
Circulating Memory CD4+ T Cells Target Conserved Epitopes of 
Rhinovirus Capsid Proteins and Respond Rapidly to 
Experimental Infection in Humans

Lyndsey M. Muehling, MS†,*, Duy T. Mai, MS‡,*, William W. Kwok, PhD, Peter W. Heymann, 
MD¶, Anna Pomés, PhD||, and Judith A. Woodfolk, MBChB, PhD†

†Department of Medicine, University of Virginia Health System, Charlottesville, VA

‡Benaroya Research Institute at Virginia Mason, Seattle, WA

¶Department of Pediatrics, University of Virginia Health System, Charlottesville, VA

||Indoor Biotechnologies Inc., Charlottesville, VA

Abstract

Rhinovirus (RV) is a major cause of common cold and an important trigger of acute episodes of 

chronic lung diseases. Antigenic variation across the numerous RV strains results in frequent 

infections and a lack of durable cross-protection. Since the nature of human CD4+ T cells that 

target RV is largely unknown, T-cell epitopes of RV capsid proteins were analyzed, and cognate T 

cells characterized in healthy subjects and those infected by intranasal challenge. Peptide epitopes 

of the RV-A16 capsid proteins VP1 and VP2 were identified by peptide/MHCII tetramer-guided 

epitope mapping (TGEM), validated by direct ex vivo enumeration, and interrogated using a 

variety of in silico methods. Among non-infected subjects, those circulating RV-A16-specific 

CD4+ T cells detected at the highest frequencies targeted 10 unique epitopes that bound to diverse 

HLA-DR molecules. T-cell epitopes localized to conserved molecular regions of biological 

significance to the virus, were enriched for HLA class I and II binding motifs, and constituted both 

species-specific (RV-A) and pan-species (RV-A, -B and -C) varieties. Circulating epitope-specific 

T cells comprised both memory Th1 and T follicular helper cells, and were rapidly expanded and 

activated after intranasal challenge with RV-A16. Cross-reactivity was evidenced by identification 

of a common *0401-restricted epitope for RV-A16 and RV-A39 by TGEM, and the ability for RV-

A16-specific Th1 cells to proliferate in response to their RV-A39 peptide counterpart. The 

preferential persistence of high-frequency RV-specific memory Th1 cells that recognize a limited 

set of conserved epitopes likely arises from iterative priming by previous exposures to different 

RV strains.
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Introduction

Infection with human rhinovirus (RV) accounts for over half of all cases of common cold, 

and usually runs a benign course. However, among those with chronic respiratory disorders, 

RV infection induces disease exacerbations that often require hospitalization and, in the 

worst cases, can be fatal (1–6). Rhinovirus is especially problematic for children suffering 

from allergic asthma, not only because of its link to acute wheezing episodes, but its 

purported contribution to asthma pathogenesis in early life (7–9). Repeat infections are 

common, with children experiencing a particularly high annual incidence of 6 to 8 colds 

(10). Although elderly people experience fewer infections than children, the burden of 

disease presented by RV is greater than that of other respiratory viruses commonly 

associated with complications, and is especially problematic for adults with chronic 

obstructive pulmonary disease (11). Together, these factors create an enormous economic 

and public health burden.

Human rhinovirus is a single-stranded RNA virus of the Picornaviridae family. Infection 

results in the production of serotype-specific serum neutralizing antibodies that confer 

protection from re-infection with the same strain, and reduce symptom severity upon 

experimental challenge with the same serotype (12–15). However, antibody responses are 

transient, and cross-neutralization among the numerous RV types is limited, owing to their 

high degree of antigenic variability (16–18).

There is mounting evidence to support a protective role for CD4+ T cells in response to a 

variety of respiratory viruses, including RV (19–22). Among seronegative subjects who were 

experimentally infected with RV, higher in vitro T-cell proliferation and IFN-γ production in 

response to RV before infection was linked to reduced viral shedding (22). Despite the 

numerous reports of T-cell epitopes within capsid proteins of diverse viruses, no studies have 

explored RV. The RV capsid comprises four proteins (designated VP1 through 4) that 

assemble to form an icosahedral structure containing the determinants necessary for cell 

entry (23–26). Exposure of VP1 and VP2 on the capsid surface makes them attractive targets 

for an immune response. This is evidenced by the ability to readily detect anti-VP1 

antibodies, including IgG, in serum (27–30). In a mouse model, immunization with 

conserved capsid proteins of RV-A16 induced cross-reactive immune responses driven by 

CD4+ T cells, which were associated with more rapid viral clearance (31). These 

fundamental studies suggest that capsid proteins warrant further evaluation as T-cell targets 

in humans.

We hypothesized that circulating memory CD4+ T cells capable of recognizing different RV 

strains would be readily detected in adults, owing to repeated priming by previous RV 

infections. Here, we describe the development of MHCII tetramers displaying peptide 

epitopes of the clinically relevant strain RV-A16, to characterize circulating CD4+ T cells 

specific for VP1 and VP2 (11, 29, 32–37). By integrating in vitro and in silico epitope 

mapping, we validate and interrogate immunodominant epitopes recognized by circulating 

CD4+ T cells in healthy subjects, and establish their cross-reactive potential. Rapid 

expansion and activation of epitope-specific memory T cells in an experimental infection 
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model following intranasal challenge with RV-A16, supports a central role for cross-reactive 

CD4+ T cells in adaptive immunity to RV.

Methods

Human Subjects

Studies were carried out in 61 healthy adults (ages 18–45). All subjects were asymptomatic 

and reported no cold symptoms in the previous 4 days. Written informed consent was 

obtained from all participants and studies were approved by the University of Virginia 

Human Investigation Committee and the Institutional Review Board of Benaroya Research 

Institute. In addition, rhinovirus challenge studies were approved by the FDA and the NIAID 

Safety Committee (Clinical Trials.gov ID NCT02111772).

Intranasal Challenge with RV-A16

Four non-allergic subjects (total IgE <30 IU/ml) who lacked serum neutralizing antibodies 

for RV-A16 were challenged with 1 ml of inoculum containing 300 TCID50 of live RV-A16 

(0.5 ml per nostril) (38). Infection was confirmed based on ≥4-fold rise in serum neutralizing 

titer at 3 weeks post-inoculation and/or positive qPCR for RV-A16 in nasal washes (39). 

Upper respiratory tract symptoms were assessed using a modification of the Jackson criteria 

(40).

PBMC Isolation and HLA Typing

PBMCs were isolated from heparinized venous blood by Ficoll gradient centrifugation (41, 

42). DNA samples were HLA-typed using DRB1 SSP Unitray Kits (Invitrogen, Carlsbad, 

California) according to the manufacturer's instructions.

Flow Cytometry Antibodies and Reagents

Fluorochrome-conjugated monoclonal antibodies for flow cytometry were as follows: anti-

CD3 (clone SK7), anti-CD4 (L200), anti-CD14 (MϕP9), anti-CD19 (SJ25C1), anti-

CD45RA (HI100), anti-CD185 (RF8B2), anti-CD279 (EH12.1), anti-IL-4 (8D4-8) (BD 

Biosciences, San Jose, CA, USA); anti-CD4 (clone SK3), anti-CD25 (BC96), anti-CD45RO 

(UCHL1), anti-CD127 (A019D5), anti-CD183 (G025H7), anti-CD185 (J252D4), anti-

CD197 (G043H7), anti-IFN-γ (B27), anti-IL-17A (BL168), anti-IL-21 (3A3-N2) 

(Biolegend, San Diego, CA, USA); anti-CD194 (clone 205410) (R&D Systems, 

Minneapolis, MN, USA); anti-CD3 (clone UCTH1), anti-CD4 (OKT4), anti-CD14 (61D3), 

anti-CD19 (SJ25C1), anti-CD25 (BC96) (eBioscience, San Diego, CA, USA). 

Compensation beads were obtained from BD Biosciences, and aqua viability dye was 

obtained from Invitrogen (Carlsbad, CA, USA). Fix & Perm solution and Alexa Fluor® 568 

Protein Labeling Kits were obtained from Life Technologies (Carlsbad, CA, USA). A 

custom RV-A39 peptide (VP2169-188: SDDNWLNFDGTLLGNLLIFP, >90% purity) was 

obtained from New England Peptides (Gardner, MA, USA).
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Tetramer Guided Epitope Mapping and Surface Phenotyping of Tetramer-Positive Cells

Peptide libraries consisting of 20mers with a 12 amino acid overlap were generated to span 

the VP1, VP2 and VP4 protein sequences of RV-A16, and the VP1 and VP2 protein 

sequences of RV-A39 (UniprotKB accession #Q82122, Q5XLP5, http://www.uniprot.org/) 

(43). Peptide/MHC class II (pMHCII) tetramers for different HLA-DR molecules 

(DRB1*0101, *0301, *0401, *0404, *0701, *1101, *1501, and DRB5*0101) were then 

assembled, and displayed either pooled or individual peptides (44). Biologically relevant 

pMHCII complexes were identified by tetramer-guided epitope mapping (TGEM) using 2 

steps: (1) PBMC cultures established from subjects with known HLA-DR types were 

stimulated with RV peptide pools derived from VP1, VP2, or VP4, and then stained with 

pMHCII tetramer pools; (2) positive signals were de-convoluted by repeating and staining 

with single-peptide tetramers. Tetramers that gave strong positive signals (~1% of total 

CD4+ T cells) in the single peptide-tetramer screen in multiple subjects were then re-tested 

for their ability to detect RV-specific CD4+ T cells in non-stimulated PBMCs (denoted as ex 
vivo analysis) in multiple subjects. In order to detect RV-specific T cells directly ex vivo, 

tetramer+ cells were enriched by passing tetramer-stained PBMCs over an anti-PE magnetic 

column (Miltenyi Biotec, Auburn, CA, USA). Precursor frequencies of circulating tetramer+ 

cells were then calculated by established methods (45). All experiments were performed in 

subjects expressing HLA-DR molecules corresponding to the selected tetramer. Tetramer+ 

cells were phenotyped for surface markers by staining PBMCs with PE-conjugated 

tetramers, labeling with anti-PE magenetic beads, enriching with an AutoMACS separator 

(Miltenyi Biotec, Auburn, CA, USA), and then counterstaining for surface markers. A 

tetramer displaying an irrelevant peptide, the diabetes-associated antigen glutamic acid 

decarboxylase (GAD) 67 epitope (GAD555-567), was used as a negative control (46). For 

simplicity, identified RV-A16 peptide epitopes were given a numerical designation.

Assay To Assess T-Cell Cross-Reactivity

RV-specific CD4+ T cells were expanded in vitro using established methods (44). Briefly, 

PBMCs from HLA-DRB1*0401+ subjects were stimulated with RV-A39 VP2169-188, or else 

left unstimulated, for 14 days. Supplemental IL-2 (10 U/ml) was added on day 7. Cells were 

then stained with pMHCII tetramers and re-stimulated with PMA and ionomycin in the 

presence of Brefeldin A before staining for intracellular cytokines (47). Cells were analyzed 

on a BD LSR Fortessa (UVA Flow Cytometry Core Facility), and data analysis was 

performed using FlowJo version 9.3.3 (Tree Star Inc., Ashland, OR). Analysis of cytokine 

signatures was performed using SPICE version 5.3, downloaded from http://

exon.niaid.nih.gov (48).

Sequence Alignment Algorithms

Amino acid sequences of RV-A16 epitopes were compared with other RV strains by protein 

BLAST search (NCBI) (49). Multiple sequence alignments were analyzed using Jalview v. 

2.8.2 (50).
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HLA Binding and Epitope Prediction

MHCII binding predictions for RV-A16 and RV-A39 polyproteins were generated using the 

Immune Epitope Database (IEDB) Consensus method (51, 52). This method integrates 3 

different epitope prediction methods—SMM-align, NN-align, and the combinatorial peptide 

scanning library (Comblib)—in order to identify a 15mer consensus epitope (51–54). In 

cases where Comblib was not available for a given allele, the Sturniolo method was used 

(55). MULTIPRED2, an epitope prediction program that utilizes the NetMHCpan and 

NetMHCIIpan algorithms, was used to predict 9mer core epitopes for numerous alleles 

corresponding to HLA supertypes (56–59). This analysis was performed for the major HLA 

class II DR supertypes containing alleles used in TGEM (DR1, DR3, DR4, DR7, DR11 and 

DR15), as well as minor class II DR supertypes and class I supertypes. NetMHCIIpan was 

used to predict 19mer class II epitopes for single HLA alleles.

Location of T-Cell Epitopes in the Three-Dimensional Structure of the RV-A16 Capsid

The location of T cell epitopes within the three-dimensional structure of RV-A16 capsid 

proteins and the creation of structural images were performed with PyMol, based on the X-

ray crystal structure of native RV-A16 at 2.15 Å resolution (PDB code 1aym) (60, 61).

Statistical Analysis

Percentages of CD4+ T cells with discrete phenotypes were compared by the Wilcoxon 

matched-pairs signed rank test for paired analyses, and the Mann-Whitney test for unpaired 

analyses. Linear mixed models with Bonferroni correction were used to analyze longitudinal 

data (62).

Results

RV-A16 Epitopes Bind Multiple HLA Molecules and are Conserved

We first sought to identify RV-specific CD4+ T cells in the blood of healthy subjects, and to 

interrogate their epitope specificity by TGEM (44). Two external capsid proteins (VP1 and 

VP2) and one internal capsid protein (VP4) of RV-A16 were selected for analysis. TGEM 

was performed in 24 subjects in the context of eight common HLA-DR molecules that 

provide ≥80% coverage of the US population. This process, which involved in vitro 
stimulation of PBMC cultures with RV peptides, yielded 45 pMHCII tetramers displaying 

30 candidate epitopes of VP1 and VP2 (Supplemental Table I). No epitopes of VP4 were 

identified. Twelve tetramers provided reliable signals when used for direct ex vivo staining 

of PBMCs (≥2 tetramer+ cells per million CD4+ T cells in ≥3 subjects, n=29), yielding 

frequencies of up to 247 per million CD4+ T cells (Figs. 1A–C, Supplemental Fig. 1). Four 

of these validated tetramers displayed VP1 epitopes and 8 displayed VP2 epitopes, 

corresponding to 3 and 7 unique epitopes, respectively (Figs. 1A & D). Two of these 

epitopes (VP1P23 and VP2P21), bound 2 different molecules each, indicating HLA 

promiscuity.

All epitopes mapped to regions of VP1 and VP2 that were highly conserved across 77 

strains belonging to RV species A. Specifically, 8 of the 10 epitopes showed ≥85% amino 

acid sequence identity with >88% of all RV-A strains (Table I), including 3 that were 
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identical to >50% of all species A strains (63). Though the sequence identity was lower with 

RV-B strains, 6 epitopes had 65% to 95% sequence identity across ≥72% of RV-B strains. As 

expected, RV-A16 epitopes had the lowest identity with species C strains, which diverge in 

sequence from RV-A and RV-B species. Nonetheless, sequence similarities of ≥65% were 

observed for 7 of the epitopes. Together, these results confirm that circulating epitope-

specific CD4+ T cells detected at the highest frequencies in HLA-diverse subjects recognize 

conserved epitopes of external capsid proteins, including both species-specific and pan-

species varieties.

HLA Class I and II Binding “Hotspots” Localize to Conserved Regions of VP1 and VP2

There was good agreement for CD4+ T-cell epitopes identified by TGEM and those 

predicted by in silico methods. At least one consensus 15mer epitope containing a 9mer core 

epitope was predicted for each TGEM epitope in the context of its relevant HLA molecule 

using the IEDB consensus method (Fig. 1A). This algorithm accounts for the contribution of 

flanking residues to HLA binding (51–55). Furthermore, 11 of the 12 predicted consensus 

epitopes had a percentile rank in the top 10% of results, indicating strong predicted binding. 

Predicted 9mer core epitopes localized to molecular regions that were conserved across RV-

A strains (Supplemental Fig. 2A). Core epitopes of VP1P23 and VP2P10 were the most 

highly conserved within the picornavirus family (Supplemental Fig. 2B).

To assess the contribution of peptide length to CD4+ T-cell epitopes, we used an algorithm 

that predicts 9mer core epitopes for HLA supertypes encompassing 1,077 class I and class II 

molecules, without accounting for the contributions of flanking residues (MULTIPRED2) 

(56). By this method, only two 9mer CD4+ T-cell epitopes corresponding to any TGEM 

epitope were identified. These epitopes were nested within VP1P23 (aa187-195) and VP2P24 

(aa189-197), and were predicted to bind those HLA molecules displaying the corresponding 

TGEM epitopes (ie. *0101 and *0701 for VP1P23, and *0101 for VP2P24), as well as >80% 

of molecules of the corresponding HLA supertype (Figs. 1A, 2A). No 9mer epitopes for 

VP4 were predicted by this method (data not shown). By contrast, 10 of the 12 epitopes 

identified by TGEM were predicted using a 19mer input for the same algorithm (Fig. 1A).

Since CD8+ T cells are central to anti-viral responses, we queried whether RV-A16 epitopes 

might provide a target for CD8+ T cells. Using MULTIPRED2, a high density of class I 

binding motifs was predicted for HLA-A, -B, and -C supertypes spanning two regions, 

designated “A” (VP1 aa140-200) and “B” (VP2 aa160-220) (Fig. 2B). Regions A and B also 

contained multiple CD4+ T-cell epitopes identified by TGEM and predicted binding motifs 

for common and less common HLA-DR supertypes (Fig. 2A). Motifs were predicted for 

molecules belonging to all HLA class I supertypes, including >55% of molecules within 

most HLA-A and HLA-B supertypes. Together, these results confirm the potential for 

conserved epitopes of RV-A16 to bind a broad array of HLA molecules, and to activate both 

CD4+ and CD8+ T cells.

VP1 Epitopes of RV-A16 Map to the Hydrophobic Binding Pocket

The existence of conserved T-cell epitopes of capsid proteins might seem to contradict the 

selective pressures that drive antigenic diversity of RV species. Thus, we explored whether 
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T-cell epitopes mapped to regions of functional significance for the virus. Analyses in the 

context of the oligomeric subunit formed by the capsid proteins VP1-4, revealed that all T-

cell epitopes contained residues exposed on external and/or internal surfaces of the viral 

capsid (Figs. 3A & B). Additionally, most epitopes mapped to the interface of adjacent 

oligomeric subunits.

Most RV-A and RV-B strains gain entry into host cells via surface ICAM-1, whereas RV-C 

uses an alternate mode of entry (23–26). ICAM-1 binds in a canyon within VP1 containing a 

hydrophobic binding pocket, which is occupied by a pocket factor that regulates viral entry, 

uncoating and assembly (Fig. 3C). Positional analyses in the context of the three-

dimensional structure of VP1-4 revealed that each VP1 epitope mapped to the hydrophobic 

binding pocket of RV-A16, with two residues of the VP1P18 core epitope (Pro1146 and 

Tyr1144) residing close to the pocket factor (Fig. 3D) (61, 64).

Pre-existing Epitope-Specific Memory Th1 Cells Respond Rapidly to RV-A16 Infection

Repeated T cell priming by previous RV infections caused by different virus strains would 

be expected to induce circulating memory CD4+ T cells that preferentially target conserved 

RV epitopes at higher numbers than those recognizing less well-conserved regions of capsid 

proteins. Consistent with this theory, direct ex vivo analysis of “untouched” tetramer+ cells 

in healthy subjects revealed a predominant memory phenotype (>60% CD45RAneg) 

displaying a Th1 signature (CXCR3+CCR4neg) that was uniform across all epitope 

specificities (Fig. 4A & B) (65–67). Tetramer+ cells included a CXCR5+ subset, suggesting 

the presence of T follicular helper (Tfh) cells with lymph node-homing capabilities.

Next, we tested the capacity for pre-existing epitope-specific memory Th1 cells to respond 

following in vivo exposure to RV. To do this, subjects who tested seronegative for RV-A16 

were experimentally infected by intranasal inoculation with RV-A16. Immediately prior to 

inoculation, the presence of tetramer+ T cells with a central memory phenotype 

(CCR7+CD45RO+) was confirmed in all subjects (Fig. 5A). Following inoculation with RV-

A16, these subjects became infected and developed symptoms (Fig. 5B). Concomitant with 

infection, circulating epitope-specific memory CD4+ T cells increased in numbers, and 

became activated based on reduced expression of IL-7Rα (Figs. 5C & D). These changes 

were evident within 4 days of virus inoculation, indicating rapid mobilization and activation 

of epitope-specific T cells. As expected, responding cells displayed a Th1 phenotype 

(CXCR3+CCR4neg) (Fig. 5E). These findings also established that conserved epitopes 

identified by TGEM are processed from intact virions and presented in vivo to pre-existing 

circulating memory Th1 cells.

Evidence of T-Cell Cross-Reactivity at the Epitope Level

Finally, we sought to identify cross-reactive T-cell epitopes between different RV strains. 

Tetramer guided epitope mapping of RV-A39, a group A virus that is serologically distinct 

from RV-A16, yielded 2 epitopes for DRB1*0401. One of these (designated VP2169-188) 

contained a predicted core corresponding to that of the RV-A16 epitope, VP2P21, and 

spanned a region with 100% sequence identity between RV strains (Fig. 6A). By contrast, no 

RV-A16 counterpart was identified for the other RV-A39 epitope. Stimulating cells from 
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HLA-DR*0401+ subjects with RV-A39 VP2169-188 induced expansion of T cells specific for 

RV-A16 VP2P21, despite different flanking residues (Figs. 6B & C). Expanded RV-specific T 

cells were predominantly IFN-γ+IL-4neg, consistent with a dominant Th1 subset. Minor 

populations expressing the Th17-associated cytokine IL-17A, and the Tfh-associated 

cytokine IL-21, were also identified (Figs. 6D & E). These findings establish proof-of-

concept for cross-reactive CD4+ T-cell determinants between different RV strains.

Discussion

By integrating in vitro and in silico epitope mapping approaches, we have constructed a 

comprehensive map of CD4+ T-cell epitopes of the capsid proteins VP1 and VP2 of RV-

A16. Our strategy allowed the identification of immunologically relevant epitopes in the 

context of multiple HLA molecules, and characterization of cognate CD4+ T cells. We 

report that those circulating RV-specific memory CD4+ T cells present at the highest 

frequencies in HLA-diverse subjects recognize a limited set of species-specific and pan-

species epitopes. Our ability to readily identify circulating virus-specific memory T cells in 

healthy subjects supports the view that these T cells arise from repeated previous infections 

with homotypic or heterotypic RV strains, or related viruses.

Using an experimental infection model that capitalized on novel RV tetramers developed in 

this study, we were able to precisely track and enumerate epitope-specific memory T cells in 

subjects who were infected with RV-A16 in vivo. This approach demonstrated that pre-

existing epitope-specific memory T cells responded rapidly to RV infection in vivo 
following intranasal challenge, thereby providing further evidence of T-cell priming by 

previous viral exposures. Pre-existing responding cells included Th1 effectors and Tfh cells, 

both of which would be expected to contribute to viral clearance through cytolysis, and by 

helping B cells produce antibodies (68–70). Importantly, observations in the RV challenge 

model provided proof-of-concept that those epitopes identified by TGEM were processed 

from intact virions and presented to T cells in vivo following infection with live virus, 

thereby supporting their immunological relevance.

Tetramer-guided epitope mapping provides a sensitive and comprehensive approach for 

identifying T-cell epitopes restricted to a specific HLA molecule (71–73). Our study design 

involved several analytical steps including identification of T-cell epitopes in vitro using 

peptide-stimulated cultures established from subjects with known HLA type, followed by 

validation by direct ex vivo staining of cells in additional subjects. The immunodominance 

of these epitopes was supported by the reliable detection of RV-specific CD4+ T cells 

specific for each of the 10 validated epitopes in the context of 8 HLA-DR molecules, 

covering >80% of the general population. Indeed, RV-specific T cells targeting the same 
*0401-restricted epitope were readily detected in eleven *0401+ subjects included in our 

study. The ability for computer algorithms to predict those CD4+ T-cell epitopes identified 

by TGEM further supported their significance. Moreover, enrichment of a broad array of 

class I HLA binding motifs within TGEM epitopes highlighted their potential to activate 

CD8+ T cells in tandem with CD4+ T cells.
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A major advantage of our approach as compared with other epitope mapping methods, such 

as ELISPOT or intracellular cytokine assays, is that the epitopes identified by TGEM are 

proven to bind to specific MHC molecules. In addition, TGEM is highly sensitive based on 

its ability to detect frequencies as low as 1 in 300,000 CD4+ T cells (71, 74). Assay 

sensitivity is critical given the low precursor frequency of antigen-specific T cells in the T-

cell repertoire, and their random distribution in tissue culture wells. Thus, less sensitive 

methods often warrant the use of statistical modeling to confirm immunodominance (75).

The T-cell frequencies observed in our study were within the range of those reported using 

MHCII tetramers for other viral epitopes in the absence of current exposure, including those 

present several years after vaccination (72, 76). Since TGEM preferentially selects for T-cell 

epitope specificities that exist at the highest frequencies, our results imply selective 

persistence of T cells directed against conserved epitopes. This is consistent with iterative 

priming of specific memory T cells by epitopes common to multiple RV strains. In line with 

this theory, we provided proof-of-concept for shared T-cell epitopes among different RV 

strains. This observation was significant given that corresponding *0401-restricted epitopes 

were identified in separate TGEM experiments, using different peptide libraries spanning 

VP2 of RV-A16 and RV-A39. Our inability to identify a match from RV-A16 for a second 

*0401-restricted epitope of RV-A39 was likely explained by differences in sequence within 

the 9mer core epitope.

Positioning of T-cell epitopes within structural elements that interact with ICAM-1, and at 

protein interfaces that are likely involved in capsid protein assembly, might provide a 

structural basis for the conservation of RV epitopes. Interestingly, no T-cell epitopes of the 

small capsid protein VP4 were identified, and this was borne out by in silico analyses. VP4 

is highly conserved across different RV strains, and is the only capsid protein that resides 

completely on the internal aspect of the capsid (77). While it would seem that VP4 should 

provide an attractive target for cross-reactive T cells based on its sequence conservation, its 

lack of MHCII binding motifs likely precludes MHC binding and induction of cognate T 

cells. Recent work has shown that VP4 separates from the capsid during viral cell entry to 

form multimeric pores within the host cell membrane that facilitate transmembrane transport 

of the viral genome (78). This aspect, which is presumably critical to viral pathogenesis, 

might explain its highly conserved nature. Regardless, failure to detect VP4 epitopes lends 

credence to the external capsid proteins, VP1 and VP2, as immunogenic antigens that 

promote durable CD4+ T-cell responses.

It has been known for decades that serum neutralizing antibodies induced by RV infection 

protect against reinfection with the same strain (12–15). However, attempts to develop cross-

protective antibody-based vaccines have been disappointing, owing to the high degree of 

antigenic variability among the numerous existing RV serotypes (18). By contrast, recent 

work in mice immunized with conserved capsid protein antigens has provided proof-of-

concept for the capacity to induce cross-reactive immune responses driven by CD4+ T cells 

(31). There are several lines of evidence to support a protective role for CD4+ T cells in RV 

infection in humans. For example, RV-specific CD4+ T-cell clones produce IFN-γ and 

proliferate in response to stimulation with multiple RV serotypes (79, 80). Moreover, higher 

proliferation and IFN-γ responses prior to RV infection have been linked to reduced viral 
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shedding after inoculation (22). In the present study, we identified a memory Th1 signature 

in circulating RV-specific T cells in healthy subjects, coupled with their rapid expansion 

following RV infection. Our ability to detect increases in circulating CD4+ T cells 

recognizing a single epitope following intranasal challenge with RV was striking, given that 

infection is confined to the respiratory tract. Since levels of neutralizing antibodies typically 

peak 3–5 weeks post-inoculation (16), observations in our experimental infection model 

support a rapid anti-viral response mediated by pre-existing antigen-experienced CD4+ T 

cells that initiates prior to the induction of neutralizing antibodies. Further elucidation of the 

complexity and function of RV-specific CD4+ T cells, and their relationship to clinical and 

immune outcomes following infection is warranted.

In summary, we have identified conserved CD4+ T-cell epitopes of rhinovirus capsid 

proteins that cluster into HLA binding “hotspots.” These peptides, which span narrow 

molecular regions, will not only provide a valuable tool for evaluating T-cell responses to 

RV in humans, but could also inform the design of peptide vaccines designed to boost T-cell 

immunity to multiple RV strains.
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Fig. 1. VP1 and VP2 Epitopes of RV-A16
(A) Epitopes identified by TGEM (VP1 epitopes shaded) and their predicted binding 

constants. Underline denotes predicted 9mer core epitope. Consensus rank was generated 

using the IEDB resource. The NetMHCIIpan algorithm was used to compare predictions for 

9mer and 19mer epitopes. Bolded values meet defined criteria for MHCII binding (IEDB 

Consensus Rank ≤10; NetMHCIIpan IC50 ≤500). (B) Frequencies of RV-specific CD4+ T 

cells determined by direct ex vivo staining with tetramer for each TGEM epitope (29 

subjects). (C) Representative data showing tetramer+ T cells within the CD4+ T-cell gate 

stained with VP1P18/*0404 and VP2P24/*0101 tetramers in 4 subjects with high and low T-
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cell frequencies. (D) Localization of T-cell epitopes within the primary amino acid 

sequences of VP1 and VP2. Line denotes each 20mer peptide with predicted core epitopes in 

grey.
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Fig 2. HLA Class I and II Binding “Hotspots” Localize to Conserved Regions of VP1 and VP2
Epitope binding to HLA class I and II supertypes was analyzed for RV-A16 VP1 and VP2 

using MULTIPRED2. The percentage binding is shown for each supertype corresponding to: 

(A) common class II DRB1 supertypes that include molecules used in TGEM studies, as 

well as less common class II DRB1 supertypes; and (B) the major class I supertypes, HLA-

A, -B, and -C. Analysis of DRB5 supertypes was not available. Data was generated using an 

IC50 threshold of ≤500 nM. Epitopes with predicted binding to ≥20% of molecules 

corresponding to each HLA supertype are shown.
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Fig. 3. Position of CD4+ T-Cell Epitopes of RV-A16 Within the Capsid Structure
(A) Model showing the position of the oligomeric subunit on the external aspect of the 

capsid. VP1, VP2 and VP3 are visible, while VP4 resides on the internal aspect. (B) 
External and internal views of T-cell epitopes within the oligomeric subunit (VP1-4). T-cell 

epitopes are colored as follows: VP1: P18 (orange), P21 (red), P23 (blue) with the 4 

overlapping residues between P21 and P23 in violet (overlap hidden from the surface, 

visible in D); and VP2: P2 and P3 (light green), P10 (wheat), P21 (yellow) and P24-P25-P26 

(dark blue). (C) Footprint of the canyon in relation to the triangular capsid subunit formed 

by VP1+VP2 from one subunit, and VP3 from the adjacent subunit. The drug binding pocket 

extends from a pore at the base of the canyon into a larger cavity within the core of VP1. 

Schematic adapted from (81). (D) Localization of the canyon and the pocket binding factor 

in VP1 in relation to VP2 and VP3, viewed from the inside of the capsid. Expanded view 

depicts VP1 only for simplicity, with the T-cell epitopes in color as described in B. Residues 

which have an atom lying within 4 angstroms of the pocket factor are shown as white sticks 

and include Ile1098, Asn1099, Leu1100, Asn1212, Met1214, and His 1260 (61). Two 

residues of VP1P18 associated with the binding pocket (Tyr 1144 and Pro1146) are shown in 

orange. Lauric acid, a representative pocket factor, is shown as a black stick model in the 

ribbon models in B and D.
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Fig 4. Pre-existing Epitope-Specific Memory Cells Display Th1 and Tfh Signatures
(A) Surface phenotype of tetramer+ memory (CD45RAneg) CD4+ T cells analyzed directly 

ex vivo in 29 healthy subjects with diverse HLA types (3–4 subjects per tetramer). Bars 

denote the mean ±SD. (B) Representative data from one subject showing expression of 

surface markers on memory CD4+ T cells. **p<0.0001.
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Fig 5. Pre-existing Epitope-Specific Th1 Cells Expand and are Activated In Vivo Following 
Experimental Infection with RV-A16
(A–F) Four seronegative subjects (three *0401+ and one *0301+) were inoculated 

intranasally with RV-A16. Tetramer staining was performed immediately prior to inoculation 

(day 0), and at days 4, 7 and 21 post-inoculation using VP2P21/*0401 or VP2P21/*0301 

tetramers. (A) Analysis of CCR7+CD45RO+ cells within tetramer+ and total CD4+ T cells at 

day 0. Panel on right shows representative data from one subject for RV-specific (dot) and 

total CD4+ (contour) T cells. (B) Upper respiratory tract symptom scores at days 0–21 

(mean ± SD). (C) Change in numbers of tetramer+ T cells during infection. Scatter plots 

show representative data gated on total CD4+ T cells. (D) Change in expression of IL-7Rα 
on tetramer+ cells during infection. Panel on right shows representative data for IL-7Rα 
against CD45RO on tetramer+ cells. (E) Representative data showing the expression of 

CXCR3 and CCR4 on tetramer+ cells at 7 days post-inoculation. Values denote median 

fluorescence intensity. *p<0.05, **p<0.01.
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Fig 6. Proof-of-Concept of T-Cell Cross-Reactivity at the Epitope Level
(A) Alignment of two *0401-restricted epitopes of RV-A39 with corresponding RV-A16 

sequences. Predicted core epitopes are underlined, and altered residues are shown in red. 

Grey residues denote different flanking residues. (B) Cells from four *0401+ seronegative 

subjects were either stimulated with RV-A39 VP2169-188 (+) or unstimulated (−) for 14 days. 

Cells were then stained with *0401 tetramers displaying RV-A39 VP2169-188 or RV-A16 

VP2P21. Stimulated cells stained with tetramers displaying an irrelevant peptide 

(GAD555-567) provided a negative control. Frequencies of tetramer+ T cells are shown 

relative to numbers obtained using *0401/GAD555-567 tetramer. Bars denote the mean ± 

SD. *p<0.05. (C) Scatter plots showing representative tetramer staining. (D) Representative 

histograms showing cytokine expression in RV-A39 VP2 tetramer+ T cells after culture. (E) 
Average cytokine profiles for RV-A16 and RV-A39 VP2-specific CD4+ T cells after 
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stimulation with RV-A39 VP2169-188 analyzed by SPICE (4 subjects). Each pie slice denotes 

a discrete T-cell phenotype, and colored arcs denote each cytokine in relation to each 

phenotype.
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