Miltenyi Biotec, Somerville, MA, USA)
and/or FITC-conjugated anti-CD8 (REA734 mADb, Miltenyi Biotec, Somerville, MA, USA)
antibodies. The cell surface was fixed and permeabilized using the FoxP3 staining buffer
set (eBioscience, San Diego, CA, USA), according to the manufacturer’s instructions, and
then stained intracellularly with PE-conjugated anti-IFN-y antibody (45-15 mAb, Miltenyi
Biotec, Somerville, MA, USA). Stained cells were detected by flow cytometry (FACScalibur,
BD Biosciences, Bedford, MA, USA).

2.7. Quantitative Binding Affinity Assays

Quantitative binding affinity of RV peptides to 8 different HLA-DRB1 molecules
(DRB1%*03:01, B1*07:01, B1*11:01, B1*11:04, B1*04:04, B1*08:02, B1*09:01 and B1*13:02) and 6
HLA-DQA1/B1 molecules (DQA1*01:01/B1*05:01, A1*01:02/B1*06:02, A1*02:01/B1*02:02,
A1*03:01/B1*03:01, A1*05:01/B1*02:01, and A1*05:01/B1*03:01) was determined by classi-
cal competitive inhibition of binding assays, following the protocol described in Sidney
et al. [26]. In brief, affinity-purified HLA II molecules (1-10 nM) were co-incubated at
37 °C or room temperature with 0.1-1 nM of a high-affinity binding radiolabeled peptide
and the individual RV peptides in the presence of protease inhibitors. The respective
high-affinity radiolabeled probe peptide used for each HLA II molecule was as listed
by Sidney et al. [26]. Each unlabeled competitor RV peptide was tested at six different
10-fold concentrations (0.3 nM-30 uM) in three or more independent assays. After 2-day
incubation, HLA II-peptide complexes were captured on anti-HLA II mAb-coated plates
(L243 mADb for anti-HLA-DR and SPVL-3 mAb for anti-HLA-DQ) and the percentage of
radioactivity was determined using the TopCount microscintillation counter (Packard
Instrument Company, Downers Gorve, IL, USA). Finally, the concentration of the unlabeled
peptide that inhibits the binding of the high-affinity radiolabeled peptide by 50% (ICsg)
was calculated.

2.8. Other Procedures

NetMHC 4.0 [27] was used for predicting peptides nested in RVA4s5.go (IPTLQSPTVEAC-
GYSDRI) binding to HLA I molecules. Epitope population protection coverage (PPC) was
computed with the IEDB PPC tool [28], considering the allelic frequency of 21 different
ethnicities around the world. Statistical analyses were performed using the statistical
packages on GraphPad Prism 8 (GraphPad Software Inc., La Jolla, CA, USA). The non-
parametrical Kruskal-Wallis test was applied to assess the statistical significance between
means. Post-hoc analysis was performed using Dunn s correction. and a p < 0.05 was
considered statistically significant.

3. Results
3.1. Computational Selection of Conserved RV Peptides with Potential CD4 T Cell Epitopes

T cell epitope mapping is costly and time-consuming. Therefore, in order to reduce
the experimental load, we followed two different approaches to predict and select CD4 T
cell epitopes candidates. For RV A, we targeted the internal capsid protein VP4 for HLA
II binding predictions, as it is highly conserved among different RV A serotypes [8,9,18].
Moreover, there are many copies of VP4 and it is located at the n-terminus of RV polyprotein,
which both favors antigen processing and presentation to T cells [29]. However, since RV C
is highly variable [18], for HLA II binding predictions, we targeted the entire consensus
RV C proteome, with variable residues masked (generated previously by Gomez-Perosanz
et al. [18]). Considering that CD4 T cells can only recognize peptides presented by HLA II
molecules, we predicted CD4 T cell epitopes through HLA II binding predictions using
RANKPEP and NetMHCII (details in Material and Methods). Since HLA II molecules are
highly polymorphic and there are hundreds of allelic variants, we selected 20 HLA-DR and
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20 HLA-DQ molecules that are common in the world population; they cover 99.8% of the
population (listed in Table S1).

Following the criteria described in Materials and Methods, we finally selected 14 peptides
(6 from RV A and 8 from RV C) for experimental scrutiny that contained potential CD4 T
cell epitopes (Table 1). All of them were 12-18-mer long and were predicted to bind to at
least one HLA-DRB1 and/or HLA-DQA1/Blmolecule frequently expressed in the world
population. We synthesized the peptides listed in Table 1 for experimental scrutiny and
subjected them to functional assays.

Table 1. Predicted HLA II-binding profile of the RV A and C peptides selected in this study.

Predicted HLA II Binding Profile 3

Virus Peptide Sequence Protein ! Position 2
HLA-DRB1 HLA-DQA1/B1
RVA17_34 NSVSNGSSLNYFNINYFK VP4 17-34 DRB1*12:01 DQA1*01:01/B1*05:01
DRB1*04:01

DRB104.04 DQA1*01:01/B1%05:01
RVAs3 40 LNYFNINYFKDAASSGAS VP4 23-40 DRBLO8. 09 DQA1#01:01/B1*05.02
: DQA1*01:04/B1#05:03

DRB1*12:01
RVAsy 7 VKDVLEKGIPTLQSPTVE VP4 57-74 DRB1*11:01 -
RV A RVAgs 1 IPTLQSPTVEACGYSDRI VP4 65-82 ; DQA1#05:01/B1#03:02
DQA101:02/B1%06:02
DQA1#02:01/B1#02:02
RVAso 106 DSTITSQDVANAVVGYGV VP4 89-106 ; DOAT03.01/B1705.01
DQA1*05:01 /B1#03:01
DQAT*01:01/B1%05:01
DQA1#03:01/B1#03:01
RVAoy_114 VANAVVGYGVWPHYLTPE VP4 97-114 DRBI1#04:04 DQAT#05:01/B1#03:01
DQA1#05:01/B1#04:02
DQA1#06:01/B1#04:02
DRB1*12:01 DQA1*01:01/B1#05:01
RVCass6 VVKYFNINYYKDA vpd 24-36 DRB1*15:01 DQA1%01:02/B1%05:02
DQA1*01:03/B1%06:03
DQA1*02:01 /B1%03:03
RVCqy_s LTNPALMSPSVEACG VP4 61-75 ; DOAL05.01/B109.00
DQA1#05:01 /B1#03:03
DQAT*01:02/B1#05:01
DQA1#01:02/B1%06:02
RVCass 274 INLRTNNSSTIVVPYIN VP2 258-274 DRBI1*13:02 DQA1#01:03/B1#06:03
DQA1*02:01/B1%03:03
DOA105:01 /B1%03:03
RV C RVCoss o5 YEIQESEYYPKHIQY 2A 945-959 ; DQA1*01:04/B1%05:03
DRB1#08:02
RVCiss_150 KEKFRDIRRFIP 3A 1582-1592 D ;
DRB1%07:01
RVCyioriss  GLEPLDLNTSAGEPYV 3D 1791-1806 DRBI*09:01 ;
DRB1*13:02
DQA1#02:01/B1#02:02
RVCisas 1817 DLPYVTYLKDELR 3D 18351847 - DOAL05:01/B1402:01
DRB101:01
DRBI1#01:03
DRB1#04:01
DRBI1#04:03
RVCiorso0  GTSVENTMINNIILRTL 3D 1974-1990 s DQA1#01:02/B1%05:01
DRBI1#04:05
DRB1*07:01
DRB1*13:02

1 Protein of RV that contains the peptide sequence. % Position of the peptide in the selected reference RV polyproteins. > HLA II molecules
predicted to bind the corresponding peptides.
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IFNy SFC / 10° PBMCs *

3.2. Screening of CD4 T Cell Epitope Candidates by IFNy-ELISPOT Assays

We first screened for immunogenicity of the RV peptides by IFNy-ELISPOT assays
using PBMCs from three HLA II-typed donors stimulated with the individual RV peptides,
as described in Materials and Methods. We considered a response to a peptide as positive
if, after subtracting the mean & standard deviation of the background control, the mean
of detected IFNY-SFC was at least 60 SFC/10° PBMCs. As shown in Figure 1, 8 out of
the 14 peptides (four of RV A and four of RV C) were able to trigger positive IFNy recall
responses (>60 SFC/10° PBMCs) in at least one donor. Among RV A peptides (Figure 1a),
RVAg9_106, RVA57_74 and RVAg;_114 prompted IFNy recall response in all three donors,
RVAgg_106 being the peptide that promoted a greater IFNYy release. RVA¢5_g; only gave
a positive result in Donor #2. Regarding RV C peptides (Figure 1b), all three donors
responded to peptides RVCisg)_1592 and RVCyz91-1805, with a mean of 200-300 IFNy-SFC
per million PBMCs. The rest of the RV C peptides with a positive result (RVCos5_959,
RVCg35-1847) were able to stimulate IFNy production by T cells in at least one donor. After
IFNvy-ELISPOT assays, we discarded two RV A peptides and four RV C peptides that did
not elicit enough IFNYy recall responses, selecting eight peptides to confirm peptide-specific
IFNYy production by CD4 T cells.
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Figure 1. T cell responses to conserved rhinovirus (RV) A and C peptides. (a) Recall T cell responses to 18-mer overlapping

peptides contained in VP4 protein from RV A. (b) Recall T cell responses to conserved 12-17-mer RV C peptides. Recall T

cell responses were measured by interferon gamma (IFNy)-ELISPOT assays in peripheral blood mononuclear cells (PBMCs)
from three human leukocyte antigen class II (HLA-II) typed donors, as described in Materials and Methods. Results for each
peptide are expressed as the mean of IFNy spot forming cells (SFCs)/10° PBMCs in each subject after subtracting the mean

=+ standard deviation of the background control. Each individual symbol represents results for the corresponding donor

(Donor #1: empty diamond, Donor #2: filled square, Donor #3: filled diamond). The horizontal line represents the threshold
used for positive responses (>60 SFC/10° PBMCs). We found that 8 out of 14 peptides were able to elicit a positive IFNy
recall response in at least one donor.

3.3. Characterization of CD4 T Cell Epitopes

In order to validate the selected peptides as CD4 T cell epitopes, we first carried out
intracellular cytokine staining assays to confirm that peptide-specific IFNy production is
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mediated by CD4 T cells (details in Materials and Methods). Briefly, we first expanded
PBMCs from each responding donor with the corresponding RV peptides (those producing
a positive response in the previous section) and stained intracellularly to detect IFNy
positive CD4 T cells by flow cytometry.

As shown in Figure 2, IFNy responses to RV peptides varied widely among different
donors. We found peptide-specific CD4 T cells producing IFNY in all responding donors
to seven out of eight peptides (all but RVAgs_gp). The percentage of IFNy-producing
CD4 T cells actually increased 5-15 fold in all donors in response in any of those seven
peptides. The strongest recall response was elicited by RVAgg_106 (8-18 fold increase
independently of the donor), followed by peptides RVAsy_74, RVCasg 274, RVCi791-1806,

RVAg7_114, RVA 15821592, and RVCig35_1847.

a b

Negative control

Basal CEFTA pool peptide 29-

0 200 400 600 800 1,0K 0 200 400 600 800 1,0K 0 200 400 600 800 1,0K

RVA 57-74 RVA 89-106 RVA 97-114

IFNy

0 200 400 600 800 1,0 0 200 400 600 800 1,0K 0 200 400 600 800 1,0K

RVC 258-274 RVC 1791-1806 va1582~1592

4
10

% IFNy* CD4* T cells relative to basal
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s b / / S
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FSC ¥

Figure 2. Peptide-specific interferon gamma (IFNy) production by CD4 T cells in response to rhinovirus (RV) A and C
conserved peptides. Donor peripheral blood mononuclear cells (PBMCs) expanded with the RV peptides were stimulated
with individual peptides in the presence of Brefeldin A and stained intracellularly for detection of IFNy production, as
described in Materials and Methods. (a) Panel shows a representative experiment resulting from intracellular cytokine
staining of PBMCs from Donor #2. Data is expressed as the percentage of peptide-specific IFNy-producing CD4 T cells
within the total of gated-CD4 T cells. (b) Plot depicting the percentage of peptide-specific IFNy-producing CD4 T cells
in responding donors. Represented values are relative to basal IFNy-producing CD4 T cell in the absence of peptides.
Individual symbols represent the mean of two independent experiments for each donor (Donor #1: empty diamond, Donor
#2: filled square, Donor #3: filled diamond). The horizontal line represents the threshold used for positive responses. Positive
and negative peptide controls were obtained by expanding and stimulating the same PBMCs with CEFTA peptide pool and
the peptide RVCig74-1990 (GTSVFNTMINNIILRTL), respectively (see Materials and Methods). Peptide RVCjg974-1990 was
not immunogenic in IFNy-ELISPOT assays.

Peptide RVAgs_g, failed to stimulate IFNy production by CD4 T cells from Donor
#2 (<1.6% of IFNy* CD4" T cells relative to basal), despite giving a positive response in
ELISPOT assays in this donor. Thereby, we discarded this peptide as a CD4 T cell epitope.
RVA¢s5_gp—specific IFNy production detected by ELISPOT likely stems from shorter peptides
released after processing of RVAgs.g; that can be recognized by CD8 T cells. In fact, by flow
cytometry, we could detect peptide-specific CD8 T cells producing IFNy when stimulated
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with RVAgs_gp (Figure S1). Moreover, we found two potential CD8 T cell epitopes in
RVAgs5_ g2, peptides IPTLQSPTV and SPTVEACGY predicted to bind to HLA-B*35:03 (rank
1.5 and 0.40%, respectively), which is expressed by Donor #2. No other potential CD8 T
cell epitope was predicted in RVA¢s5_g» (IPTLQSPTVEACGYSDRI), judging by their ability
to bind to the HLA I molecules expressed by Donor #2 (HLA-A*02:01, HLA-A*11:01, HLA-
B*35:03, and HLA-B*44:03). The predicted binding of all 9-mer peptides in RVA4s5.g; to the
HLA I'molecules expressed by Donor #2 is provided in Table S2.

To further characterize the seven RV-specific CD4 T cell epitopes identified here, we
determined the binding affinity of each RV peptide to 14 different HLA-DRB1 and HLA-
DQA1/B1 molecules that are highly frequent in the world population (details in Materials
and Methods). In Figure 3, we show the binding affinity of each individual RV peptide to
all alleles that gave a detectable binding affinity (<40,000 nM in terms of ICsp). The vast
majority of experimentally verified CD4 T cell epitopes have an affinity for their corre-
sponding HLA Il restricting element of 1000 nM or better [30-32]. Therefore, we considered
that peptides binding to a particular HLA II molecule with an IC5y <1000 nM ICs( could be
potential CD4 T cell epitopes restricted by that HLA II element. Following this approach,
we confirmed peptide binding to at least one HLA-DRB1 and/or HLA-DQA1/B1 molecule
for all seven RV CD4 T cell epitopes. Peptide RVAgg_105 (DSTITSQDVANAVVGYGV)
was highly promiscuous, binding with high affinity (IC5y < 900 nM) to seven different
HLA II molecules. Altogether, the seven RV CD4 T cell epitopes could bind to seven
different HLA-DR (HLA-B1*04:04, B1 DRB1*07:01, B1*08:02, B1*09:01, B1*11:01, B1*11:04,
and B1*13:02) and 6 HLA-DQ molecules (HLA-DQA1*01:01/B1*05:01, A1*01:02/B1%*06:02,
A1%02:01/B1*02:02, A1*03:01/B1*03:01, A1*05:01/B1*02:01 and A1*05:01/B1*03:01).
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Figure 3. Binding affinity of rhinovirus (RV) peptides to human leukocyte antigen class II (HLA-II) molecules. The figure
depicts the HLA-DR and -DQ molecules with detectable binding affinity for each of RV-specific CD4 T cell epitopes
(ICs0 < 40,000 nM). Binding affinity is given as 1/1Cs5q value (nM), as determined by competitive inhibition binding assays
(details in Materials and Methods). Data is expressed as mean 1/ICs, obtained from three independent assays. The vertical
line represents the threshold used as selection criteria for positive binding (IC59 < 1000 nM). Data used to generate the

figure is provided in Table S3.
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3.4. Population Coverage of RV-Specific T Cell Responses

According to their HLA II binding profiles, the seven epitopes identified in this
work could be expected to elicit responses in up to 98% of the population, regardless
of their ethnicity [28] (see Materials and Methods). This estimation is computed after
the assumption that CD4 T cell epitopes shown to be immunogenic under a particular
HLA II context will also be immunogenic in any subject expressing at least one of the
HLA II molecules confirmed to bind the epitopes. There is considerable evidence for
this assumption [33-35], and we tested its extent. To that end, we determined recall
CD4 T cell responses to a pool encompassing all seven CD4 T cell epitopes in 30 donors
through intracellular IFNYy staining, as described earlier. We confirmed positive CD4 T cell
responses in 29 out of 30 subjects: 96.6% of the cohort (Figure 4).
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Figure 4. T cell responses to the rhinovirus (RV)-specific CD4 T cell epitope pool. Interferon gamma (IFNYy)-production

by CD4 (a) and CDS8 (b) T cells in response to different peptide pools. Peripheral blood mononuclear cells (PBMCs)

from 30 donors were expanded and stimulated with a peptide pool containing 10 uM of each RV-specific CD4 T cell

epitope identified in this study in the presence of Brefeldin A, labeled with anti-CD4 and anti-CD8 antibodies and stained

intracellularly for IFNy (see Materials and Methods). Results are expressed as the percentage of peptide-specific IFNvy-
producing CD4 or CD8 T cells within the total of gated-CD4 or CD8 T cells as relative to the basal IFNy production of each
donor. Basal IFNYy production was obtained by incubating donor PBMCs without the addition of exogenous peptide. The

CEFTA peptide pool was used as a positive control, and as a negative control, we used a peptide pool containing four

irrelevant peptides (see Materials and Methods). Each individual symbol represents a different donor. Mean and standard

deviation of all donors tested are plotted. The vertical line represents the threshold used as selection criteria for positive
responses (>2.5% IFNy* CD4* or CD8" T cells fold increase as relative to basal).

The magnitude of the response depended on the donor, varying from a 1.71- to a
30.03-fold increase of IFNy-producing CD4 T cells in response to the peptides, but, on
average, increased 7.17-fold (Figure 4a). Interestingly, the CD4 T cell recall response to the
RV-specific peptide pool was greater than that to the commercial CEFTA peptide pool (%
IFNy* CD4* T cells average fold increase of 7.17 and 5.62, respectively), although not in
a statistically significant manner (p = 0.291). Moreover, more subjects responded to the
RV-specific peptide pool (96.6%) than the CEFTA peptide pool (73.3%). We considered a
donor responding to the RV-specific peptide pool if the percentage of IFNy* CD4" T cells
was at least 2.5 times greater than the basal IFNy response of the donor.

Given that CD4 T cell epitopes can bear nested CD8 T cell epitopes [18], which are key
for antiviral responses, we also tested CD8 T cell responses to the RV-specific peptide pool.
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We could detect an increase of IFNy-producing CD8 T cells in response to the RV peptide
pool in 24 out of 30 donors (80.0%) (Figure 4b). Exclusively considering the responses in
the responding subjects, the average CD8 T cell response was lower than that determined
for CD4 T cells (average fold increase in % IFNy* CD4" and CD8" T cells was 6.47 and
7.38, respectively).

Together, these results reveal that the seven conserved RV-specific CD4 T cell epitopes
identified in this work can activate both, RV-specific CD4 and CD8 T cells, providing a
broad population coverage.

4. Discussion

Human rhinoviruses (RVs) are considered to be mild pathogens, and RV infections are
often downplayed. However, RV infections are a leading cause behind severe bronchiolitis
and are also linked to acute exacerbations of chronic pulmonary diseases [2]. Moreover,
RV infections have a large economic impact worldwide in terms of healthcare costs and
work absenteeism [36]. Thereby, there is a great interest in developing effective therapeutic
and prophylactic interventions against RV. Given that RVs possess positive-sense single-
stranded RNA genomes, a promising therapeutic approach will be the use of DNAzymes,
consisting of antisense single-stranded DNA molecules, which specifically bind and de-
grade RNA target molecules through enzymatic cleavage [37,38]. However, developing a
vaccine would be the most cost-effective approach to combat RV infections.

RVs are small RNA viruses (~7500 bp) belonging to the family Picornaviridae and the
genus Enterovirus. RVs exhibit highly variable genomes and have been classified in three
species: RV A, B, and C. RV A and C are the more relevant species in the clinic as they are
responsible for more than 90% of RV infections [1,10]. RVs are known to induce potent
humoral and cellular immune responses [7]. The humoral response includes IgG and IgA
neutralizing antibodies directed against viral surface proteins, which can provide protective
immunity to secondary infections with related strains [11]. RV-specific T cell responses
are particularly relevant to contain RV infection and clear viral particles. In healthy
individuals, RV infections induce a T-helper type 1 (Th1) polarization of CD4 T cells, which
contributes to activation of cytotoxic CD8 T cells capable of killing infected cells. However,
in asthmatic individuals, RV infections have been shown to induce increased levels of
interleukin (IL)-4 and IL-13, along with an increased infiltration of macrophages and
neutrophils on the respiratory tract, which is linked to the ability of RV to enhance asthma
exacerbations [39,40]. Most studies of RV immunity have focused on the characterization of
antigen targets for antibodies, which have allowed to classify RVs into different serotypes;
so far, more than 180 distinct RV serotypes have been identified [10]. However, the study
of the targets of RV-specific T cell responses has received less attention. In fact, we recently
described the first RV-specific CD8 T cell epitopes reported to date [18]. Since antigen
recognition by CD4 T cells and B cells is linked, there are more known CD4 T cell antigen
targets. Thus, some RV-specific CD4 T cell epitopes have been mainly identified on capsid
proteins targeted also by antibody responses [15-17,19]. In this study, we identified novel
RV-specific CD4 T cell epitopes through a computer-aided approach.

Identification of CD4 T cell epitopes generally begins with the selection of peptides suit-
able for presentation by HLA Il molecules [41]. However, HLA II molecules are extremely
polymorphic, and allelic variants bind and present distinct sets of peptides [42]. Thus, we
targeted RV for peptide binding predictions to 20 HLA-DR and 20 HLA-DQ molecules,
which have a combined phenotypic frequency of 99.80% in the world population [28]. We
selected 14 peptides for experimental scrutiny after HLA II binding predictions (Table 1).
In the end, we could validate trough IFNy-ELISPOT assays (Figure 1) and intracellular
cytokine staining (Figure 2) three RV A-specific and four RV C-specific CD4 T cell epitopes
mapping in various proteins of the capsid and in non-structural proteins (Summarized
in Table 2). These CD4 T cell epitopes are highly conserved, can bind to various HLA
II molecules (Figure 3), and none of them have been previously reported. All three RV
A-specific epitopes (RVAs57_74, RVAgg_106, and RVAgy_114) are located on the internal capsid
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protein VP4. VP4 is located on the amino terminal extreme of the RV polyprotein, and this
location has been shown to favor antigen processing and presentation to T cells [29]. Of the
four RV C-specific epitopes, one (RVCpsg_974) is located in VP2 capsid protein. The other
three RV C-specific epitopes (RVCis8p-1592, RVCi791-1806, and RVCygss_1847) are distributed
on viral proteins 3A and 3D, which are both implicated in the replication and assembly of
the viral genome [8]. To our knowledge, these are the first CD4 T cell epitopes identified in
these RV proteins.

Table 2. Summary of the RV-specific CD4 T cell epitopes identified in this study.

Confirmed HLA II Binding Profile 1

Peptide Sequence Protein PPC?
HLA-DRB1 HLA-DQA1/B1
RVA57_74 VKDVLEKGIPTLQSPTVE VP4 - DQA1*01:02/B1*06:02 34.55
DQA1*01:02/B1*06:02
DRB1%04:04 DQA1*02:01/B1*02:02
RVAg9_106 DSTITSQDVANAVVGYGV VP4 DRB1*07:01 DQAT1#03:01/B1*03:01 95.09
’ DQA1*05:01/B1*02:01
DQA1*05:01/B1*03:01
DQA1*01:01/B1*05:01
RVAg7_114 VANAVVGYGVWPHYLTPE VP4 DRB1%*08:02 DQA1*05:01/B1*02:01 81.58
DQA1*05:01/B1*03:01
DRB1*07:01 o o
RVCos8 974 INLRTNNSSTIVVPYIN VP2 DRB1*09:01 381:1 *8;3%;51*8383 67.68
DRB1*13:02 ' ’
DRB1*08:02
RVCis82-1592 KEKFRDIRRFIP 3A DRB1*11:01 - 17.37
DRB1*11:04
DRB1*09:01 . .
RVC1791-1506 GLEPLDLNTSAGFPYV 3D DRBL13.00 DQAT1#02:01/B1#02:02 36.28
RVCig35_1847 DLPYVTYLKDELR 3D DRB1%*04:04 DQA1*05:01/B1*02:01 52.04

L HLA II molecule binding the peptide with a high binding affinity (ICsy < 1000 nM), as determined by competitive inhibition binding
assays. 2 Population protection coverage (PPC), meaning the percentage of the world population that expresses at least one of the HLA II
alleles. PPC was computed using the IEDB PPC tool [28] considering the allelic frequency of 21 different ethnicities around the world. The
PPC of all seven epitopes reaches 98%.

The CD4 T cell epitopes identified in this work were capable of inducing strong IFNy
recall responses (Figure 2) and could bind to various HLA II molecules (Figure 3). By
comparing the HLA II-typing of the responding donors with the experimental HLA II
binding profile of the epitopes (Table S4), we could anticipate the potential restriction
elements of some epitopes. Thus, RVCisg).1595 could be restricted by HLA-DRB1*11:01
since it could bind RVCjsg_1592 with high affinity, and the relevant allele is expressed
by the responding donors (Donors #2 and #3). In a similar way, HLA-DRB1*07:01 could
restrict the response of peptide RVCysg 574 and DQA1*05:01/B1*03:01 could restrict the
response of peptide RVAgy_114. However, we did not verify formally that these were the
restrictions elements responsible for the response. For some of the epitopes (RVAs5;_74 and
RVCi791-1806), the HLA II-typing of the responding donors did not match any of the HLA II
molecules that could bind the epitopes. These epitopes must surely be presented to CD4 T
cells by other HLA II molecules expressed by the donor that were not tested in the binding
assays. It is worth noting that predicted peptide binding to HLA II molecules could be
confirmed experimentally for 94% of peptide-HLA II pairs. However, many of the HLA II
molecules that did experimentally bind peptides with an IC5y < 1000 nM (12 of 25) could
not be predicted.

Epitopes shown to be immunogenic in the HLA II context of a particular subject
are also expected to be immunogenic in other subjects, provided that they express any
of the HLA II molecules that such an epitope can bind [33-35]. Under this assumption,
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and taking into consideration the HLA II binding profiles, our peptides were expected to
elicit responses in up to 98% of the population, regardless of their ethnicity [28]. A pool
encompassing these epitopes was indeed able to elicit IFNy recall responses by CD4 T
cells in 29 out of 30 donors (96.6%) (Figure 4a). We realize that all donors were Caucasians,
but we detected more responses to this pool than a commercial peptide pool including
35 peptides (CEFTA pool), often used as a positive control for ELISPOT assays. Detection
of peptide-specific IFNy recall responses by CD4 T cells reveals that these peptides are
bona fide CD4 RV-specific T cell epitopes, which are processed and targeted during RV
infections. Interestingly, we could likewise detect strong IFNYy recall responses by CD8
T cells in 80% of the donors (Figure 4b). CD8 T cell responses to CD4 T cell epitope are
somewhat expected, since CD4 T cell epitopes can bear shorter peptides (9-11-mer) capable
of binding to HLA I molecules and can be recognized by CD8 T cells. In fact, in a previous
work, we identified CD8 T cell epitopes within some of the CD4 T cell epitopes reported
here [18]. Moreover, we also described that RVCi791_130¢ (GLEPLDLNTSAGEFPYYV) is an
unusually long HLA-A*02:01-restricted CD8 T cell epitope [18].

Given the extent of the responses, the three RV A- and four RV C-specific CD4 T cell
epitopes identified are of particular interest for monitoring RV infections. More importantly,
these epitopes represent excellent candidates to develop an epitope-based vaccine against
RV, as they can also induce CD8 T cell responses. Moreover, they could be combined with
additional CD8 T cell epitopes to enhance such responses. It is noteworthy that CD4 T cell
epitopes alone or in conjunction with CD8 T cell epitopes could be readily incorporated
into RNA vaccine technologies for parenteral or intranasal forms of administration in
the future.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cells10092294 /s1. Table S1: HLA II molecules used for predicting peptide binding; Table S2:
HLA I binding predictions of all 9-mer peptides contained in RVA¢5.g» to HLA I molecules expressed
by Donor #2; Table S3: Binding affinity data of RV peptides to HLA II molecules; Table S4: IFNvy-
responses from HLA II-typed donors to RV-specific CD4 T cell epitopes; Figure S1: Peptide-specific
IENy production by CD8 T cells.

Author Contributions: Conceptualization: EM.L., E.L.R., and P.A.R,; investigation: M.G.-P. and
P.AR., methodology: M.G.-P,, TE,].S., AS., and M.E-A ; formal analysis: M.G.-P. and P.A R.; funding
acquisition: PA.R. and E.L.R.; writing—original draft: M.G.-P. and P.A.R.; writing—review and
editing: M.G.-P, EM.L,, and P.A.R. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by UCM research special funds to P.A.R. and by the CAM
research agency through grant IND2020/BMD-17364 to P.A.R.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Ethics Committee of Hospital Clinico San Carlos,
Madrid, Spain (protocol code C.I. 14/423-E_BS. approval date 15 October 2014).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are contained within the article and /or
supplementary material and are also available on request from the corresponding author.

Acknowledgments: We wish to thank the UCM-Harvard fellowship program for supporting MGP
through Grant CT17/17-CT18/17.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Jacobs, S.E.; Lamson, D.M.; St George, K.; Walsh, T.]. Human rhinoviruses. Clin. Microbiol. Rev. 2013, 26, 135-162. [CrossRef]

2. Chen, WJ.; Arnold, J.C.; Fairchok, M.P.; Danaher, PJ.; McDonough, E.A.; Blair, PJ.; Garcia, J.; Halsey, E.S.; Schofield, C.;
Ottolini, M.; et al. Epidemiologic, clinical, and virologic characteristics of human rhinovirus infection among otherwise healthy
children and adults: Rhinovirus among adults and children. J. Clin. Virol. 2015, 64, 74-82. [CrossRef]


https://www.mdpi.com/article/10.3390/cells10092294/s1
https://www.mdpi.com/article/10.3390/cells10092294/s1
http://doi.org/10.1128/CMR.00077-12
http://doi.org/10.1016/j.jcv.2015.01.007

Cells 2021, 10, 2294 13 of 14

-

® N U

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Miller, EK.; Edwards, K.M.; Weinberg, G.A.; Iwane, M.K,; Griffin, M.R,; Hall, C.B.; Zhu, Y.; Szilagyi, P.G.; Morin, L.L.;
Heil, L.H.; et al. A novel group of rhinoviruses is associated with asthma hospitalizations. J. Allergy Clin. Immunol. 2009, 123,
98-104.e101. [CrossRef]

Bizzintino, J.; Lee, W.M.; Laing, I.A.; Vang, E; Pappas, T.; Zhang, G.; Martin, A.C.; Khoo, S.K.; Cox, D.W.; Geelhoed, G.C.; et al.
Association between human rhinovirus C and severity of acute asthma in children. Eur. Respir. ]. 2011, 37, 1037-1042. [CrossRef]
Vandini, S.; Biagi, C.; Fischer, M.; Lanari, M. Impact of Rhinovirus Infections in Children. Viruses 2019, 11, 521. [CrossRef]
Hope, ].L.; Bradley, L.M. Lessons in antiviral immunity. Science 2021, 371, 464-465. [CrossRef]

Makris, S.; Johnston, S. Recent advances in understanding rhinovirus immunity. F1000Reserch 2018, 7, 15337. [CrossRef]
Palmenberg, A.C.; Rathe, J.A; Liggett, S.B. Analysis of the complete genome sequences of human rhinovirus. J. Allergy Clin.
Immunol. 2010, 125, 1190-1199; quiz 1200-1191. [CrossRef]

Palmenberg, A.C.; Spiro, D.; Kuzmickas, R.; Wang, S.; Djikeng, A.; Rathe, ].A.; Fraser-Liggett, C.M.; Liggett, S.B. Sequencing and
analyses of all known human rhinovirus genomes reveal structure and evolution. Science 2009, 324, 55-59. [CrossRef]
MclIntyre, C.L.; Knowles, N.J.; Simmonds, P. Proposals for the classification of human rhinovirus species A, B and C into
genotypically assigned types. J. Gen. Virol. 2013, 94, 1791-1806. [CrossRef]

Barclay, W.S.; Al-Nakib, W.; Higgins, P.G.; Tyrrell, D.A. The time course of the humoral immune response to rhinovirus infection.
Epidemiol. Infect. 1989, 103, 659-669. [CrossRef]

Glanville, N.; Johnston, S.L. Challenges in developing a cross-serotype rhinovirus vaccine. Curr. Opin. Virol. 2015, 11, 83-88.
[CrossRef]

Lee, S.; Nguyen, M.T.; Currier, M.G.; Jenkins, ].B.; Strobert, E.A.; Kajon, A.E.; Madan-Lala, R.; Bochkov, Y.A.; Gern, J.E.;
Roy, K,; et al. A polyvalent inactivated rhinovirus vaccine is broadly immunogenic in rhesus macaques. Nat. Commun. 2016, 7,
12838. [CrossRef] [PubMed]

Steinke, ].W,; Liu, L.; Turner, R.B.; Braciale, T.].; Borish, L. Immune surveillance by rhinovirus-specific circulating CD4+ and CD8+
T lymphocytes. PLoS ONE 2015, 10, e0115271. [CrossRef] [PubMed]

Muehling, LM.; Mai, D.T.; Kwok, W.W.; Heymann, PW.; Pomes, A.; Woodfolk, J.A. Circulating Memory CD4+ T Cells Target
Conserved Epitopes of Rhinovirus Capsid Proteins and Respond Rapidly to Experimental Infection in Humans. J. Immunol. 2016,
197, 3214-3224. [CrossRef]

James, E.; Gern, E.C.D.; Elizabeth, A.B.; Kelly, R.V.; Bruce, K. Rhinovirus-Specific T Cells Recognize both Shared and Serotype-
Restricted Viral Epitopes. J. Infect. Dis. 1997, 175, 1108-1114.

Glanville, N.; McLean, G.R.; Guy, B.; Lecouturier, V.; Berry, C.; Girerd, Y.; Gregoire, C.; Walton, R.P,; Pearson, RM.;
Kebadze, T.; et al. Cross-serotype immunity induced by immunization with a conserved rhinovirus capsid protein. PLoS Pathog.
2013, 9, €1003669. [CrossRef]

Gomez-Perosanz, M.; Sanchez-Trincado, J.L.; Fernandez-Arquero, M.; Sidney, J.; Sette, A.; Lafuente, E.M.; Reche, P.A. Human
rhinovirus-specific CD8 T cell responses target conserved and unusual epitopes. FASEB J. 2021, 35, e21208. [CrossRef]

Gaido, C.M,; Stone, S.; Chopra, A.; Thomas, W.R.; Le Souef, PN.; Hales, B.J. Inmunodominant T-Cell Epitopes in the VP1 Capsid
Protein of Rhinovirus Species A and C. |. Virol. 2016, 90, 10459-10471. [CrossRef]

Stepanova, E.; Isakova-Sivak, I.; Rudenko, L. Overview of human rhinovirus immunogenic epitopes for rational vaccine design.
Expert Rev. Vaccines 2019, 18, 877-880. [CrossRef]

Kimura, A.; Sasazuki, T. Eleventh International Histocompatibility Workshop reference protocol for the HLA DNA-typing
technique. In HLA 1991: Proceedings of the Eleventh International Histocompatibility Workshop and Conference; Tsuji, K., Aizawa, M.,
Sasazuki, T., Eds.; Oxford University Press: Oxford, UK, 1991; Volume 1, p. 397.

Reche, P.A.; Glutting, J.-P.; Reinherz, E.L. Enhancement to the RANKPEP resource for the prediction of peptide binding to MHC
molecules using profiles. Immunogenetics 2004, 56, 405—419. [CrossRef]

Jensen, K. K.; Andreatta, M.; Marcatili, P.; Buus, S.; Greenbaum, J.A.; Yan, Z.; Sette, A.; Peters, B.; Nielsen, M. Improved methods
for predicting peptide binding affinity to MHC class II molecules. Immunology 2018, 154, 394—406. [CrossRef]

Reche, P.A.; Keskin, D.B.; Hussey, R.E.; Ancuta, P.; Gabuzda, D.; Reinherz, E.L. Elicitation from virus-naive individuals of
cytotoxic T lymphocytes directed against conserved HIV-1 epitopes. Med. Immunol. 2006, 5, 1. [CrossRef]

Duvaud, S.; Gabella, C.; Lisacek, F.; Stockinger, H.; Ioannidis, V.; Durinx, C. Expasy, the Swiss Bioinformatics Resource Portal, as
designed by its users. Nucleic Acids Res. 2021, 49, W216-W227. [CrossRef]

Sidney, ].; Southwood, S.; Moore, C.; Oseroff, C.; Pinilla, C.; Grey, H.M.; Sette, A. Measurement of MHC /peptide interactions by
gel filtration or monoclonal antibody capture. Curr. Protoc. Immunol. 2013, 18, 18.3.1-18.3.36. [CrossRef]

Andreatta, M.; Nielsen, M. Gapped sequence alignment using artificial neural networks: Application to the MHC class I system.
Bioinformatics 2016, 32, 511-517. [CrossRef]

Bui, H.H.; Sidney, J.; Dinh, K.; Southwood, S.; Newman, M.].; Sette, A. Predicting population coverage of T-cell epitope-based
diagnostics and vaccines. BMC Bioinform. 2006, 7, 153. [CrossRef]

Diez-Rivero, C.M.; Reche, P.A. CD8 T cell epitope distribution in viruses reveals patterns of protein biosynthesis. PLoS ONE 2012,
7,e43674. [CrossRef]

Sidney, J.; Steen, A.; Moore, C.; Ngo, S.; Chung, J.; Peters, B.; Sette, A. Divergent motifs but overlapping binding repertoires of six
HLA-DQ molecules frequently expressed in the worldwide human population. J. Immunol. 2010, 185, 4189—4198. [CrossRef]


http://doi.org/10.1016/j.jaci.2008.10.007
http://doi.org/10.1183/09031936.00092410
http://doi.org/10.3390/v11060521
http://doi.org/10.1126/science.abf6446
http://doi.org/10.12688/f1000research.15337.1
http://doi.org/10.1016/j.jaci.2010.04.010
http://doi.org/10.1126/science.1165557
http://doi.org/10.1099/vir.0.053686-0
http://doi.org/10.1017/S095026880003106X
http://doi.org/10.1016/j.coviro.2015.03.004
http://doi.org/10.1038/ncomms12838
http://www.ncbi.nlm.nih.gov/pubmed/27653379
http://doi.org/10.1371/journal.pone.0115271
http://www.ncbi.nlm.nih.gov/pubmed/25584821
http://doi.org/10.4049/jimmunol.1600663
http://doi.org/10.1371/journal.ppat.1003669
http://doi.org/10.1096/fj.202002165R
http://doi.org/10.1128/JVI.01701-16
http://doi.org/10.1080/14760584.2019.1657014
http://doi.org/10.1007/s00251-004-0709-7
http://doi.org/10.1111/imm.12889
http://doi.org/10.1186/1476-9433-5-1
http://doi.org/10.1093/nar/gkab225
http://doi.org/10.1002/0471142735.im1803s100
http://doi.org/10.1093/bioinformatics/btv639
http://doi.org/10.1186/1471-2105-7-153
http://doi.org/10.1371/journal.pone.0043674
http://doi.org/10.4049/jimmunol.1001006

Cells 2021, 10, 2294 14 of 14

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

Sidney, J.; Steen, A.; Moore, C.; Ngo, S.; Chung, ].; Peters, B.; Sette, A. Five HLA-DP molecules frequently expressed in the
worldwide human population share a common HLA supertypic binding specificity. J. Immunol. 2010, 184, 2492-2503. [CrossRef]
[PubMed]

Southwood, S.; Sidney, J.; Kondo, A.; del Guercio, M.F; Appella, E.; Hoffman, S.; Kubo, R.T.; Chesnut, R.W.; Grey, H.M.; Sette, A.
Several common HLA-DR types share largely overlapping peptide binding repertoires. J. Immunol. 1998, 160, 3363-3373.
Calvo-Calle, ].M,; Strug, I.; Nastke, M.D.; Baker, S.P; Stern, L.J. Human CD4+ T cell epitopes from vaccinia virus induced by
vaccination or infection. PLoS Pathog 2007, 3, 1511-1529. [CrossRef]

Sette, A.; Rappuoli, R. Reverse vaccinology: Developing vaccines in the era of genomics. Immunity 2010, 33, 530-541. [CrossRef]
[PubMed]

Jensen, PE. Recent advances in antigen processing and presentation. Nat. Immunol. 2007, 8, 1041-1048. [CrossRef] [PubMed]
Fendrick, A.M.; Monto, A.S.; Nightengale, B.; Sarnes, M. The economic burden of non-influenza-related viral respiratory tract
infection in the United States. Arch. Intern. Med. 2003, 163, 487-494. [CrossRef]

Potaczek, D.P; Unger, S.D.; Zhang, N.; Taka, S.; Michel, S.; Akdag, N.; Lan, F,; Helfer, M.; Hudemann, C.; Eickmann, M.; et al.
Development and characterization of DNAzyme candidates demonstrating significant efficiency against human rhinoviruses. J.
Allergy Clin. Immunol. 2019, 143, 1403-1415. [CrossRef]

Potaczek, D.P,; Garn, H.; Unger, S.D.; Renz, H. Antisense molecules: A new class of drugs. J. Allergy Clin. Immunol. 2016, 137,
1334-1346. [CrossRef]

Gaido, C.M,; Granland, C.; Laing, I.A.; Souef, PN.L.; Thomas, W.R.; Currie, A.]J.; Hales, B.]. T-cell responses against rhinovirus
species A and C in asthmatic and healthy children. Immun. Inflamm. Dis. 2018, 6, 143-153. [CrossRef] [PubMed]

Stone, C.A., Jr.; Miller, E.K. Understanding the Association of Human Rhinovirus with Asthma. Clin. Vaccine Immunol. 2016, 23,
6-10. [CrossRef]

Sanchez-Trincado, J.L.; Gomez-Perosanz, M.; Reche, P.A. Fundamentals and Methods for T- and B-Cell Epitope Prediction. J.
Immunol. Res. 2017, 2017, 2680160. [CrossRef]

Reche, P.A.; Reinherz, E.L. Sequence variability analysis of human class I and class Il MHC molecules: Functional and structural
correlates of amino acid polymorphisms. J. Mol. Biol. 2003, 331, 623-641. [CrossRef]


http://doi.org/10.4049/jimmunol.0903655
http://www.ncbi.nlm.nih.gov/pubmed/20139279
http://doi.org/10.1371/journal.ppat.0030144
http://doi.org/10.1016/j.immuni.2010.09.017
http://www.ncbi.nlm.nih.gov/pubmed/21029963
http://doi.org/10.1038/ni1516
http://www.ncbi.nlm.nih.gov/pubmed/17878914
http://doi.org/10.1001/archinte.163.4.487
http://doi.org/10.1016/j.jaci.2018.07.026
http://doi.org/10.1016/j.jaci.2015.12.1344
http://doi.org/10.1002/iid3.206
http://www.ncbi.nlm.nih.gov/pubmed/29124902
http://doi.org/10.1128/CVI.00414-15
http://doi.org/10.1155/2017/2680160
http://doi.org/10.1016/S0022-2836(03)00750-2

	Introduction 
	Materials and Methods 
	Human Subjects 
	PBMCs Isolation and HLA Typing 
	Peptide Synthesis 
	CD4 T Cell Epitope Prediction 
	IFN-ELISPOT Assays 
	Intracellular Cytokine Staining 
	Quantitative Binding Affinity Assays 
	Other Procedures 

	Results 
	Computational Selection of Conserved RV Peptides with Potential CD4 T Cell Epitopes 
	Screening of CD4 T Cell Epitope Candidates by IFN-ELISPOT Assays 
	Characterization of CD4 T Cell Epitopes 
	Population Coverage of RV-Specific T Cell Responses 

	Discussion 
	References

