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ABSTRACT

Rhinovirus (RV) species A and C are the most frequent cause of respiratory viral illness worldwide, and RV-C has been linked to
more severe exacerbations of asthma in young children. Little is known about the immune responses to the different RV species,
although studies comparing IgG1 antibody titers found impaired antibody responses to RV-C. Therefore, the aim of this study
was to assess whether T-cell immunity to RV-C is similarly impaired. We measured T-cell proliferation to overlapping synthetic
peptides covering the entire VP1 capsid protein of an RV-A and RV-C genotype for 20 healthy adult donors. Human leukocyte
antigen (HLA) was typed in all the donors in order to investigate possible associations between the HLA type and RV peptide
recognition. Total and specific IgG1 antibody titers to the VP1 proteins of both RV-A and RV-C were also measured to examine associ-
ations between the antibody and T-cell responses. We identified T-cell epitopes that are specific to and representative of each RV-A and
RV-C species. These epitopes stimulated CD4*-specific T-cell proliferation, with similar magnitudes of response for both RV species.
All the donors, independent of their HLA-DR or -DQ type, were able to recognize the immunodominant RV-A and -C regions of VP1.
Furthermore, the presence or absence of specific antibody titers was not related to changes in T-cell recognition. Our results indicate a
dissociation between the antibody and T-cell responses to rhinoviruses. The species-representative T-cell epitopes identified in this
study are valuable tools for future studies investigating T-cell responses to the different RV species.

IMPORTANCE

Rhinoviruses (RVs) are mostly associated with the common cold and asthma exacerbations, although their contributions to most up-
per and lower respiratory tract diseases have increasingly been reported. Species C (RV-C) has been associated with more frequent and
severe asthma exacerbations in young children and, along with RV-A, is the most clinically relevant species. Little is known about how
our immune system responds to rhinoviruses, and there are limited tools to study specific adaptive immunity against each rhinovirus
species. In this study, we identified immunodominant T-cell epitopes of the VP1 proteins of RV-A and RV-C, which are representative
of each species. The study found that T-cell responses to RV-A and RV-C were of similar magnitudes, in contrast with previous findings
showing RV-C-specific antibody responses were low. These findings will provide the basis for future studies on the immune response
to rhinoviruses and can help elucidate the mechanisms of severity of rhinovirus-induced infections.

from longitudinal studies of children of sufficient age to have de-
veloped aeroallergy (2) that RV-C has a greater association with
asthma exacerbations than RV-A. Nevertheless, genotyping of
RV isolates from hospitalized young children admitted with other
types of acute respiratory disease has shown conflicting results for
the comparative clinical importance of each species (5).

It is now established that infections by rhinoviruses are impor-
tant causes of asthma exacerbations (1) and lower respiratory
tract disease (2). Rhinovirus-induced upper and lower respiratory
tract infections have mostly been due to two of the three rhino-
virus species, rhinovirus A (RV-A) and rhinovirus C (RV-C).
Although the two species share similar virion structures (3),

genomic organizations (4, 5), and diversities of genotypes (4—
6), they present considerable sequence disparity and different
abilities to be cultured in vitro. Furthermore, while most RV-A
isolates use the endothelial and immune cell receptor ICAM-1,
RV-C uses the cadherin-related family member 3 (CDHR3)
receptor found on epithelial cells (7). The receptor usage might
confer fundamental differences, especially since CDHR3 is
constitutively expressed on bronchial epithelial cells and is
downregulated in both asthma and rhinovirus infections (8),
while ICAM-1 is poorly expressed by bronchial epithelium and
is upregulated in asthma (9) and by some cytokines (i.e., tumor
necrosis factor alpha [TNF-a]).

RV-A and -C have been found to circulate among children
with similar prevalences (10-12). Furthermore, both species are
important causes of asthma exacerbation and lower respiratory
tract disease. However, there is evidence from pediatric samples
from emergency departments for asthma exacerbations (13) and
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Studies of the serum IgG antibody titers to the VP1 capsid
protein of rhinoviruses have demonstrated a striking difference
between the immune recognition levels of the two species. While
the antibodies that bound the RV-C antigen were almost entirely,
or often completely, cross-reactive with RV-A, there were high
titers of anti-RV-A antibodies that did not cross-react with RV-C
or other enteroviruses (14, 15). This pattern was found in both
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healthy and asthmatic subjects, including asthmatic children ad-
mitted to the hospital following a recent RV-C infection (15). It
was proposed that the lack of antibodies specific for RV-C might
result from an overall poor immune response, perhaps due to an
evolved immunological “stealth mechanism” of the virus or from
an “original antigenic sin” phenomenon, where the serological
specificity is modulated by prior responses to a cross-reacting vi-
rus, namely, RV-A. Therefore, the aim of this study was to ascer-
tain if T-cell responses specific for RV-A and RV-C could be iden-
tified and further compared by epitope mapping using synthetic
peptides to target both species. We identified immunodominant
T-cell epitopes in the VP1 capsid protein that were representative
of each species and stimulated proliferative responses of similar
magnitudes for both RV-A and -C. Furthermore, there was no
association between the magnitude of the RV-C-specific T-cell
response and the presence of antibodies specific for RV-C, sug-
gesting dissociation of humoral from T-cell responses during a
rhinovirus infection.

MATERIALS AND METHODS

Donors. Blood and saliva samples were collected from 20 healthy donors
(9 males and 11 females) aged 22 to 60 years (mean age, 33 years) from the
general population of Perth (Western Australia) with no evidence of cur-
rent respiratory illness. Peripheral blood mononuclear cells (PBMCs) and
plasma were isolated from blood samples by density gradient Lym-
phoprep (Nycomed, Norway) and used for the T-cell proliferation exper-
iments and for the antibody-binding assays, respectively. Genomic DNA
was extracted from the saliva of all 20 donors for the human leukocyte
antigen (HLA) typing. PBMC:s of three donors that had positive prolifer-
ative responses (stimulation indexes [SI] higher than 2) to at least 3 out of
the 5 selected immunodominant peptides for each RV genotype were
selected as representative samples for identification of the responding
T-cell subset assays. The study was approved by the Princess Margaret
Hospital Human Ethics Committee, and written informed consent was
obtained from each donor.

HLA typing. All 20 donors were typed for HLA class I and II molecules
at the Institute for Immunology and Infectious Diseases (IIID), an Amer-
ican Society for Histocompatibility and Immunogenetics (ASHI)-accred-
ited center (Murdoch University, Perth, Western Australia). Briefly,
genomic DNA was extracted from saliva utilizing an Oragene DNA kit
(OG-250; DNA Genotek, Ontario, Canada) at a final concentration of 50
ng/pl and amplified by PCR using barcoded primers for HLA loci from
HLA-A, -B, and -C (class I) and HLA-DRBI, -DQ, and -DP (class IT). The
barcoded samples were then pooled, and a TruSeq library was prepared
for sequencing on the MiSeq sequencer (Illumina). The data were ana-
lyzed by separating out the barcoded samples and using algorithms to
identify the alleles with in-house proprietary software. The algorithms
exclude reads with ambiguous calls, align and trim the reads to exons,
calculate the exon consensus, and match to a reference library so the HLA
alleles can be called for each sample.

Rhinovirus peptides and proteins. The VP1 protein was chosen as a
target for this study, as it is the largest and most surface-exposed capsid
protein that is known to elicit very high antibody titers that would require
T-cell help (14, 15). This structural protein is critically involved in virus-
cell attachment (16) and has a prime function in cellular infection. The
phylogenetic relationship of VP1 between rhinovirus genotypes is also
well characterized for interpreting our results (17, 18). VP1 has also been
shown to elicit antibody levels in the sera of RV-infected patients higher
than those directed against the VP2 and VP3 proteins, indicating that VP1
is more immunogenic (19).

Fifty-seven synthetic peptides of RV-A, genotype RV-34 (GenBank/
DDBJ accession no. FJ445189.1) and 53 synthetic peptides of RV-C,
genotype C3, prototype QPM (20) (GenBank/DDBJ accession no.
EF186077) were purchased from Mimotopes (Victoria, Australia) as a
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PepSet. The peptides were 15 amino acids long, overlapping by 10 amino
acids, and covered the entire VP1 capsid proteins of both genotypes. The
size and overlapping nature of the peptides were selected based on their
capacity to bind both the small major histocompatibility complex class
I (MHC-I) pocket and the larger MHC-II groove, potentially eliciting
CD4" and CD8™ responses (21). The peptides tested were not designed
based on previously described regions or prediction tools, which mini-
mized the chances of losing important epitopes due to the wrong position
of a peptide cut or that have been overlooked by the in silico analysis. The
peptides were used individually in the T-cell proliferation assay and later
in two pools containing the immunodominant peptides (pool RV-A and
pool RV-C) for the responding T-cell subset experiments. Irrelevant 15-
mer peptides representing regions of PhoMal, from the deep sea vent
thermophilic bacterium Pyrococcus horikoshii (European Nucleotide Ar-
chive accession number BAA29275), were synthesized in the same PepSet
plate with the RV peptides and used to control for potentially nonspecific
T-cell proliferation caused by a synthetic peptide.

Entire VPI capsid proteins of the same two RV-A and -C genotypes
tested in the T-cell proliferation assay (A34 and C3) were produced in our
laboratory as fusion polypeptides with glutathione S-transferase (GST) at
the N terminus and a hexahistidine tag on the C terminus and expressed as
recombinant proteins in Escherichia coli, as previously described (14).
VP1 proteins were purified by glutathione-agarose affinity chromatogra-
phy (Sigma-Aldrich, St. Louis, MO) and high-resolution size exclusion
chromatography (GE Healthcare, Uppsala, Sweden). Circular dichroism
analysis showed similar contents of secondary structure between the VP1
protein and that calculated for the content of VP1 in the virion, as was also
evident from its high-avidity binding. Entire VP1 proteins were used in
the total- and specific-antibody-binding assays.

T-cell proliferation assay. Blood was collected from each of the 20
donors and immediately diluted with an equal volume of RPMI (Gibco/
Invitrogen, Grand Island, NY) containing 1% preservative-free heparin.
The blood was processed within an hour of collection, and PBMCs were
isolated by density gradient centrifugation (Lymphoprep, Nycomed, Nor-
way). Plasma from each donor was also aliquoted and stored at —20°C for the
antibody-binding assays. Following three consecutive washes with RPMI,
fresh PBMCs were resuspended in AIM-V serum-free culture medium (Life
Technologies) supplemented with 50 wM 2-mercaptoethanol (Gibco, In-
vitrogen). PBMCs were seeded at 2 X 10° cells per well in a 96-well round-
bottom microtiter plate (Nunc). Individual RV-A and RV-C peptides
(15 wM) were added to triplicate wells, and phytohemagglutinin (PHA)
(Sigma, St. Louis, MO) and purified protein derivative (PPD) (Sigma-
Aldrich), both at 10 g/ml, were also included in triplicate, while negative
controls contained only medium. Positive- and negative-control wells
were included in each plate in order to control for variations. The plates
were incubated at 37°C in a humidified 5% CO, atmosphere, and the cell
cultures were then pulsed on day 6 with [*H]thymidine (PerkinElmer;
0.01 mCi/ml) and incubated for the following 18 h under the same
atmosphere conditions. On day 7, cells were harvested using filter mats
(PerkinElmer), and T-cell proliferation was assessed by [*H]thymidine incor-
poration using a B-scintillation counter (Wallac 1450; PerkinElmer). This
time point was found to be optimal based on time course experiments that
showed proliferation could not be detected prior to day 4 and was optimal
at day 7.

The selection of the immunodominant peptides was based on analysis
of the reactive scores (RS) (with modifications from reference 22). The RS
for each individual peptide was calculated based on (i) the proliferative
capacity and magnitude of the T-cell response, given by the sum of the SI
of positive donors (parameter A), and (ii) the percentage of positive do-
nors, defined as when the mean SI of the triplicate wells from each donor
was higher than 2 (parameter B). The SI was calculated as follows: SI =
cpm of stimulated wells/cpm of unstimulated wells, where cpm is the
counts per minute of cells marked with [*H]thymidine from our thymi-
dine incorporation assay. The RS was calculated as a product of the mul-
tiplication of the two above-mentioned parameters (A X B).
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Identification of the activated/proliferating RV-specific T-cell sub-
set. Blood samples from 3 representative donors (donors 1, 10, and 14)
who were positive for the majority (at least three out of five) of individual
immunodominant peptides of RV-A and RV-C were collected, and
PBMC:s were isolated as described above. Identification of the responding
T-cell subset was done by defining the activated (HLA-DR™) and prolif-
erating (dimly stained, CellTrace Violet dye®™) CD4*/CD8" cells in re-
sponse to the pooled RV immunodominant peptides. Pools A and C con-
tained 5 peptides each, comprising the immunodominant peptides that
were identified as a result of our T-cell proliferation assay.

PBMCs at 107/ml were labeled with a CellTrace Violet cell prolifera-
tion kit (Invitrogen Molecular Probes, OR, USA) at 5 wM for 5 min in
phosphate-buffered saline (PBS) at room temperature. Unbound dye
was washed out with PBS supplemented with 5% heat-inactivated fetal
calf serum (HI-FCS) (SAFC, Brooklyn, Australia) for three consecu-
tive washes. Fluorescent CellTrace-labeled PBMCs were seeded at 2 X 10°
per well in a 96-well U-bottom plate under the same culture conditions
described above and stimulated in sextuplicate with selected immuno-
dominant peptides combined into 2 pools (pool A and pool C) at 15
M per peptide. Staphylococcal enterotoxin B (SEB) (Sigma-Aldrich)
at 2.5 pg/ml final concentration was used as a positive control, and the
negative controls contained only medium. A pool of the irrelevant pep-
tides PhoMal, to PhoMal (5 uM per peptide; 5 peptides in total) was used
to control for nonspecific proliferation potentially due to a synthetic pep-
tide. T-cell proliferation was assessed 7 days later by CellTrace labeling. In
addition, cells were colabeled with fluorochrome-conjugated human spe-
cific antibodies against the lineage markers CD3 (allophycocyanin [APC]-
H?7, clone SK7), CD4 (fluorescein isothiocyanate [FITC], clone RPA-T4),
and CD8 (phycoerythrin [PE]-Cy7, clone RPA-T8) and the T-cell activa-
tion marker HLA-DR (PE-CF594, clone G46-6) in order to determine the
activated (HLA-DR™) and proliferating (CellTrace®™) cell subsets in re-
sponse to the peptide pools. CD19/CD20 (peridinin chlorophyll protein
[PerCP]-Cy5.5, clones SJ25C1 and L27, respectively) and a LIVE/DEAD
viability kit (Invitrogen) were used to exclude B cells and nonviable cells,
respectively (all from Becton Dickinson Pharmingen, NJ, USA).

Briefly, after the 7-day incubation period, the six replicated wells were
pooled and washed once to remove the culture medium. Pooled PBMCs
were resuspended in PBS and stained with LIVE/DEAD dye (1:20,000)
according to the manufacturer’s instructions. After incubation for 10 min,
the stained cells were washed twice in PBS containing 1% bovine serum
albumin (BSA) and 0.1% sodium azide (fluorescence-activated cell sorter
[FACS] buffer) to remove excess dye. The PBMCs were then stained with
the antibody cocktail for 30 min at 4°C. Unbound antibodies were washed
out, and the cells were fixed using stabilizing fixative (Becton Dickinson
Pharmingen, NJ, USA). Samples were read with an LSRFortessa (BD Bio-
sciences) and FACS Diva software (BD Biosciences). For each stimulation
condition, at least 250,000 total events were acquired, and data analysis
was performed using FlowJo X version 10.0.7r2 (Tree Star). After gating
on lymphocytes, singlet cells, live cells, CD3™ cells, CD4"/CD8™" cells,
and CellTrace®™ and HLA-DR™ cells, the numbers of activated (HLA-
DR™) and proliferating (CellTrace®™) cell subsets were recorded for each
condition. Approximately 100,000 CD3™ cells were obtained per stimu-
lation condition, after exclusion of doublets and nonviable cells. The an-
tigen-specific response, given by the T-cell proliferation, was calculated as
follows: ST (CellTrace) = percentage of CellTrace®™ cells among a pooled
set of six peptide-stimulated wells/percentage of Cell Trace!™ cells among
a pool of six unstimulated control wells. Activated T cells were defined as
follows: ST (HLA-DR™) = percentage of HLA-DR™ cells among a pooled
set of six peptide-stimulated wells/percentage of HLA-DR™ cells among a
pool of six unstimulated control wells.

Intra- and interspecies analysis of amino acid sequences from the
VP1 capsid proteins of rhinoviruses A and C. One phylogenetic tree each
for RV-A and RV-C was generated by the neighbor-joining method and
contained all the described genotypes for each species found in GenBank/
DDBJ and the NIAID Virus Pathogen Database and Analysis Resource
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(ViPR) database (23), respectively. The 20 most representative genotypes
(i.e., the genotypes falling far from each other and covering the entire tree
length) were selected as species representative for the intraspecies analysis.
The interspecies analysis utilized the 5 most representative genotypes
within each species.

The GenBank/DDB]J access numbers for RV-A are as follows: RV-A12,
JE781511; RV-A19, JQ747746; RV-A21, IN837693; RV-A23, IN621244;
RV-A33, JN815250; RV-A34, FJ445189.1; RV-A40, JX074051; RV-A43,
JN815237; RV-A44, IN815252; RV-A47, JN837692; RV-A53, IN798587;
RV-A55, JQ837718; RV-A58, JX025558; RV-A60, JN798590; RV-A61,
JN798560; RV-A65, ]Q245966; RV-A66, IN621246; RV-A67, IN621245;
RV-A68, JN798578; RV-A89, JQ837719; RV-A103, JQ747749. For RV-C,
the genotypes are RV-C02, JX025557; RV-C03, EF186077; RV-C04,
JE781509; RV-CO05, JN837691; RV-C06, JN990702; RV-C07, JX025556;
RV-C08, JQ245973; RV-C15, JN837688; RV-C17, JQ837720; RV-C22,
JN621242; RV-C25, JN837685; RV-C26, ]X193796; RV-C28, JN798569;
RV-C32, JQ994498; RV-C36, JN541267; RV-C40, JF781505; RV-C41,
JN798565; RV-C42, JQ994500; RV-C43, JN837687; RV-C45, IN837686;
RV-C49, JN798568.

Antibody assay. Total and species-specific antibody titers to RV-A
(A34) and RV-C (C3) were measured in the plasma of all 20 donors using
adissociation-enhanced lanthanide fluorescence immunoassay (DELFIA;
PerkinElmer). The details of the technique were described previously
(14). Briefly, plasma was diluted (1:100) in blocking buffer (0.5% bovine
serum albumin in 50 mM Tris-HCI, 0.9% NaCl, 0.05% sodium azide
buffer with 0.01% Tween 20) and incubated overnight at 4°C with shak-
ing. Then, 100 pl of the diluted plasma was added to a 96-well microtiter
plate (Nunc, Roskilde, Denmark) containing wells previously coated with
the VP1 proteins of RV-A34 and RV-C3. The plates were incubated for 2
h at room temperature with shaking. After 3 consecutive washes, 100 pl of
biotinylated anti-human IgG1 (BD Pharmingen) diluted 1:2,000 in assay
buffer (Wallac, Oy) was added to each well, and the plates were incubated
for 2 h at room temperature with shaking. After another three washes, 100
pl europium-labeled streptavidin, diluted 1:1,000 in assay buffer, was
added, and the plates were incubated for 30 min with shaking. The final
washing step involved washing the plates 8 times before the addition of 100 .l
enhancement solution. The plates were read using a Wallac Victor 3 plate
reader (Wallac, Oy). A titration of reference sera with a known concentration
of antibody binding to the VP1 antigens (in nanograms per milliliter) was
included on every plate to construct a standard curve to determine the abso-
lute concentration of antibody binding. Three negative-control sera were
used as a negative control to determine nonspecific binding for each antigen
and were included on every plate. The lower limit of detection for IgG1 bind-
ing was 500 ng/ml, and negative values were assigned 50% of the lower limit of
detection (250 ng/ml).

Species-specific IgG1 antibody binding to RV-A and RV-C. Immu-
noabsorption assays were conducted as described above, except that prior
to starting, each plasma was preincubated in a lysate mixture of E. coli
(1:250) producing the other two RV species to absorb out cross-reactive
binding, as validated previously (14). Plasma from all the donors was also
preabsorbed with the irrelevant antigen PspC, a surface protein of Strep-
tococcus pneumoniae, in order to control for nonspecific inhibition.

RESULTS

Identification of RV-A and RV-C T-cell epitopes. Based on the
RS obtained for each individual peptide through the T-cell prolif-
eration assay, two thresholds were defined as selection criteria for
immunodominance: an RS of =1,250 and a percentage of positive
donors of =40%. Five T-cell immunodominant peptides for each
RV-A and RV-C genotype were identified (Fig. 1): RVA-23
(amino acid positions 111 to 125), RVA-24 (positions 116 to 130),
RVA-25 (positions 121 to 135), RVA-48 (positions 236 to 250),
and RVA-49 (positions 241 to 255), and RVC-7 (positions 31 to
45), RVC-16 (positions 76 to 90), RVC-32 (positions 158 to 172),
RVC-40 (positions 196 to 210), and RVC-42 (positions 206 to
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FIG 1 Identification of T-cell epitopes in the VP1 capsid protein of RV-A (A34) and RV-C (C3) through in vitro stimulation of PBMCs with overlapping
synthetic peptides from 20 donors and analysis of T-cell proliferation using a [*H]thymidine incorporation assay. The horizontal lines represent the thresholds
used as selection criteria for immunodominance (RS = 1,250 and percent positive donors = 40%). (A) Stimulatory capacities given by the sum of SI values of
>2 for each individual peptide. (B) Percentage of positive donors (donors presenting mean SI of >2) for a given peptide. (C) RS given by the product of the
stimulatory capacity (panel A) multiplied by the percentage of positive donors (panel B) showing 5 immunodominant peptides for each RV-A and RV-C
genotype tested: RVA-23, RVA-24, RVA-25, RVA-48, and RVA-49 and RVC-7, RVC-16, RVC-32, RVC-40, and RVC-42. While the RV-A response is focused on
only two regions of VP1 (Al and A2), the RV-C response is broad, with epitopes scattered throughout the protein (C1, C2, C3, and C4 regions).

220). The RV-A immunodominant peptides overlapped and were
focused in only two regions: Al (positions 111 to 155) and A2
(positions 236 to 255) (Fig. 1). In contrast, the response to RV-C
was broad, and the five immunodominant RV-C peptides were
scattered throughout the protein in four distinct regions: C1 (po-
sitions 31 to 45), C2 (positions 76 to 90), C3 (positions 158 to
172), and C4 (positions 196 to 220) (Fig. 1).

RV-A and RV-C T-cell epitopes as species representatives.
Sequence analysis was carried out to determine whether the se-

lected peptides were specific for each species and representative of
each species. First, to assess the specificity of the T-cell epitopes for
each RV species, the immunodominant regions were analyzed in
relation to their linear positions in the VP1 capsid protein of each
genotype tested (Fig. 2). While the A1 and A2 regions are located
in the central and C-terminal portions of VP1 of RV-A, the four
RV-C immunodominant regions are dispersed throughout the
protein in unrelated regions of A1 and A2. Next, the proliferative
responses to the homologous regions (*) on the VP1 proteins of

31 c 1 45 76 C 2 90
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RV-C3 NPVEEFVEHTLKEVLVVPDTQASGPVHTT GPETLIETRYVMNDNTNAEAAVENFLGRS—— Netermini
RV-A34 NPVENYIDEVLNEVLVVPNIKESQATTSNSAPALDAAETGHTSSVQPEDMIETRYVQTSQTRDEMSIESFLGRSGCIHMSKLVVDYENYNAKTKNFMTWQ
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Al C3*
*
196 C 4 216 220 A2 235
RVC-40,42 RVC-44,45  (50%) |
275aa
RV-C3 GYDGTDDANINYGI KPKHITAWIPRPPRATQYLHKFSTNYNKPKTSGSTELEPKHFFKYRQDITSITNL o
RV-A34 GYDG-DQHDSRYGTVVTNDMGTLCSRIVTDEHONRVET VEYTHTHVTNY———KVRGKTE———KTAIKHRAKITMA—2——7 C-termini
| Rva-44,45 (30%) | |RvA-48,49 I 87aa
216 C4* 235236 Az 255

FIG 2 RV-A and RV-Cimmunodominant peptides as species-specific T-cell epitopes. Shown is alignment of the VP1 capsid proteins of RV-A34 and RV-C3. The
two RV-A immunodominant regions Al and A2 and the four RV-C immunodominant regions C1, C2, C3, and C4 are shaded in green and purple, respectively.
The corresponding RV-A immunodominant regions A1* and A2* in VP1 of RV-C and the corresponding RV-C immunodominant regions C1*, C2*, C3%, and
C4* in VP1 of RV-A are shaded in blue. Peptide numbers and amino acid positions are indicated. Identical amino acids within regions are marked in boldface,
and the percentages of sequence identity between immunodominant regions and their homologues are shown in parentheses.
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TABLE 1 RV-A and RV-C immunodominant peptides as species-specific T-cell epitopes®

A
|

[ Aar ] A2*
| Rvc21 RvC-22 | RVC-44 RVC-45 RVA-16 RVA-17 RVA-18 - RVA-44 RVA-45

Donor 1 16 . 27 23 12 21 11 X . X
Donor2 06 1.2 16 25 05 13 0.9 . X X
Donor 3 13 3.1 5.4 25 13 21 2.0 . 13 17
Donor4 05 06 0.7 0.8 14 1.0 1.0 ) 13 16
Donor 5 0.9 16 19 17 11 1.1 0.8 . 13 11
Donor 6 0.2 0.9 15 28 0.4 25 0.7 . 23 1.8
Donor 7 06 09 09 0.6 0.7 14 0.6 . 17 09
Donor 8 05 12 12 17 1.4 1.4 15 ) 0.7 0.9
Donor 9 1.0 14 1.0 1.3 6.0 3.8 2.0 . 0.8 0.6
Donor 10 1.0 16 33 29 a8 22 19 . 0.6 11
Donor 11 0.8 13 4.0 3.0 0.2 1.0 0.9 X 1.0 16
Donor 12 05 1.0 . 18 16 05 0.9 0.8 . 1.0 09
Donor 13 22 22 . 1.1 25 0.7 0.8 0.5 X 0.9 0.9
Donor 14 14 15 0.8 22 18 27 14 22 . . 73 16
Donor 15 0.7 11 0.7 . 0.9 0.9 1.0 0.8 0.8 X . 0.8 05
Donor 16 14 18 1.0 1.0 12 0.9 5.2 19 12 16 0.9 12 1.0
Donor 17 12 17 1.9 2.0 16 33 25 0.8 0.6 1.8 12 1.0 1.0
Donor 18 13 1.8 17 21 13 26 78 0.8 11 16 1.4
Donor 19 36 31 15 14 18 19 18 28 11 13 14 31 15 21
Donor 20 13 12 16 |[E0SM 17 12 11 0.9 12 12 16 11 16 1.0 1.9 13 1.6
1 (S1>2) 27 a1 a4 6 1 49 30 20 22 59 [} 29 27 21 2 31 19 29 25 13 7
Positive donors (%) | 50%  50%  55% | 10%  20% | 40%  45% | 30%  40% 65% 0% | 50% | 35%  30% 5% 50% | 25% | 45%  50% | 15%  10%

ive Score (RS) | 1351 2072 2396 | 59 221 | 1979 1337 | 592 870 3858 0 1434 | 932 617 1 1574 | 481 | 1296 1263 | 188 69
RS per region 1940 140 1658 731 3858 0 1434 520 1574 | 481 1279 128

@ Shown are the stimulation indexes and the reactive scores of the RV-A (A) and RV-C (B) immunodominant peptides and corresponding peptides in the VP1 proteins of RV-C
and RV-A. The RS of each region was normalized to the number of peptides (n = 1). SI of >2 are highlighted in green for RV-A, purple for RV-C, and blue for the relative
homologous peptides. RS and percentages of positive donors below the selection threshold for immune dominance are highlighted in red.

RV-A and RV-C were examined by comparing the RS of RV-A
peptides to the RV-C immunodominant regions (C1*, C2*, C3*,
and C4*) and those of the RV-C peptides to the RV-A immuno-
dominant regions (A1* and A2*) (Table 1). Because the VP1 pro-
tein of RV-C3 is 12 amino acids shorter than the VP1 protein of
RV-A34, mainly due to a major deletion around the C2 and A1*
regions, the peptide numbers for RV-A and -C are not directly
related. Figure 2 shows the amino acid positions and peptide
numbers on the proteins of both RV-C and RV-A relative to the
immunodominant A and C regions, following VP1 alignment of
A34 and C3. The pairwise sequence identity between the epitopes
and their interspecies homologues showed low to moderate iden-
tity and was lowest for the RV-C epitopes (Fig. 2): The pairs C1/
C1*, C2/C2*, C3/C3*, and C4/C4* had 45%, 15%, 30%, and 30%
identity, respectively, while A1 and A2 had 60% and 50% identity,
respectively, with their RV-C counterparts. As the immunodom-
inant regions were formed by a variable number of peptides (from
asingle peptide to three consecutive overlapping peptides), the RS
for each region was normalized to an 1 of 1 (RS region = RS of
immunodominant peptides in the region/number peptides in
each region) for comparison purposes. While the RV-A immuno-
dominant regions Al and A2 presented RS above 1,250, the cor-
responding RV-C regions, A1* and A2*, presented RS up to 14
times lower and as low as 10% donors positive for one peptide
(RVC-21) in the A1* region (Table 1A). Similarly, all the RV-A
regions corresponding to the RV-C immunodominant regions
presented RS of less than half the RS threshold used as a criterion
for immunodominance (Table 1B). Notably, the C1* homologue
of RV-A was unable to stimulate T-cell proliferation in any of the
donors in the cohort and presented an RS of zero. Given the dis-
tinct positions of the immunodominant A and C regions in the
VP1 proteins of RV-A and RV-C and the low correlation of the
magnitudes of response between immunodominant regions and
the homologue regions in the VP1 protein of the other genotype,
we conclude that the T-cell epitopes identified in this study are
specific to each genotype tested.
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Second, to examine if the T-cell epitopes were in regions that
would be representative of all or most of the genotypes of each
species, the intraspecies identity was analyzed by comparing the
amino acid sequences of the immunodominant regions Al and
A2 of RV-A34 and C1, C2, C3, and C4 of RV-C3 to the same
segments of the VP1 proteins from a representative sample of 20
genotypes of each species (Fig. 3) (the GenBank/DDB] accession
numbers are listed in Materials and Methods). The shaded areas
indicate motifs that are fully conserved within the 20 genotypes
analyzed for each species. The ClustalW identity matrix shows a
high degree of amino acid identity among the 20 RV-C genotypes
compared to RV-C3, ranging from 70 to 100% identity across the
RV-C regions C1, C3, and C4, while C2 had a low degree of iden-
tity (50 to 95%). RV-A genotypes had high similarity scores in the
Al and A2 regions in relation to RV-A34, ranging from 85 to
100%. With the exception of C2, all the immunodominant RV-A
and RV-C regions presented conserved motifs of 3 to up to 11
amino acids between the genotypes analyzed within each species.
The conserved motifs seemed to be equally spread in the RV-A
regions formed by more than one immunodominant peptide,
while the RV-C region C4 presented a high degree of similarity
among RV-C genotypes, particularly at the N-terminal end, where
the first of the two overlapping peptides forming this region
(RVC-40 and RVC-42) is located.

The alignment of the full-length VP1 proteins of RV-A34 and
RV-C3 with a sample of five genotypes of each species provides
insights into interspecies homologies and disparities (Fig. 4). The
shaded areas indicate regions that are fully conserved across the 12
RV-A and RV-C genotypes analyzed. The 10 boxed regions indi-
cate previously described motifs conserved among 101 RV-A and
RV-B prototype strains (18), of which the six regions marked by
red boxes indicate regions that had RV-C-specific amino acid sub-
stitutions (24). Interestingly, three of the four RV-C immuno-
dominant regions (C1, C3, and C4) are located in regions present-
ing species-specific amino acid substitutions, and one (C2) is
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FIG 3 Intraspecies analysis of the immunodominant T-cell epitopes of RV-A and RV-C. Shown is a comparison of the amino acid sequences of segments of the
VP1 capsid proteins from A34 and C3 (top row) to a representative sample of 20 genotypes from each RV-A and RV-C species. (A) Immunodominant regions
Al (peptides RVA-23, -24, and -25) and A2 (peptides RVA-48 and -49). (B) Immunodominant regions C1 (RVC-7), C2 (RVC-16), C3 (RVC-32), and C4
(RVC-40 and -42). The shaded areas indicate motifs that are fully conserved between the genotypes tested. Alignment was by ClustalW, and the identity plot was
generated in MacVector. GenBank/DDBJ access numbers are provided in Materials and Methods.

located in the region that had a major species C-specific amino

acid deletion (Fig. 4).

Magnitudes of RV-A and RV-C T-cell responses. The magni-
tudes of T-cell proliferation between the species were compared
by calculating the mean SI of the peptides belonging to each im-
munodominant region of each species (Fig. 5A) and also by com-
paring the mean SI of the combination of the peptides for all the
immunodominant regions of RV-A and RV-C (Fig. 5B). No sta-
tistical difference was found when comparing the magnitudes of
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response, where rates of proliferation to RV-A and RV-C were
comparable, with mean SI of 2.5 and 2.3, respectively.

Activated (HLA-DR") and proliferating (CellTrace®™™) cell
subsets (CD47/CD8%) in response to immunodominant RV
peptides. For analysis of the proliferating T-cell subset, the immu-
nodominant peptides were combined into two pools: pool A
(RVA-23, RVA-24, RVA-25, RVA-48, and RVA-49) and pool C
(RVC-7,RVC-16,RVC-32,RVC-40,and RVC-42), each at 15 uM
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final concentration, to stimulate PBMCs from 3 donors from our
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Inter-species Alignment of the VP1 Capsid Protein of Rhinoviruses
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FIG 4 Interspecies analysis using ClustalW alignment of the VP1 capsid proteins of RV-A34 and RV-C3 to a sample of five RV-A and RV-C genotypes from each species.
The shaded areas indicate amino acids that are fully conserved between the 12 RV-A and RV-C genotypes analyzed. The 10 boxed regions indicate motifs conserved across
101 RV-A and RV-B prototype strains (18). The red boxes indicate regions that underwent RV-C species-specific amino acid substitutions (24), which are highlighted in red. The
RV-Cand RV-A immunodominant regions C1, C2, C3, and C4 and A1 and A2 are indicated above and below each RV-C3 and RV-A34 sequence, respectively.
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FIG 5 Magnitudes of T-cell responses against epitopes in the VP1 capsid protein of rhinoviruses A34 and C3. (A) Magnitudes of responses by immunodominant
RV-A (Al and A2) and -C (C1, C2, C3, and C4) regions, given by the SI of each donor per peptide in each region, showing no statistically significant differences
in the magnitudes of responses between regions. (B) Comparison of the magnitudes of T-cell responses to RV-A and -C, given by the SI of peptides in all the
immunodominant regions. Means with 95% confidence intervals are indicated. A P value of <0.05 was considered significant; ns, nonsignificant. All analyses

were performed using GraphPad (La Jolla, CA, USA) Prism software.

cohort that were previously positive for the selected individual
peptides. The SI of activated (HLA-DR™) and proliferating (Cell-
Trace®™) cells indicate that CD4 ™" is the cell subset that predom-
inantly proliferates in response to both RV-A and RV-C pools of
peptides (Fig. 6). Although not statistically significant, the mean
SI of the proliferating CD4™" subset, stimulated with the pool of
RV-A and RV-C, was 2 times higher than that of the respective
CD8™ subset. The specificity of the T-cell response is demon-
strated by the lack of response to the control peptide antigen
PhoMal.

RV-A and RV-C total and specific IgG1 antibody titers. Total
and specific IgG1 antibody titers against both RV-A (A34) and
RV-C (C3) full-length VP1 proteins were measured in the plasma
of all 20 donors. All but one donor (95%) had antibody binding to
the VP1 antigen of RV-A before the preabsorption phase (Fig. 7).
Total IgG1 antibody binding to the RV-C antigen was significantly
lower (P < 0.05), with only 65% binding. Cross-reactive antibody
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binding between RV-A and RV-C was removed by preabsorbing
each plasma sample with a mixture of the other two RV species
before repeating the antibody-binding assay. Specific antibody ti-
ters to RV-A were detected in 85% of the donors, while only 30%
of the donors presented specific antibody binding to RV-C. The
specific antibody titers were significantly lower for both RV-A and
RV-C than the total antibody titers for the same RV genotype.
Total and specific antibody titers in relation to the number of
immunodominant peptides recognized (IDPR) by each donor are
summarized in Table 2. Of the PBMCs of the 20 donors tested,
90% and 80% were able to recognize and proliferate in response to
atleast 1 immunodominant peptide out of the 5 selected peptides
for RV-A and -C, respectively (Table 2). There was no correlation
between the levels of total and specific antibodies to the VP1 pro-
tein of either RV-A or RV-C and the proliferative response (pep-
tide recognition) to RV peptides observed in this cohort (Spear-
man correlation > 0.05). For example, of the 12 donors whose
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FIG 6 T-cell subset responding to pooled RV-A and -C peptides, defined by the activated T cells and proliferative capacity. A representative sample of 3 donors
who were previously positive for individual immunodominant peptides is shown. The assay was conducted using RV-A34 and RV-C3 immunodominant
peptides combined into two pools (15 uM per peptide; 5 peptides per pool). The bars represent means * standard errors of the mean (SEM). (A) T-cell activation
of CD4™ versus CD8™ subsets, given by CD4"HLA-DR™ and CD8"HLA-DR™. (B) Proliferation of T-cell subsets, given by CellTrace®™. The pool of the
irrelevant peptide antigen PhoMal was used as a control for nonspecific proliferation. The mean SI of the proliferating CD4™" subset, stimulated with the RV-A
and RV-C pool, was 2 times higher than that of the corresponding CD8 ™ subset, although it was not statistically significant. No statistically significant differences
were found within and between CD4* and CD8™" subpopulations.

10466 jvi.asm.org Journal of Virology December 2016 Volume 90 Number 23


http://jvi.asm.org

Total and species-specific IgG1 titers to the VP1 of RVs

107
E ‘.
g’ 106 ad
§
' 108 T
‘g v
v
“g’ 104 Y
o
=)
= ° 1T AAAAAAA YevvewYYY
107 T L] L] L]
Total Specific Total Specific
RV-A RV-C

FIG 7 Total and species-specific IgG1 antibody titers to RV-A and RV-C VP1
antigens for the 20 donors. The geometric means and 95% confidence intervals
are indicated. A titration of reference sera was included for the quantification
of IgG1 binding, and a negative control was used to determine nonspecific
binding. Species-specific measurements were conducted after preabsorption
of plasma in a lysate mixture of E. coli producing the other two RV species. The
limit of detection was 250 ng/ml. A P value of <0.05 (indicated by the aster-
isks) was considered significant. The analyses of total versus species-specific
measurements were done using a paired Wilcoxon test. Analyses were per-
formed using GraphPad (La Jolla, CA, USA) Prism software.

PBMC:s were able to recognize 3 out of 5 selected immunodomi-
nant RV-C3 peptides, 8 donors had no specific antibody titer to
the VP1 capsid protein of RV-C3, and 4 of those donors also had
no total RV-C3 antibodies to VP1. Regarding the levels of total

T-Cell Epitopes of Rhinovirus Species A and C

and specific RV-A antibodies, of the 3 donors who had no RV-
A34-specific antibody titers, 2 were able to recognize 4 or more
RV-A immunodominant peptides (Table 2).

HLA typing. HLA class [ and II molecules have been typed for
all 20 donors. CD4 ™ is the preferable T-cell subset to proliferate,
via recognition of RV peptides through MHC-II molecules; there-
fore, we focused our analysis on HLA class II molecules. HLA-DQ
and HLA-DR were targeted in this study for being the most poly-
morphic loci from the three HLA class II molecules (25).

In order to verify if the immunodominant regions are re-
stricted to a specific HLA-DQ or HLA-DR haplotype, we evalu-
ated the capacity of each HLA haplotype to recognize RV peptides
through the proliferative response of PBMCs of donors expressing
different HLA haplotypes. The donors had been divided into sub-
groups according to their HLA haplotypes. HLA haplotypes with a
frequency equal to or higher than 3 in our cohort were analyzed as
a subgroup; haplotypes that had a frequency of expression of less
than 3 were combined into a group (others) and excluded from
analysis. Because each subgroup had a variable number of donors,
each subgroup was normalized to an # of 4. The RS was recalcu-
lated as described previously for each RV immunodominant pep-
tide within each HLA-DQ and HLA-DR subgroup. All the donors
in this cohort, independent of their HLA-DQ and -DR subtypes,
responded well to the positive-control antigens PHA and PPD,
and no significant differences were observed among the prolifer-
ative capacities of the different HLA haplotypes to the control
antigens (results not shown). RS to individual RV peptides varied
widely among HLA subgroups, and donors from different sub-
groups were able to recognize RV peptides located in different
regions of the VP1 protein (results not shown).

TABLE 2 Dissociation of the antibody and T-cell responses”

RV-A34VP1 RV-C3VP1
o Antibody titers o Antibody titers
Donor N°IDPR* Total Specific N°IDPR* Total Specific
Donor 1 3 3516384 1484878 4 94095 250
Donor 2 1 5821721 1466882 2 508853 30874
Donor 3 2 368727 231844 5 388393 165655
Donor 4 1 226870 109900 0 250 250
Donor 5 5 107634 250 4 250 250
Donor 6 2 3581873 2075883 2 372962 9776
Donor 7 1 2113227 595543 1 192928 250
Donor 8 0 1352545 1084469 0 250 250
Donor 9 4 2465280 872642 3 922023 17525
Donor 10 4 3787757 275311 5 2704092 115829
Donor 11 2 1277902 250 4 1079286 250
Donor 12 0 276831 70482 3 166044 250
Donor 13 2 5642914 594465 4 1999424 250
Donor 14 4 250 250 3 250 250
Donor 15 1 2980492 1903475 0 336586 250
Donor 16 3 886743 387095 3 234886 5423
Donor 17 3 1018200 96553 2 183950 250
Donor 18 4 819816 291941 4 250 250
Donor 19 3 1336562 996479 3 250 250
Donor 20 3 2303032 2401099 0 250 250

At least 1 IDPR* 90%

80%

* IDPR: Immunodominant peptides recognized.

“RV-A34 and RV-C3 total and specific antibody titers are shown in relation to the number of IDPR. The limit of detection for antibody-

binding titers was 250 ng/ml.
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Figure 8 shows the frequencies of distribution of HLA-DQ and
HLA-DR in our cohort, together with a breakdown of the prolif-
erative capacity by immunodominant region of RV-A and RV-C
per HLA-DQ and HLA-DR subgroup. The intensities of the pro-
liferative responses to VP1 regions varied among donors from
HLA-DQ subgroups, although all DQ haplotypes were able to
recognize all immunodominant regions of both RV-A and RV-C
(Fig. 8B). Inregard to HLA-DR, donors from subgroup DR1 failed
to recognize the RV-C immunodominant region C3, while region
C2 failed to induce a proliferative response in PBMCs of DR7
donors (Fig. 8B). Both Al and A2 regions of RV-A were recog-
nized by donors expressing all HLA-DR haplotypes in our cohort.

DISCUSSION

T cells play a crucial role in antiviral immunity (26); however, our
understanding of the nature and specificity of the T-cell response
to RV is currently limited. Furthermore, all the studies on RV
adaptive response are restricted to the RV-A and RV-B species
(26-28). This is the first study to perform epitope mapping on the
full-length VP1 capsid protein of an RV-A and RV-C genotype
and the first to evaluate the T-cell response to a genotype of species
C. We identified regions in the VP1 proteins of both RV-A and
RV-C that are immunodominant and capable of promoting effec-
tive CD4™ proliferation in vitro. Furthermore, the intraspecies
representative epitopes identified allowed a comparison of the
magnitudes of T-cell proliferation between RV-A and RV-C and
are useful tools for the study of T-cell responses to the different RV
species. We demonstrated that in vitro stimulation of PBMCs
from healthy donors utilizing synthetic peptides specific to and
representative of each RV-A and RV-C species results in compa-
rable magnitudes of T-cell-specific proliferation, even in donors
who did not have specific antibody titers to RV-C. Our results
indicate a dissociation of the species-specific antibody response
from the T-cell response to rhinoviruses.

Despite their overall lack of amino acid sequence identity, rhi-
noviruses A and C share four motifs in the VP1 capsid protein that
are highly conserved across all three rhinovirus species (18, 24)
and other enteroviruses (17) (Fig. 4, black boxed regions). There-
fore, synthetic peptides targeted to these regions would have the
potential to promote a broad T-cell response against most entero-
viruses. However, our results have shown that the RV-A peptides
(RVA-9to-11,RVA-13 and -14, RVA-29 and -30, and RVA-38 to
-40) and the RV-C peptides (RVC-9 to -11, RVC-13 and -14,
RVC-25 and -26, and RVC-35 and -36) located in the four con-
served motifs all presented low immunogenicity, shown by their
low reactive scores. The most plausible reason is that well-con-
served segments are known to have low immunogenicity, as these
regions are not under selective pressure (29). Our study demon-
strates that RV-A and -C T-cell epitopes are located in very distinct
regions of the VP1 protein that are unique for each species.

VP1 alignment of all RV species has shown that genotypes be-
longing to species C present amino acid substitutions in 6 of the 10
conserved motifs among all RV species (24) (Fig. 4, red boxed
regions). Furthermore, species C presents major amino acid dele-
tions, especially in the center of VP1, which shortened the protein
by 21 residues compared to VP1 of species A (29). Of the 4 immu-
nodominant RV-C regions identified in this study, three (C1, C3,
and C4) are located in regions presenting species-specific amino
acid substitution and one (C2) is located in the VP1 region that
had major species C-specific amino acid deletions. Our findings
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on RV-C-specific T-cell epitopes provide experimental evidence
that corroborates the predictions made on the basis of bioinfor-
matics tools (29), which suggested that RV-Cs have new, unique
epitopes that are well conserved within species C (29).

The RV-A immunodominant regions Al and A2, which are
conserved within the RV-A species, also share great amino acid
sequence similarity with RV-B and other enteroviruses (17, 18).
Previous studies in animal models have identified the same two
regions as immunodominant in another RV-A genotype (A1A)
(27). Given the overlapping nature of the peptides in Al and the
increased RS observed from RVA-23 to RVA-25, it is likely that
peptide RVA-25 contains the full epitope or possibly multiple
epitopes. The C-terminal region of the VP1 capsid protein of
RV-A, where the immunodominant region A2 is located, is
known to contain part of the ICAM-1 attachment site in RVs
belonging to the major receptor group, and peptides targeted to
this region have been able to elicit high antibody titers in an ani-
mal model (19, 30) and to promote cross-protection among other
RV-A and -B serotypes (27).

The motif PRPPR in the C-terminal region of A2 is conserved
in both RV-A and -C species, but it is unlikely to confer an immu-
nodominant epitope, as the RV-C peptide RVC-46 also contains
this motif, and it has a low RS (Fig. 1). Therefore, the A2 epitope is
likely to contain the motif KAKH, which, although conserved for
species A, has an amino acid substitution in C, where A is replaced
by P. As the RV-C peptides that contain the motif KPKH have
relatively low RS compared to their RV-A counterparts, we hy-
pothesize that the amino acid substitution is located in an impor-
tant binding pocket, which would accommodate the 4 side chain
residues (31). The same can be observed for the RV-C immuno-
dominant region C1, where two species-specific amino acid sub-
stitutions drastically change the immunogenicity of the peptide
(Table 1, compare the RS of peptide RVC-7 and its counterpart,
RVA-7).

Dissociation of the antibody response from the T-cell re-
sponse. Based on a comparison of specific antibody titers to each
of the three rhinovirus species, it has been suggested that the in-
creased severity of RV-C infection in young asthmatic children
could be the result of a less efficient immune response to species C
(15). One possible explanation suggested for the impaired RV-C-
specific humoral response was a phenomenon known as original
antigenic sin, which was first described for influenza viruses (32)
and then extended to rhinoviruses (14). According to this theory,
preceding responses to RV-A could dictate the specificity of the
immune response and shift the antibody repertoire toward RV-A
and away from RV-C. Our findings on the specific T-cell response
to RV-C3 rule out the idea of impaired immune response to spe-
cies C and reinforce the suggestion of the original antigenic sin-
like response as an explanation for the low specific RV-C antibody
levels and possible increased clinical importance of species C.

HLA associations. Three (donors 4, 15, and 20) out of the four
nonresponders for the RV-C immunodominant regions failed to
recognize any of the 53 RV-C peptides tested (results not shown).
Two of them (donors 4 and 15) presented an HLA-DRB1*8 hap-
lotype. In addition to these two donors, the DRB1*08 subgroup
had one other donor (donor 5) who was a high RV-C responder.
We hypothesize that DRB1¥08 could work as an inhibitory allele
that, when present, would result in a suppressive immune re-
sponse (33). Similarly, in donors expressing them, the DRB1*1
and DRB1*7 haplotypes, which failed to recognize the RV-C im-
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FIG 8 Analysis of HLA associations. (A) Frequencies of distribution of HLA-DQ and HLA-DR in our cohort of 20 healthy donors. (B and C) Proliferative
capacity was measured as the sum of the RS of 20 donors to RV-A and RV-C immunodominant peptides per region, according to HLA-DQ (B) and HLA-DR (C)
subgroups. The number of donors in each HLA subgroup is indicated at the top of the y axis of each graph. As the numbers of donors in each HLA subgroup
varied, all the subgroups were normalized to an n of 4 for comparison purposes. The arrows indicate regions that failed to induce a proliferative response in vitro.
Percentages of responders (donors whose PBMCs proliferated in response to each peptide) are indicated above each bar.
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munodominant regions C3 and C2, respectively, could be acting
as inhibitory alleles, resulting in low recognition of RV-C-specific
epitopes.

Due to the low number of donors in our cohort, the heteroge-
neity of HLA haplotypes is not fully represented. Furthermore, the
limited number of donors in each HLA group does not allow
sufficient power of analysis of the responses associated with the
different HLA haplotypes. Nevertheless, based on the results pre-
sented in Fig. 8, there appears to be immune recognition of RV-A
and RV-C epitopes by diverse HLA haplotypes, and therefore,
HLA-restricted recognition does not appear to account for the
genome-wide association study (GWAS) associations previously
described (34, 35). The low association between HLA class IT hap-
lotypes and epitope recognition has been previously reported for
house dust mite allergens in relation to the HLA-DQ haplotype
(36).

Peptide vaccine. Currently, the majority of vaccines against
viral infections are targeted to either inactivated or live-attenuated
viruses. In both scenarios, the induced immune response is gen-
erally strain specific, due to viral hypervariability. Peptide-based
vaccines present many advantages: peptides are easily produced in
large amounts in a cost-effective manner; are safer than vaccines
that use live-attenuated viruses, which often cause symptoms of
infection; and do not require viral growth, which presents a major
advantage, especially for the rhinovirus C species that cannot be
easily propagated in vitro. This technology is currently being used
in the development of new vaccines, such as papillomavirus vac-
cine (37), influenza virus vaccine (38), and vaccines against com-
mon allergens (39).

Here, we identified immunodominant peptides that are repre-
sentatives of each RV-A and -C species. Rhinovirus represents a
significant clinical target, and although there are more than 150
currently described RV genotypes, the use of a peptide cocktail
containing multiple species-specific peptides that are tightly con-
served within RV species could help overcome the challenge of
promoting an effective broad-spectrum response to the majority
of the RV genotypes (19, 40). While a vaccine targeted to T-cell
stimulation might not prevent reinfection, as suggested for the
preventive-type vaccine candidates targeted to neutralizing anti-
bodies, it does have the potential to work as a therapeutic vaccine,
increasing the efficiency of viral clearance and affecting the course
of infection, which would result in less inflammation and conse-
quently fewer immune-related diseases, such as asthma exacerba-
tion.
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