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Abstract 24 

Background: Asthmatic patients who are allergic are uniquely susceptible to acute wheezing 25 

episodes provoked by rhinovirus. However, the underlying immune mechanisms and interaction 26 

between RV and allergy remain enigmatic, and current paradigms are controversial.  27 

Objective: To perform a comprehensive analysis of type 1 and type 2 innate and adaptive 28 

responses in allergic asthmatics infected with rhinovirus. 29 

Methods: Circulating virus-specific Th1 cells and allergen-specific Th2 cells were precisely 30 

monitored before and after rhinovirus challenge in allergic asthmatics (total IgE 133–4692 31 

IU/mL; n=28) and healthy non-allergic controls (n=12) using peptide/MHCII tetramers. T cells 32 

were sampled for up to 11 weeks to capture steady state and post-infection phases. T-cell 33 

responses were analyzed in parallel with 18 cytokines in the nose, upper and lower airway 34 

symptoms, and lung function. The influence of in vivo IgE blockade was also examined. 35 

Results: In uninfected asthmatics, higher numbers of circulating virus-specific PD-1+ Th1 cells, 36 

but not allergen-specific Th2 cells, were linked to worse lung function. Rhinovirus infection 37 

induced an amplified anti-viral Th1 response in asthmatics versus controls, with synchronized 38 

allergen-specific Th2 expansion, and production of type 1 and 2 cytokines in the nose. By 39 

contrast, Th2 responses were absent in infected asthmatics who had normal lung function, and in 40 

those receiving anti-IgE. Across all subjects, early induction of a minimal set of nasal cytokines 41 

that discriminated high responders (G-CSF, IFN-γ, TNF-α), correlated with both egress of 42 

circulating virus-specific Th1 cells and worse symptoms. 43 

Conclusions: Rhinovirus induces robust Th1 responses in allergic asthmatics that may promote 44 

disease, even after infection resolves.  45 
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 47 

Key Messages: 48 

• Th1 cells that target rhinovirus are a prominent feature of allergic asthma both in the 49 

presence and absence of infection. 50 

• Coordinated allergen-specific Th2 responses are absent in asthmatics who have normal 51 

lung function, or those receiving anti-IgE. 52 

• Early local secretion of type 1 and pro-inflammatory cytokines links to anti-viral T-cell 53 

responses and respiratory illness. 54 

 55 

Capsule Summary: Comprehensive analysis of type 1 and type 2 immune components in 56 

allergic asthmatics infected with rhinovirus supports a preferential role for anti-viral Th1 57 

responses in promoting airway disease. 58 

 59 

 60 

Abbreviations: HLA, human leukocyte antigen; Ig, immunoglobulin; IFN, interferon; IL, 61 

interleukin; mDC, myeloid dendritic cell; MHC, major histocompatibility complex; pDC, 62 

plasmacytoid dendritic cell; RV, rhinovirus; TCM, central memory; TCR, T-cell receptor; TEM, 63 

effector memory; Th, T helper; TN, naïve.  64 
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Introduction 65 

 Human rhinovirus (RV) is a major cause of the common cold. Repeated infections caused 66 

by multiple RV strains result in up to a billion cases annually in the US alone, with children 67 

bearing the brunt1. Children who have allergic asthma are susceptible to acute wheezing episodes 68 

induced by RV2–4. These types of episodes account for ~500,000 hospitalizations annually and 69 

can be life-threatening5. The prevalence of RV-induced wheezing will likely continue to increase 70 

given that asthma now affects 1 in 13 people in the US6, with allergic asthma accounting for the 71 

majority. Sensitization to inhalant allergens is a hallmark of allergic asthma. In this context, IgE 72 

production is thought to reflect underlying type 2 inflammation in the lower airways mediated by 73 

allergen-specific Th2 cells that secrete IL-4, IL-5, and IL-13. These cytokines exert pleiotropic 74 

and overlapping functions related to IgE production, mucus secretion, eosinophil recruitment, 75 

and airway hyperreactivity.  76 

The interactions between RV and allergy that promote asthma exacerbations remain ill-77 

resolved; however, type 2 inflammation in the lower airways appears to be a key contributor. In 78 

accord with this notion, elevated IgE antibodies, including IgE specific for dust mite allergens, 79 

are associated with worse cold symptoms, and increased risk and severity of wheeze during RV 80 

infection4,7,8. The reduced number of asthma exacerbations in children treated with anti-IgE, 81 

lends further credence to this theory9. However, the in vivo influence of anti-IgE on the immune 82 

response to RV infections in asthmatics is unknown. 83 

Studies on the mechanisms of RV-induced asthma have been framed according to the 84 

mutually inhibitory actions of type 1 and type 2 responses. Type 1 responses are critical to anti-85 

viral responses, and interferons (IFNs) are an integral component. Secretion of IFNs is triggered 86 

during early infection in airway epithelial cells and plasmacytoid dendritic cells (pDCs), by 87 

interactions between RV and pattern recognition receptors. Several studies have reported 88 
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impaired expression of IFNs, or else a diminished response to ligands that bind RV-sensing 89 

receptors in primary bronchial epithelial cells, cells from the lower airways, and circulating 90 

pDCs and PBMCs of allergic asthmatics10–19. These observations imply the attenuation of type 1 91 

responses by pre-existing type 2 disease20–22. By contrast, other work has either failed to 92 

corroborate these findings23–26, or else found that expression of IFNs or IFN response genes is 93 

actually enhanced in the airways of asthmatics infected with respiratory viruses27–31. Moreover, 94 

the ability to eliminate virus from the airways is not hampered in asthmatics32. From a different 95 

perspective, other studies have implicated RV pathways in promoting type 2 responses in the 96 

airways by augmenting secretion of the epithelial cell-derived alarmins TSLP and IL-3333,34. 97 

Together, these studies imply that RV infection modulates downstream T-cell responses and 98 

resulting airway inflammation by inhibiting virus-specific Th1 responses, enhancing Th2 99 

responses, or both. Despite this, no studies have directly tested the relative contributions of Th1 100 

and Th2 cells to the in vivo response to RV in asthmatics.  101 

To address this, we precisely tracked circulating virus-specific and allergen-specific 102 

CD4+ T cells using peptide/MHCII tetramers in asthmatics experimentally infected with RV. 103 

Type 1 and type 2 responses were assessed by analyzing T-cell numbers and phenotypes relevant 104 

to lung pathology, and by testing relationships of T cells to cytokine profiles and disease in the 105 

airways. The ability for anti-IgE to modulate the immune response to RV was also examined. 106 

Our multi-faceted approach enabled comprehensive longitudinal sampling of the blood and 107 

airways in allergic asthmatics across a broad range of serum IgE levels, and comparisons with 108 

healthy non-allergic controls35. Our findings support the coordinated actions of Th1 and Th2 109 

cells in driving asthma in response to RV.   110 
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Methods 111 

Human Subjects 112 

 Subjects were adults with mild allergic asthma (n =31, total IgE >125 IU/ml) and healthy 113 

non-allergic controls (n =13, total IgE <50 IU/mL) who tested seronegative for RV-A1635. All 114 

asthmatics had airway hyperreactivity based on positive methacholine challenge, were allergic 115 

by positive skin prick test, and had specific IgE (>0.70 kUA/L, CAP class 2) to one or more 116 

common aeroallergen (Fig. E1, Table E1). Subjects who received RV challenge alone included 117 

11 asthmatics and 13 healthy controls (Fig. E2). Additional asthmatics who had total IgE levels 118 

within the dosing range for anti-IgE, received Omalizumab (Genentech, USA, Inc., San 119 

Francisco, CA) beginning 8 weeks prior to RV challenge in a double-blind placebo-controlled 120 

trial (DBPC) (Treatment group, n =10; Placebo group, n =10) (Fig. E2). Studies were approved 121 

by the FDA, the NIAID safety committee, and the University of Virginia Human Investigations 122 

Committee (Clinical Trials.gov ID: NCT02111772 & NCT02388997). All subjects gave written 123 

informed consent. See this article's online repository for additional details, including full 124 

inclusion/exclusion criteria. 125 

Experimental Infection Models 126 

 Subjects were challenged with live RV-A16 by intranasal administration of 1 mL 127 

inoculum containing 300 TCID50 of virus (0.5 mL per nostril)7,35,36 (Fig. E2a). Subjects were 128 

considered infected based on the following criteria: (1) ≥ four-fold increase in RV-A16 serum 129 

neutralizing antibody titer at day 21 post-inoculation, (2) one or more positive RV-A16 cultures 130 

from nasal washes on days 1–4, and (3) one or more positive RV qPCR tests from nasal washes 131 

on days 1–4. Viral titers were determined using standard culture methods, and by pan-RV qPCR, 132 

as previously described32. Study Design: The design of the study is summarized in Figure E2. 133 

Briefly, monitoring of symptom severity, lung function, and airway inflammation was performed 134 
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at specified time points before and after RV challenge using the modified Jackson criteria, 135 

spirometry, and FeNO, respectively, in addition to complete blood counts (CBCs) (Fig. E2)37,38. 136 

Venous blood samples were obtained for cell analyses before and after RV challenge as follows: 137 

RV challenge alone – immediately before RV challenge (day 0) and on days 4, 7, and 21 post-138 

challenge; Anti-IgE trial – 8 weeks before RV challenge, and then on days 0, 4, 7 and 21 (Fig. 139 

E2a). 140 

Flow Cytometry 141 

Peripheral blood mononuclear cells (PBMCs) were isolated from venous blood by density 142 

gradient centrifugation, and cryopreserved for later analysis. Aliquots of whole blood were 143 

reserved for fresh analysis of dendritic cell populations.  144 

Antigen-specific CD4+ T cells: RV-A16-specific and allergen-specific CD4+ T cells 145 

were identified by dual tetramer staining using a modification of established methods and 146 

available tetramers39–41. Subjects included in tetramer studies were those with compatible HLA 147 

types and who had serum specific IgE directed against allergens for which tetramers were 148 

available (Tables E1 & E2)39,40. To identify antigen-specific T cells, cryopreserved PBMCs 149 

from all time points were thawed and analyzed in a single experiment for each subject. PBMCs 150 

were stained with PE-conjugated RV pMHCII tetramers and PE-CF594-conjugated allergen 151 

tetramers within the same sample. Tetramer+ cells were next enriched using an AutoMACS Pro 152 

with anti-PE magnetic beads (Miltenyi Biotec, Auburn, CA). Cells were then counterstained for 153 

viability and surface proteins (CD3, CD4, CD14, CD19, CD45RO, CD127, CCR4, CCR5, 154 

CCR7, CXCR3, CRTH2, PD-1) to exclude non-T cells and determine T-cell phenotypes by 155 

multi-color flow cytometry. Numbers of tetramer-positive T cells were expressed as n/N, where 156 

n is the number of tetramer+ cells in the enriched fraction, and N is the total number of CD4+ T 157 

cells in a pre-enrichment aliquot of cells from the same specimen39–41. (See this article's online 158 
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repository).  159 

 Dendritic Cells and Basophils: Cells were analyzed using whole blood specimens (See 160 

this article’s online repository).  161 

Nasal Cytokines 162 

See this article's online repository. 163 

Statistical Analysis 164 

See this article’s online repository.  165 
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Results 166 

Activated PD-1+ RV-specific T cells are linked to asthma in the absence of infection. 167 

 Initially, circulating antigen-specific T cells were analyzed in allergic asthmatics (n =28) 168 

and healthy controls (n =12) prior to any intervention, to assess their relevance to disease in the 169 

absence of infection 39,41. We employed a method of dual tetramer staining to simultaneously 170 

detect virus- and allergen-specific CD4+ T cells within the same specimen (Tables E1 & E2). 171 

This strategy identified higher numbers of both virus- and allergen-specific CD4+ T cells in 172 

asthmatics versus controls (geometric mean [GM]: RV =16/106 vs. 8/106, p =0.013; allergen 173 

=10/106 vs. 2/106, p =0.002) (Figs. 1a–b & E3). As expected, asthmatics had worse lung 174 

function compared with controls based on lower FEV1/FVC ratio (p =0.04) (Fig. 1c). 175 

Unexpectedly, higher numbers of virus-specific T cells were more strongly correlated with worse 176 

lung function than allergen-specific T cells (r =-0.11, p =0.0008 and r =-0.36, p =0.02, 177 

respectively) (Fig 1d). Furthermore, numbers of virus-specific T cells were higher in asthmatics 178 

who had reduced lung function (FEV1/FVC <80%; p =0.001) (Fig. 1e). These findings were not 179 

influenced by the number or type of tetramers used (Fig. E4). Analysis of PD-1, a marker 180 

implicated in lung fibrosis42, revealed a higher percentage of PD-1+ virus-specific T cells in 181 

asthmatics with worse lung function, compared with other asthmatics and controls (p <0.05) 182 

(Figs. 1f–g). Virus-specific T cells from asthmatics that were classified as PD-1high (≥50% PD-183 

1+) were more activated based on lower expression of IL-7Rα (Fig. 1h)43. Together, these data 184 

identify a link between activated PD-1+ RV-specific T cells and airway inflammation in 185 

asthmatics who are nonetheless uninfected. 186 

Antigen-specific Th1 and Th2 effectors are armed for airway recruitment in asthmatics. 187 

 Next, we tested whether virus-specific and allergen-specific T helper (Th) cells in 188 

uninfected asthmatics were equipped for tissue homing and rapid response. Circulating RV-189 



Muehling, et al. 
 

10 

 

specific Th1 memory cells are known to be present in healthy subjects. These likely arise from 190 

priming by previous exposures to related RV strains39,40. In the present study, RV-specific T cells 191 

in asthmatics were highly enriched for memory cells (CD45RO+; median =90.0%) and included 192 

both central memory (TCM, CD45RO+CCR7+; median =52.5%) and effector memory (TEM, 193 

CD45RO+CCR7–; median =30.0%) subsets, similar to controls (Figs. 2a–c). RV-specific 194 

memory cells in asthmatics displayed the Th1-associated chemokine receptors CXCR3 and 195 

CCR5, and lacked the Th2 markers CCR4 and CRTH2 (Figs. 2d–f)44,45. Furthermore, expression 196 

of CXCR3 was higher on RV-specific TCM versus TEM, whereas the opposite was true for CCR5 197 

(Figs. 2e–f). Hence, TEM cells resembled those CCR5+CXCR3– T cells that were previously 198 

found to be most activated in the nose during RV infection (Fig. E5)40. As expected, allergen-199 

specific cells contained more total memory cells in asthmatics versus controls (median =22.6% 200 

vs. 58.5%), as well as more TEM cells (median =21.5% vs. 5.6%), consistent with priming by 201 

allergen exposure (p ≤0.05) (Figs. 2a–c). Both allergen-specific TCM and TEM subsets were Th2-202 

like (CCR4+, CXCR3–), and expression of CRTH2, which is expressed on pathogenic effector 203 

Th2 cells46, was highest on the TEM subset (p =0.012) (Figs. 2d–f). These findings, coupled with 204 

established roles for CCR5 and CRTH2 in tissue-homing44,45, confirm that antigen-specific Th1 205 

and Th2 effectors are armed for rapid recruitment to the airways in uninfected asthmatics. 206 

Rhinovirus induces amplified anti-viral Th1 responses with bystander Th2 expansion in 207 

asthmatics. 208 

 Next, to test how T cells in allergic asthmatics respond during RV infection, asthmatics 209 

with high total IgE (>590 IU/ml, n =11) were experimentally infected with RV-A16, along with 210 

healthy controls (n =13) (Figs. 3a–b). Allergic asthmatics experienced increased symptoms 211 

versus controls during both acute (days 1-7) and chronic (days 15-21) phases; however, viral 212 

clearance was similar between groups, with a return to baseline levels by day 14 (Fig. E6)35. 213 
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Circulating antigen-specific T cells were monitored during acute infection (day 4), at the T-cell 214 

effector phase (day 7), and at convalescence (day 21). Results showed that asthmatics mounted a 215 

more rapid and robust T-cell response to RV compared with controls, based on higher numbers 216 

of virus-specific T cells during acute infection (Day 4: GM =13/106 vs. 4/106, p ≤0.001) and in 217 

the effector phase (Day 7: 45/106 vs. 19/106, p =0.003) (Figs. 3c–f). In asthmatics only, numbers 218 

of allergen-specific T cells also increased in the effector phase, but to a lesser degree than RV-219 

specific T cells (Day 7 fold change =2.8x vs. 5.2x). A more marked expansion of total 220 

lymphocytes was also observed in asthmatics versus controls during acute infection (p <0.001 on 221 

day 2) (Fig. 3g).  222 

 To better understand transitions in antigen-specific T cells in asthmatics, their molecular 223 

signatures were next examined during infection. The mean percentage of RV-specific TEM and 224 

PD-1+ cells decreased on day 4 versus day 0 (p <0.05) (Figs. 4a–c); however, absolute numbers 225 

of RV-specific TEM remained unchanged (GM: 6/106 vs. 5/106). By contrast, on day 7, the 226 

percentage of RV-specific TCM increased from day 0 (p =0.002) (Figs 4a–b), as well as their 227 

absolute numbers (GM: 30/106 vs. 6/106, p =0.01). This coincided with increased expression of 228 

CCR5 and lower IL-7Rα on RV-specific T cells (Figs. 4c–d). Together, these findings were 229 

consistent with egress and sequestration of PD-1+ TEM cells after infection, along with systemic 230 

mobilization of an expanded and activated TCM subset. These changes were accompanied by 231 

increased percentages of allergen-specific TCM and decreased naïve cells (day 4, p ≤0.01); 232 

however, IL-7Rα was unchanged on these cells (Figs. 4b–d). RV infection did not alter the 233 

distinct Th phenotypes of antigen-specific T cells within TEM or TCM subsets (Figs. 4e & E7). In 234 

controls, transitions in TEM and TCM subsets of RV-specific T cells, as well as their absolute 235 

numbers, trended in a similar fashion to those in asthmatics, but results were not significant at 236 

any time point (p >0.05) (Fig. E8). Furthermore, changes in allergen-specific phenotypes were 237 
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unremarkable. Together, data in Figures 3 and 4 demonstrate that asthmatics mount a rapid and 238 

amplified Th1 response to RV along with a coordinated expansion of allergen-specific Th2 cells 239 

that does not  trigger downregulation of IL-7Rα. This latter phenomenon suggests a mechanism 240 

of Th2 activation occurring independent of T-cell receptor ligation, consistent with bystander 241 

activation. 242 

Rhinovirus induces robust type 1 and type 2 responses in the nose of asthmatics. 243 

  Next, we tested whether the cytokine milieu in the nose of infected asthmatics was 244 

conducive to the recruitment and activity of both Th1 and Th2 cells. Cytokines were assayed in 245 

nasal lining fluid (to optimize the detection of mediators that are typically secreted at low levels), 246 

and in nasal washes. Analysis of nasal lining fluid revealed induction of the innate interferon, 247 

IFN-α on day 4 at similar levels in asthmatics and controls (p <0.05 vs. day 0). The Th1 effector 248 

cytokine, IFN-γ, was also induced in both groups, albeit to a lesser degree (Fig. 5a). Analysis of 249 

the kinetics of IFN responses in nasal washes of asthmatics revealed peak secretion at days 3–4, 250 

and the persistence of higher levels of IFN-γ on day 7 versus controls (Fig. E9). This was 251 

preceded by expansion of circulating pDCs, which are pivotal to anti-viral Th1 responses (Fig. 252 

E10). These changes also coincided with more robust induction of ligands for CCR5 and 253 

CXCR3 (MIP-1β/CCL4 and IP-10/CXCL10, respectively) in nasal washes from asthmatics 254 

(Figs. 5b). High levels of IL-17A, a cytokine expressed by Th17 cells and some Th1 cells, were 255 

also detected in a subset of asthmatics (Fig. 5a). Analysis of type 2 cytokines in nasal lining fluid 256 

revealed the induction of IL-4 (and to a lesser degree, IL-5) on day 4 in asthmatics, in parallel 257 

with marked induction of the CCR4 ligand MDC/CCL22 in nasal wash (Figs. 5a–b). Although 258 

nasal IL-13 levels were higher in asthmatics versus controls before infection, they remained 259 

unchanged after RV challenge (Fig 5a). In controls, there was also a modest induction of Th2 260 

cytokines on day 4; however, this effect was only significant for IL-5, and levels remained lower 261 
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than for asthmatics before and after RV challenge. These results confirmed the robust induction 262 

of both type 1 and type 2 cytokines in the nose of asthmatics, including T-cell chemoattractants 263 

known to recruit Th1 and Th2 cells.  264 

Bystander Th2 responses are absent in infected asthmatics with normal lung function or with 265 

IgE blockade. 266 

A prevailing view is that type 2 inflammation in the airways of allergic asthmatics 267 

promotes RV-induced disease. This theory is supported by reduced asthma exacerbations in 268 

asthmatics treated with omalizumab9. Thus, we tested whether anti-IgE might attenuate both type 269 

1 and type 2 responses in infected asthmatics. Asthmatics with suitable IgE levels (133–493 270 

IU/mL) participated in a DBPC trial of omalizumab starting 8 weeks before RV-A16 challenge 271 

(n =10 per group) (Figs. 6a–b)35. At study entry, subjects receiving anti-IgE had lung function 272 

similar to asthmatics outside the trial (FEV1/FVC =0.77 vs. 0.80), whereas the placebo group had 273 

normal lung function (FEV1/FVC =0.87) (Fig. 6b). This difference was reflected in the higher 274 

numbers of RV-specific T cells (p =0.01) and their activated signature (↑PD-1 and ↓IL-7Rα) in 275 

the anti-IgE vs. placebo group at the same time point (Fig. E11a).  276 

Following RV challenge, subjects receiving anti-IgE experienced a reduced drop in lung 277 

function on days 1–4 versus placebo, whereas symptoms remained similar between groups35. 278 

Analysis of immune cells confirmed decreased expression of the high affinity IgE receptor 279 

(FcεRIα) on circulating basophils and dendritic cells in the anti-IgE group (p <0.05) (Fig. 6c). 280 

After infection, anti-IgE and placebo groups experienced a similar fold increase in circulating 281 

RV-specific T cells (day 7 fold change: 2.1x and 1.5x, respectively) (Figs. 6d–e), and Th1 282 

signatures were maintained (Fig. E11b); however, the response was lower than in asthmatics 283 

with high IgE (5.2x), and expansion at day 4 was not evident. Moreover, there was no expansion 284 

of allergen-specific Th2 cells in anti-IgE or placebo groups, and expansion of total lymphocytes 285 
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was also blunted (Figs. 6d–f).  286 

Previous work found that cells isolated from asthmatics and stimulated with RV in vitro 287 

produced more IFN-α after subjects were treated with anti-IgE47. Thus, given that nasal IFNs 288 

were not deficient in infected asthmatics (Figs. 5a & E9), we queried whether anti-IgE might 289 

boost IFNs in response to RV. Within the anti-IgE group, levels of nasal IFN-α were higher 290 

versus placebo during acute infection. Moreover, IFN-γ levels were the highest of all asthmatics 291 

in the study (Fig. 6g & E12). By contrast, no differences in IL-17A or type 2 cytokines, 292 

including IL-4 and IL-13, were identified (Figs. 6g & E12). Together, these findings confirmed 293 

that systemic anti-viral T-cell responses are attenuated, and bystander Th2 responses are absent, 294 

in asthmatics who have normal lung function, or else when IgE is blocked.  295 

Local mediators, T-cell responses in the blood, and respiratory disease are connected. 296 

 Given the heterogeneity of subjects in our study, we leveraged the clinical and immune 297 

parameters tested across all 44 subjects (31 asthmatics and 13 controls) to gain insight into 298 

factors orchestrating T-cell responses, and to assess immune relevance to disease. As expected, 299 

analysis of 18 nasal mediators confirmed that RV infection induced the secretion of multiple 300 

cytokines that significantly correlated with each other during the peak response (Fig. E13a). 301 

Induction of a narrower set of cytokines, including type 1 and pro-inflammatory mediators (G-302 

CSF, IFN-γ, IL-15, MCP-1/CCL2 [CCR5 ligand], TNF-α), related to the decrease in RV-specific 303 

T cells at day 4 (r =-0.32 to -0.45, p ≤0.046) (Figs. 7a–b). By contrast, no relationships between 304 

cytokines and allergen-specific T cells were identified. Significant positive correlations with 305 

upper respiratory symptoms were also identified for multiple cytokines (G-CSF, IFN-γ, IL-6, IL-306 

10, IP-10/CXCL10 [CXCR3 ligand], MDC/CCL22 [CCR4 ligand], MIP-1β/CCL4 [CCR5 307 

ligand], TNF-α) (p ≤0.043) (Fig. 7a). Of these, the pro-inflammatory cytokine IL-6, and Th1 and 308 

Th2 chemoattractants (MIP-1β and MDC, respectively) also related to lower respiratory 309 
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symptoms (r ≥0.34, p ≤0.034). Notably, G-CSF, IFN-γ, and TNF-α correlated with both T-cell 310 

responses and respiratory symptoms (Fig. 7b). Similar to results in steady state, higher numbers 311 

of both virus- and allergen-specific T cells during infection linked to reduced lung function (Day 312 

7: r =-0.60 and -0.50 respectively, p ≤0.002) (Figs. 1d, 7c, & E13b). 313 

Hierarchical clustering identified 18 "high" responders based on differential expression of 314 

3 sets of cytokines. The cytokine set most highly induced during infection (#3) included 315 

mediators linked to T-cell responses and respiratory measures, including G-CSF, IFN-γ, ΤΝF-α, 316 

IL-6, and IP-10 (Fig. 8a). A greater percentage of asthmatics fell within the high responder 317 

group compared with controls (45. 2% vs. 30.8%), and most controls fell within the lowest tiers 318 

of low responders (69.2%). High responders had more severe respiratory symptoms, elevated 319 

exhaled nitric oxide (FeNO), and a more pronounced decrease in circulating RV-specific, but not 320 

allergen-specific, T cells during acute infection versus low responders (Fig. 8b). Taken together, 321 

these findings link the induction of a discrete set of mediators at the infection site to the 322 

recruitment of RV-specific T cells from the blood and to respiratory disease.   323 
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Discussion 324 

The general view is that allergic asthma is perpetuated by type 2 inflammatory responses. 325 

Here, by precisely tracking antigen-specific Th1 and Th2 cells during experimental RV infection, 326 

we report a paradoxical amplification of anti-viral Th1 responses in asthmatics with high IgE, 327 

with synchronized bystander activation of Th2 cells. Those RV-specific T cells identified in the 328 

present study target peptide epitopes of capsid proteins that are highly conserved across multiple 329 

RV-A strains, and thus, are poised to respond rapidly owing to priming by previous RV 330 

infections39. This was borne out in their tissue-homing and memory signatures in steady state, as 331 

well as their numbers and functional profiles after RV challenge. A notable feature of our study 332 

was the connection between T-cell responses, respiratory disease, and the robust early induction 333 

of a unique set of mediators comprising G-CSF, IFN-γ, TNF-α, IL-6, and IP-10. These findings 334 

echo a new report linking an enhanced IFN response in primary bronchial epithelial cells to 335 

reduced FEV1 in infected asthmatics30. Thus, it seems unlikely that the Th1 response in 336 

asthmatics reflects a compensatory adaptive mechanism for a deficient innate response, a view 337 

that is bolstered by the efficient viral clearance in asthmatics24,32.  338 

In addition to an exaggerated Th1 response during infection, our results implicate RV-339 

specific T cells in maintaining airway inflammation even in the absence of virus. Specifically, 340 

the link between higher numbers of PD-1+ RV-specific T cells and worse lung function in 341 

uninfected asthmatics was an unexpected and novel finding. PD-1 is expressed on the surface of 342 

activated T cells, and is known to inhibit T-cell activation. However, recent studies suggest that 343 

PD-1 can also promote pulmonary fibrosis via the PD-1/PD-L1 pathway through a process 344 

involving cross-talk between T cells and lung fibroblasts, resulting in collagen production42,48. 345 

Hence, the ability for PD-1+ RV-specific T cells to promote airway remodeling in asthma 346 

warrants investigation. 347 
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Our results point to the coordinated actions of Th1 and Th2 cells in virus-induced asthma. 348 

Higher numbers of allergen-specific Th2 cells were present in uninfected asthmatics. During 349 

infection, these cells expanded without the loss of surface IL-7Rα, perhaps indicating virus-350 

induced bystander activation occurring independent of TCR ligation or IL-743. Bystander T-cell 351 

activation is a well-recognized feature of anti-microbial responses that involves surface 352 

microbial sensors, and cytokines such as IL-2 and IL-1549–53. Our data recapitulate much earlier 353 

work in animal models of asthma that reported cooperation between Th1 and Th2 cells in airway 354 

inflammation. In that work, respiratory viral infections and Th1 cells aided in the recruitment of 355 

resting allergen-specific Th2 cells54–56. The concept of “Th1 on Th2” inflammation is further 356 

evidenced in the present study by the robust induction of type 1 and type 2 mediators in the 357 

upper airways of infected asthmatics with high IgE.  358 

Together, our results suggest that a single RV exposure in allergic asthmatics agitates and 359 

sustains airway inflammation via Th1-mediated mechanisms. Younger asthmatics, who are most 360 

at risk of RV-induced exacerbations, typically experience 6–8 colds annually57,58. Thus, we 361 

propose a model wherein multiple RV infections occurring in close succession, and in the 362 

context of pre-existing type 2 inflammation, induce recurring cycles of dysregulated anti-viral 363 

Th1 responses that drive persistent airway inflammation through coordinated actions of Th1 and 364 

Th2 cells that endure long after virus has cleared.  365 

Questions remain regarding the mechanisms of Th1 amplification and coordination with 366 

Th2 cells in allergic asthma. The robust induction of type 1 and type 2 mediators in the asthmatic 367 

airways in response to RV is likely pivotal in this regard. Many cytokines that are integral to Th2 368 

responses are also pivotal to Th1 responses. One such example is IL-33, which is highly 369 

expressed in the airways of both children and adults with severe asthma59–62. This cytokine is 370 

induced by RV33, directly activates Th1 cells in inflamed settings63, and has been linked to IgE 371 
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production to prototypical Th1 antigens in asthma59,62. However, we were unable to detect IL-33 372 

in the nose during RV infection (data not shown), likely owing to the dilutional effects of the 373 

nasal wash procedure. Similarly in the absence of infection, type 2 mediators present in the 374 

asthmatic airways, such as MDC/CCL2264,65, might sustain RV-specific Th1 cells, thereby 375 

accounting for their increased numbers in the blood.  376 

 Our study analyzed T-cell responses to RV in asthmatics receiving anti-IgE. In these 377 

subjects, bystander Th2 responses were absent, whereas anti-viral Th1 responses resembled 378 

those of non-asthmatic controls. Within the nose, type 2 cytokines did not appear to be inhibited 379 

by anti-IgE in the acute phase. While this was surprising, inspection of the literature indicates 380 

that the effects of anti-IgE on type 2 cytokines in the human airways are unknown. By contrast, 381 

nasal IFNs were enhanced in asthmatics receiving anti-IgE, and were actually higher than for all 382 

other asthmatics in our study. Consideration of the newer literature is informative in this regard. 383 

There is evidence to suggest that in certain contexts, the IgE pathway can provide a "brake" on 384 

RV-induced IFNs. This comes from: (1) in vitro cellular data showing that cross-linking of IgE 385 

receptor on pDCs inhibits IFN secretion18; and (2) a link between anti-IgE treatment in vivo and 386 

enhanced IFN responses in pDCs stimulated ex vivo with RV47. However, different mechanisms 387 

may regulate the production of IFNs in the airways. Several newer studies indicate that IFN 388 

responses are not deficient at the epithelial barrier in asthmatics infected with RV, or in those 389 

experiencing cold symptoms27,30,66. One report suggests that mast cells, which are enriched in the 390 

allergic airways, may contribute to IFN production when type 2 inflammation is present. This is 391 

based on the observation that IL-4 enhanced virus-induced IFN production by mast cells, and 392 

this phenomenon was augmented by IgE-mediated activation.67.  Hence, IFNs detected in nasal 393 

washes in the present study likely reflect the culmination of complex regulatory mechanisms that 394 

differ according to cell type and context, and cannot be predicted based on in vitro systems. 395 
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 A major differentiating feature of our study from prior work is that it is the first to link in 396 

vivo treatment with omalizumab in asthmatics to the in vivo production of nasal IFNs during RV 397 

infection. Considering why IFNs are enhanced in this scenario, if IgE pathway regulates IFN 398 

production in pDCs and anti-IgE releases this "brake", then the IFN boost in asthmatics who are 399 

not deficient in IFN secretion to begin with, is arguably not surprising. Such a mechanism could 400 

involve direct effects of anti-IgE on IgE receptor+ cells residing in the airway mucosa that 401 

secrete IFNs, or else indirect effects on cell and signaling networks triggered by RV66.  402 

 A key question is why enhanced nasal IFNs do not translate to augmented Th1 responses 403 

in the blood of asthmatics treated with anti-IgE. Complex spatio-temporal factors in the immune 404 

response to RV are likely an important factor in this regard. This concept was borne out by our 405 

recent work that delineated differential involvement of RV-specific B cells and antibody isotypes 406 

according to the anatomic site and time of infection68. Thus, the axis linking IFNs secreted in the 407 

nose to Th1 responses in the blood is not necessarily linear. Given that the actions of anti-IgE 408 

likely extend beyond the IgE pathway, we speculate that modulation of immune networks both 409 

locally and systemically could result in reduced activation, or else re-routing of Th1 cells. 410 

Looking forward, systems biology methods will provide a useful tool for assessing the global 411 

impact of anti-IgE on cell and cytokine networks operating in RV infection. This type of 412 

approach has revealed complex interactions between type 1 and 2 networks during viral 413 

exacerbations of asthma66.  414 

 Our study established that Th2 responses were absent in asthmatics in the placebo group 415 

of the anti-IgE trial, who had normal lung function. Thus, we could not definitively prove 416 

whether the absence of Th2 responses in the anti-IgE group (who had worse lung function 417 

similar to asthmatics outside the trial) was attributable to IgE blockade. Nonetheless, our 418 

findings highlighted differences in T-cell responses across a broad IgE spectrum in asthmatics. 419 
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There were additional limitations of our study. First, all RV challenges were performed in young 420 

adults since children cannot be challenged for safety and ethical reasons69. Nonetheless, several 421 

features point to commonalities between children with acute asthma and adults in our model. 422 

These include (1) similar mediator profiles, RV receptor (ICAM-1) profiles, and viral loads in 423 

the nose during infection7,32; and (2) increased RV-induced symptoms with higher total IgE4,7. 424 

Second, it was not possible to directly assess the contributions of Th1 and Th2 cells to responses 425 

in the lungs, since sampling of the lower airways was not feasible owing to regulatory 426 

constraints. Third, limitations on specimen availability precluded a more detailed analysis of RV-427 

specific T cells, including the determination of additional Th types not accounted for in our 428 

phenotyping panel, as well as their cytokine profiles. This was the result of the high cell numbers 429 

required to attain reliable tetramer signals by flow cytometry, the blood volumes required for 430 

longitudinal sampling, and multi-parameter limitations at the start of the study. Our previous 431 

work demonstrated that RV-specific T cells in healthy uninfected subjects are predominantly 432 

IFN-γ+, and to a lesser degree IL-17A+, and that IL-17A+IFN-γ+ T cells are a feature of severe 433 

asthma39,40,59. In the present study, nasal secretion of high levels of IL-17A during acute infection 434 

in a subset of asthmatics, suggests that Th17 cells or else IL-17A+ IFN-γ+ cells are also a feature 435 

of RV infected asthmatics. The links identified between Th17-associated nasal cytokines 436 

(notably IL-6 and G-CSF), T cells, and respiratory disease, as well as observations by other 437 

groups, lend further credence to this notion70–72. Work is ongoing to elucidate the nature of RV-438 

specific T cells in asthmatics using high-dimensional single-cell analytical methods. 439 

 In summary, our findings imply a key role for Th1 responses to RV in promoting chronic 440 

airway inflammation in allergic asthma, and for their coordinated actions with allergen-specific 441 

Th2 cells. Our results challenge existing paradigms of type 2 asthma, and shift the spotlight to 442 

virus-induced Th1 cells as an integral component of asthma pathogenesis in allergic patients.  443 
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Figure Legends 662 

Figure 1. Activated PD-1+ RV-specific T cells are linked to asthma in the absence of 663 

infection. (a) Representative plot of antigen-specific cells in an uninfected asthmatic. (b) 664 

Comparison of RV-specific and allergen-specific T-cell numbers in uninfected asthmatics and 665 

controls (geometric mean [GM] ± 95% CI, Mann-Whitney). (c) Comparison of FEV1/FVC 666 

between groups at the time of subject screening (GM ± 95% CI, Mann-Whitney). Shaded region 667 

denotes decreased lung function73. (d) Spearman correlation between antigen-specific T cell-668 

numbers and FEV1/FVC. Dashed regression lines and values in parentheses depict asthmatics 669 

only. (e) Numbers of antigen-specific T cells in asthmatics, classified by lung function (GM ± 670 

95% CI, Kruskal-Wallis). #Compared with healthy controls in panel b. (f) Representative 671 

histograms of PD-1 expression on antigen-specific T cells, with FMO controls (grey). Values 672 

denote geometric mean fluorescence intensity (MFI). (g) Percentage of PD-1+ antigen-specific T 673 

cells, by lung function. Samples with low cell counts were excluded from analyses (mean ± 95% 674 

CI, Kruskal-Wallis). (h) Expression of IL-7Rα on PD-1high (≥50% positive) and PD-1low (<50% 675 

positive) RV-specific T cells in asthmatics (mean ± 95% CI, Mann-Whitney). Panels e, g, & h: 676 

Light purple symbols indicate asthmatics with worse lung function. *p≤0.05, **p≤0.01, 677 

***p ≤0.001 (#p≤0.05, ###p≤0.001). †n=27 for allergen-specific cells.  678 

 679 

Figure 2. Antigen-specific Th1 and Th2 effectors are armed for airway recruitment in 680 

asthmatics. (a) Representative contour plots of RV-specific T cells overlaid on total CD4+ T 681 

cells, analyzed for CCR7 and CD45RO expression. (b & c) Percentage of RV-specific, allergen-682 

specific, and total CD4+ T cells expressing CD45RO (b) or TCM and TEM phenotypes (c). 683 

Control, n ≥6; asthma, n ≥22. (Box-and-whiskers, Kruskal-Wallis & Mann-Whitney). (d) 684 

Representative plots showing marker expression on antigen-specific and total CD4+ T cells in an 685 
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asthmatic subject. (e) Comparison of RV- and allergen-specific TCM and TEM surface markers 686 

within asthmatic subjects (Box-and-whiskers, Wilcoxon). (f) SPICE plots showing average 687 

signatures of RV-specific and allergen-specific TCM and TEM cells in asthmatics and controls. 688 

Asterisks denote significant differences for TCM vs TEM subsets within each group. Samples with 689 

insufficient numbers of tetramer+ cells were excluded from phenotypic analyses. nd, not 690 

determined. *p ≤0.05, **p ≤0.01, ***p ≤0.001.  691 

 692 

Figure 3. Change in numbers of antigen-specific T cells during RV infection. (a) RV 693 

challenge model. (b) Serum total IgE (left) and FEV1/FVC ratio (right) in asthmatics and 694 

controls at the time of subject screening (GM ± 95% CI, Mann-Whitney). Shaded region denotes 695 

decreased lung function. (c) Representative flow plots showing tetramer staining for RV-specific 696 

and allergen-specific (Der p 1) CD4+ T cells at days 0 and 7 in an asthmatic. (d) Change in 697 

antigen-specific T-cell numbers after RV challenge (GM ± 95% CI, generalized estimating 698 

equations [GEE]). (e) Fold change in T-cell numbers (Log2-transformed) during RV infection 699 

(mean ± SEM, Mann-Whitney). (f) Change in T-cell numbers on day 7. Numbers denote fold 700 

change. (g) Change in blood lymphocyte counts during RV infection (mean ± SEM, mixed 701 

effects models). T-cell assays: Control, n =12; asthma, n ≥10. Within-group and between-group 702 

comparisons for panels d, e, and g are denoted by (*) and (#) respectively: *p ≤0.05, **p ≤0.01, 703 

***p ≤0.001 (#p ≤0.05, ##p ≤0.01, ###p ≤0.001). 704 

 705 

Figure 4. Phenotypic transitions in antigen-specific T cells in asthmatics during RV 706 

infection. (a) Representative contour plots showing transitions in memory subsets during RV 707 

infection. (b) Change in the relative percentages of antigen-specific TN, TCM, and TEM cells 708 

compared with day 0 (mean, generalized linear model [GLM]). (c) Change in percentages of 709 
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antigen-specific T cells expressing PD-1, IL-7Rα, and CCR5 (mean ± SEM, GLM & Kruskal-710 

Wallis). (d) Representative histograms showing change in IL-7Rα expression on antigen-specific 711 

T cells (FMO controls shaded in grey). Values denote MFIs. (e) SPICE charts showing 712 

signatures of antigen-specific TEM cells. Sample size was determined by numbers of tetramer+ 713 

cells sufficient for SPICE analysis. Asthma, n ≥10. *p ≤0.05, **p ≤0.01, ***p ≤0.001.  714 

 715 

Figure 5. Rhinovirus induces robust type 1 and type 2 responses in the nose of asthmatics. 716 

(a) Levels of Th-associated cytokines in nasal lining fluid (GM ± 95% CI, Mann-Whitney). All 717 

groups, n ≥5 for each time point ("dry" samples owing to insufficient secretions were not tested). 718 

(b) Levels of T-cell chemoattractants in nasal wash fluid (top, GM, mixed effects models), and 719 

Log2 fold change in levels from day 0 (bottom, mean, Mann-Whitney). Asterisks in panel b 720 

denote between-group comparisons only. *p ≤0.05, **p ≤0.01, ***p ≤0.001. †n =11 and ‡n =10 721 

for MIP-1β. 722 

 723 

Figure 6. Effect of anti-IgE on the immune response to rhinovirus. (a) Model of anti-IgE trial 724 

with RV challenge. (b) Serum total IgE (left) and FEV1/FVC (right) at the time of subject 725 

screening. Shaded areas denote the IgE range suitable for omalizumab, or decreased lung 726 

function (GM ± 95% CI, Kruskal-Wallis). (c) Effect of anti-IgE on FcεRIα on basophils and 727 

DCs (mean ± SEM, Kruskal-Wallis). (d & e) Transitions in antigen-specific T-cell numbers (d; 728 

GM ± 95% CI, mixed-effects models) and their Log2 fold change (e; mean ± SEM, Mann-729 

Whitney). (f) Change in blood lymphocytes counts during infection. (g) Cytokine levels in nasal 730 

lining fluid on day 4 (GM ± 95% CI, Kruskal-Wallis). Dry specimens were not tested. Data 731 

shown in gray is for asthmatics and controls outside the trial, for comparison purposes. T-cell 732 

assays: n ≥8; Cytokine assays: n ≥7. Within-group and between-group comparisons for panels c 733 
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and d are denoted by (*) and (#), respectively: *p ≤0.05, **p ≤0.01, ***p ≤0.001 (##p ≤0.01). 734 

 735 

Figure 7. Nasal cytokines, T-cell responses, and respiratory disease are connected. (a) 736 

Spearman r (left) and p values (right) for correlations between peak levels of 18 cytokines in 737 

nasal washes (median: days 3–4) and antigen-specific T-cell responses (numbers and fold 738 

change), upper respiratory (URTS) and lower respiratory (LRTS) symptoms, and lung function. 739 

Magenta boxes denote significant correlations. (b) Spearman correlations of G-CSF, IFN-γ, and 740 

TNF-α with T-cell and symptom outcomes. (c) Spearman correlation between the numbers of 741 

antigen-specific T cells and FEV1/FVC ratio on day 7. Values in parentheses refer to asthmatics 742 

only. Shaded region denotes decreased lung function. n ≥38 (Control, n ≥11; asthma, n ≥26). *p 743 

≤0.05. 744 

 745 

Figure 8. Identification of high responders to RV by hierarchical clustering. (a) Heat map of 746 

the acute fold change (day 4) for 18 cytokines present in nasal washes from 44 subjects. 747 

Hierarchical clustering identified distinct cytokine sets (denoted 1, 2, and 3) that were 748 

differentially expressed across subject groups (“high” and “low” responding subjects; solid line) 749 

and subsets thereof (dashed lines). (b) Respiratory symptoms, exhaled nitric oxide (FeNO; parts-750 

per-billion, ppb), and fold change in RV-specific T cells in high (n =18) versus low (n =26) 751 

responders during the acute phase (Mann-Whitney). Fold change values are Log2-transformed. 752 

T-cell assays: n =39 (High, n =16; low, n =23).  753 
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Figure 8

● Control, n=13

● Asthma, n=11

● Anti-IgE, n=10

○ Placebo, n=10
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