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Abstract 

Human rhinovirus (RV) is the major cause of the common cold, and poses a 

significant public health burden. RV infection also triggers acute wheezing episodes in 

patients with allergic asthma that often result in hospitalization. Despite this, there are no 

effective treatments or vaccines for RV infection. Little is known about CD4+ T cell 

responses induced by RV or the T cell mechanisms underlying virus-induced asthma. The 

overarching objective of this thesis is to define the nature of CD4+ T cell responses to RV in 

health and allergic asthma by precisely tracking T cells in a human experimental RV infection 

model using novel peptide/MHCII tetramers. The data show that circulating RV-specific 

CD4+ T cells in healthy uninfected subjects recognize immunodominant epitopes of RV 

capsid proteins that are conserved across multiple RV strains. These cells bear an activated 

TH1 effector memory signature, express CCR5, and respond rapidly to infection, consistent 

with cross-strain immunosurveillance. Moreover, increased numbers of RV-specific T cells 

prior to infection are linked to decreased infection rates. By contrast, higher numbers of 

circulating RV-specific TH1 cells relate to worse lung function in uninfected allergic 

asthmatics. During infection, RV triggers an augmented RV-specific TH1 response, along 

with other hallmark components of a type 1 response in the blood and airways. These 

findings challenge the prevailing views of deficient anti-viral responses in RV-induced 

asthma. We conclude that, although RV-specific TH1 responses control infection in health, 

unconstrained TH1 responses are linked to asthma pathogenesis despite underlying type 2 

inflammation, even in the absence of infection. The findings support a model wherein 

repeated viral exposures increase the inflammatory set point in allergic asthma via TH1-

mediated processes.  
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Chapter 1 — Introduction 

Human rhinovirus (RV) plays a key role in both the common cold and allergic 

asthma. It is one of the leading causes of upper respiratory tract infections, and is known to 

trigger severe allergic asthma exacerbations. Little is known about the cellular immune 

response to RV, and RV-specific CD4+ T cells are poorly characterized. Furthermore, the 

immune mechanisms of RV-induced allergic asthma have not been defined. In this chapter, 

we will provide an overview of rhinovirus infection, including viral structure, immune 

responses, and previous attempts at vaccine and drug development. Next, we will review 

allergic asthma and type 2 responses, before finally discussing the role of viruses in the 

inception and exacerbation of allergic asthma, including discussion of the proposed link to 

Immunoglobulin (Ig) E and the current theories about immune mechanisms of RV-induced 

asthma.  

Rhinovirus 

Human rhinovirus is a common virus that is the major cause of the common cold. 

The common cold poses a significant health burden, resulting in 84 million ambulatory care 

visits in the United States each year, 20 million missed workdays, 22 million missed school 

days, and costing approximately $40 billion annually [1,2]. Multiple RV infections are 

contracted each year. Children experience 6-8 cases on average, with adults experiencing 

only 2-4 cases annually [3]. Typically, RV-induced mortality is not high in the general 

population, but increased morbidity and mortality has been reported among the elderly and 

those with chronic respiratory diseases such as asthma, chronic obstructive pulmonary 

disease (COPD), and cystic fibrosis [4–10].  
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Symptomatic rhinovirus infections are typically accompanied by rhinorrhea, nasal 

congestion, sore throat, headache, and malaise; however, many cases remain subclinical, 

including approximately 15-35% of cases in children [11–13]. Symptoms typically last for 7-

14 days, but often persist for longer periods of time in those with chronic respiratory 

diseases [14,15]. The incidence of RV infections peak in the early fall and to a lesser extent in 

the spring, although the virus circulates year-round [16–18]. Rhinovirus is transmitted 

through shedding in nasal secretions by aerosolization and direct contact—especially to nasal 

and conjunctival mucosa—and can be recovered from finger pads after 1-2 hours of normal 

hand use, and from indoor surfaces for upwards of 3 hours [19,20]. Despite the ubiquitous 

nature and ready transmission of RV infection, there are no effective therapeutics or 

vaccines currently available. 

Viral Structure and Classification 

Human rhinovirus is a picornavirus of the genus Enterovirus. Well over 150 serotypes 

of RV have been identified to date, and are classified into A-, B-, and C-species based on 

serology, sensitivity to antiviral compounds, and genome sequence [21–25]. Group C 

rhinoviruses, which cannot be cultured using conventional methods, were only recently 

described in 2009, following the development of MassTag PCR [26]. The majority of 

rhinovirus strains (~90% of RV-A and –B strains), often referred to as major group viruses, 

bind to intercellular adhesion molecule-1 (ICAM-1) as their cellular receptor [27–29]. Minor 

group RV-A and –B strains bind instead to the low-density lipoprotein receptor (LDLR)[28]. 

The cellular receptor for RV-C strains was recently reported to be cadherin-related family 

member 3 (CDHR3)—a transmembrane protein with an as-yet-undefined function [30]. In 

keeping with this, a coding SNP that increases cell-surface expression of CDHR3 was 
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previously identified within the asthma susceptibility locus chromosome 17q21, pointing to a 

potential link between RV-C infection and asthma exacerbation [30,31]. 

Human rhinovirus primarily infects epithelial cells of the nose and pharynx, and 

infection of bronchial epithelial cells has also been described [32–34]. In addition, RV binds 

to and enters other cell types, including monocytes, macrophages, eosinophils, and B- and T-

lymphocytes; however, there is contradictory or incomplete evidence as to whether RV can 

replicate within these cell types [35–39]. Upon engagement with its cellular receptor, RV 

enters the host cell via endosomes and un-coats as the pH drops [14]. Viral RNA then exits 

the endosome to be translated by host ribosomes into a single polypeptide, which is cleaved 

into 11 proteins by virally-encoded proteases [14]. As a part of this process, the viral capsid 

polyprotein is cleaved into four individual proteins (VP1-4), which form protomers and 

assemble into an icosahedral capsid [14]. The virions are then released through cell lysis. 

Despite this, RV infection does not cause significant cytopathic effects due to the “patchy” 

pattern of epithelial cell infection [32,40]. 

Three of the RV capsid proteins are exposed on the capsid surface (VP1-3). The 

remaining capsid protein, VP4, is located on the interior of the capsid in close association 

with the viral genome (Figure 1-1)[14]. Of the capsid proteins, VP1 is the most surface-

exposed, has high antigenic variability, and is a major target of antibody responses [41–43]. A 

“canyon” surrounding the vertices of the capsid contains the binding site for the major 

group receptor ICAM-1 [44]. The base of the canyon contains a hydrophobic binding pocket 

that is constitutively occupied, and displacement of the pocket factor by anti-viral 

compounds disrupts the capacity to infect host cells (Figure 1-1)[44]. As such, a number of 

these compounds have been explored as therapies for rhinovirus.   
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Figure 1-1. Rhinovirus Polyprotein and Capsid Structure 

(A) Rhinovirus genome and polyprotein, including both structural and non-structural 

elements. Following translation, the virus polyprotein is cleaved into three subunits (P1-3), 

which are in turn further cleaved into their final forms. Adapted from [14] with permission. 

(B) Structure of rhinovirus capsid, with the external subunits of one protomer highlighted in 

color. (C) Depiction of the rhinovirus capsid face, including the canyon and drug-binding 

pocket with associated pore. Adapted from [45] with permission. (D) Cross-sectional 

depiction of viral capsid binding to the major group cellular receptor, ICAM-1. Adapted 

from [46] with permission. POL, polymerase; PRO, protease; UTR, untranslated region. 
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Immune Responses to Rhinovirus 

Perhaps the most well-defined aspect of the anti-RV immune response is the 

induction of protective neutralizing antibodies. Rhinovirus infection results in the 

development of strain-specific neutralizing antibodies over the course of 7-14 days, peaking 

over one month post-infection [47]. These antibodies prevent re-infection with the same 

strain, but are poorly cross-protective and typically wane after one year [47–50]. However, 

much remains to be discovered about the nature of these responses—including the class of 

antibody that provides neutralizing protection—and neutralizing antibodies are identified 

solely through a semi-quantitative culture-based neutralizing assay [51]. IgG antibodies 

capable of recognizing multiple strains have also been observed, although their function is 

currently unknown [43,52,53]. 

Little is known about the cellular immune response to RV. Immediately upon 

infection with RV, epithelial cells initiate an innate immune response, resulting in the 

induction of interferons (IFNs), the production of chemoattractants, and an increase in 

vascular permeability, all of which set the stage for the adaptive immune response [54–60]. 

Previous studies have observed T cell lymphopenia during the early days of experimental 

infection, as well as T cell infiltration of the respiratory tract, suggesting recruitment of T 

cells to the site of infection in addition to retention in local nodes [61,62]. Interestingly, 

peripheral blood lymphopenia during infection was most pronounced for CD4+ T cells, and 

was strongly associated with increased symptom severity, implicating CD4+ T cells in RV 

disease pathogenesis [62]. However, the characteristics of this T cell response are poorly 

defined. 
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Several in vitro studies have suggested a role for RV-specific T cells in protective 

immunity. Rhinovirus stimulation of CD4+ T cells obtained from tonsillectomy samples 

demonstrated both proliferation and production of the hallmark T helper (TH) 1-associated 

cytokine, IFN-γ [63]. In an experimental RV challenge study in humans, increased 

proliferation of PBMCs in response to in vitro RV stimulation was associated with reduced 

viral shedding, as was increased concentrations of IFN-γ in nasal secretions, suggesting a 

protective response mediated by TH1 cells [64]. Furthermore, the majority of T cell clones 

generated by limiting dilution from peripheral blood mononuclear cells (PBMCs) derived 

from healthy subjects were found to proliferate to multiple RV strains in vitro, indicating that 

these responses might provide cross-strain protection [65]. Although T cells have been 

linked to both reduced viral shedding and elevated symptoms, these can be reconciled by 

considering research carried out for other respiratory viruses. In influenza, studies have 

shown that while pre-existing T cell immunity protects against infection, T cell responses 

during the acute phase contribute to symptomology [66,67]. Thus, early research hints at a 

role for CD4+ T cells in both protection and pathology in RV infection, although these 

responses are poorly characterized. Protective CD4+ T cell responses to RV infection will be 

explored in Chapters 2 & 3. 

Treatments and Prevention Strategies for the Common Cold 

Despite the ubiquitous nature of rhinovirus infections, there are currently no 

approved treatments, and attempts at vaccine development have proven largely unsuccessful. 

This is in part due to the antigenic diversity of the rhinovirus species, with over 150 

serotypes identified to date [68]. In the 1960s and 70s, several small-scale trials of inactivated 

RV vaccines showed some efficacy in preventing homotypic infections; however, these 
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strategies did not provide protection from heterologous infection, and thus were not 

pursued further [69–73]. Recent efforts at vaccine development continue to focus on 

inducing protective antibody responses, including a 50-valent inactivated RV-A vaccine that 

was recently tested in rhesus macaques [74]. However, the researchers stipulate that an 83-

valent vaccine will be necessary to provide RV-A strain protection in humans, and would not 

provide protection from the RV-C strains implicated in asthma pathogenesis. In mouse 

models, recombinant RV polyprotein vaccination is capable of inducing cross-reactive IgG 

responses; however, the neutralizing capability of these IgG antibodies is unknown [52]. 

Further complicating matters, it appears that a large proportion of the antibody response in 

humans is misdirected toward a non-protective VP1 epitope [75]. As a result, no large-scale 

double-blind placebo-controlled clinical trials of vaccine candidates have been performed to 

date [76]. 

Given the limitations of vaccine strategies that induce neutralizing antibodies, recent 

attention has returned to antivirals [77]. As previously mentioned, anti-viral compounds that 

occupy the hydrophobic binding pocket in the RV capsid canyon can prevent infection; 

however, the use of capsid-binding agents as a treatment strategy for the common cold has 

as-yet proven unsuccessful, despite promising in vitro results. In the past several years, 

numerous capsid-binding drugs have failed to meet their primary study endpoints, including 

Pleconaril, Pirodavir, and its analog Vapendavir (ClinicalTrials.gov Identifiers: 

NCT00394914, NCT02367313)[78,79]. Other anti-viral strategies target the functional 

proteins of rhinovirus, including inhibition of proteases and polymerases. However, no such 

drugs have been approved for use in RV by the FDA, and the development of the protease 
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inhibitor Rupintrivir and an analogue have both been halted due to insufficient clinical 

benefit [80,81].  

Numerous other pharmacologic treatment strategies have been tested in rhinovirus, 

including immune enhancement by inhaled IFNs and, in contrast, attempted limitation of 

inflammation through toll-like receptor (TLR) 3 blockade, although both of these methods 

failed to meet their primary endpoints when studied in asthmatics [82,83]. In addition, 

alternative treatments such as Echinacea, Vitamin D, and probiotic supplementation have 

also been investigated as novel therapeutics for the common cold, with mixed success [84–

87]. Ongoing research indicates that these treatments might also have immunomodulatory 

effects, potentially through influencing T cell differentiation and effector activity [88]. Taken 

together, it is clear that new and improved strategies for the treatment of the common cold 

are needed, both for the general population and those with chronic respiratory diseases. 

Allergic Asthma 

RV infection is one of the key triggers of allergic asthma exacerbations. Asthma is a 

chronic respiratory disorder characterized by periods of reversible airway hyperreactivity. 

This disease affects up to 300 million people worldwide, and costs in excess of $18 billion 

each year in the United States alone [89]. Asthma exacerbations often manifest as wheezing, 

shortness of breath, coughing, and tightness in the chest, and may result in hospitalization 

and/or death. Approximately 9% of children and 8% of adults have asthma in the United 

States, and asthma prevalence has grown by 15% over the past decade [90]. Importantly, one 

in five children with asthma visit the emergency department each year, and nine people die 

from asthma each day in the United States [90].  
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Asthma takes two main forms—allergic and non-allergic—of which there are many 

variations. Allergic asthma—characterized by the induction of IgE antibodies to otherwise 

innocuous allergens—is the most common form of asthma among children, and accounts 

for approximately 50% of asthma in adults [89]. This disease typically develops early in life—

in contrast with non-allergic asthma, which is frequently adult-onset—and often progresses 

from initial allergic sensitization to the development of multiple allergic diseases, beginning 

with atopic dermatitis. While for many patients, standard treatment results in disease control, 

approximately 5-10% of patients have disease that is refractory to treatment, and these 

patients are frequent utilizers of healthcare resources [89,91]. Key areas for asthma research 

include better understanding the inception of disease in order to halt the rise in prevalence, 

as well as the development of new therapeutics in order treat those subjects for whom 

standard treatment fails. 

TH2 Immunity and the Allergic Response 

Allergic diseases have classically been associated with T helper (TH) 2 inflammatory 

processes, also referred to as type 2 responses. While it is thought that TH2 immune 

responses were evolved to protect against parasitic infections, in post-hygiene societies, TH2 

responses have been increasingly observed in response to otherwise innocuous antigens, 

such as food proteins, pollens, pet dander, dust mites, and molds [92]. These responses 

manifest in a number of diseases such as food allergy, atopic dermatitis, allergic rhinitis, and 

asthma. The prevalence of allergic diseases has dramatically increased over the last several 

decades [93]. The reasons for this phenomenon remain unknown; however, it is clear that 

these changes are occurring too quickly for the main drivers to be genetic, and it is 

commonly thought that reduced exposure to microbial products in post-hygiene 
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communities is a factor [92]. Given the ever-increasing issue of allergic disease and asthma, it 

is important to fully understand the immunological underpinnings of allergic processes in 

order to design more effective therapeutic and preventative strategies. 

Classic TH2 immunity is initiated by a primary exposure to an allergen (Figure 1-2). 

No symptoms manifest during this exposure, as the immune machinery is not yet in place to 

trigger a reaction. During primary exposures in the susceptible host, airway epithelial cells 

release innate TH2-skewing cytokines, including thymic stromal lymphopoietin (TSLP), 

interleukin (IL)-25, and IL-33 [94]. These cytokines can in turn act on innate lymphoid cell 

(ILC) populations to promote an ILC2 program, as well as on antigen-presenting cells such 

as myeloid dendritic cells (mDCs). TH2-primed DCs process and present allergen to naïve 

CD4+ T cells, integrating numerous external stimuli and inducing a TH2-skewing process 

(Figure 1-3). The resultant TH2 cell population expresses the defining transcription factor 

GATA-3, Th2-associated chemokine receptors including CCR4 and CRTH2, and the 

hallmark TH2 cytokines, IL-4, IL-5, and IL-13 [95]. In turn, IL-4 promotes B cell class-

switching to produce allergen-specific IgE antibodies, whereas IL-5 drives eosinophil 

maturation and recruitment, and IL-13 promotes mucus production and airway 

hyperreactivity.  

In the effector phase, allergen-specific IgE binds to its high-affinity receptor FcεRIα, 

which is expressed on basophils and mast cells, in addition to dendritic cells (Figure 1-2). 

Upon secondary exposure to allergen, differentiated TH2 effector cells are primed to respond 

rapidly via their recruitment to the airways and activation through T cell receptor (TCR) 

engagement. Memory T cells that express the central-homing marker CCR7 are sequestered 

in local nodes, where they are activated by antigen-presenting cells that have been primed at 
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the site of infection. This coincides with cross-linking of IgE receptor on mast cells by 

allergen. Upon cross-linking, these cells degranulate, releasing numerous inflammatory 

mediators including histamines, tryptase, leukotriene C4 (LTC4), prostaglandin D2 (PGD2), 

and cytokines including IL-4, ultimately triggering an acute reaction [96]. In addition, 

epithelial barrier integrity is compromised, both as the result of inflammatory mediators such 

as IL-31 and oncostatin M, as well as by the proteolytic activity of allergens such as Der p 1 

[97–101]. These responses result in inflammation and smooth muscle contractility in the 

airways that manifests as wheeze, and the establishment of a “pro-allergic” TH2 milieu in the 

respiratory tract that can persist even in the absence of allergen exposure.  



 
12 
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Figure 1-2. Type 2 Inflammatory Processes Involved in the Induction and 

Exacerbation of Allergic Asthma 

(Left) Initiation of a TH2 response. Allergen exposure induces the release of innate cytokines 

at the epithelial barrier. This process which activates innate lymphoid cells and licenses DCs 

to migrate to regional lymph nodes, where they induce TH2 cell differentiation and 

production of IgE. [94,102–108] 

(Right) The TH2 effector phase. Re-exposure to allergen cross-links surface-bound IgE on 

effector cells such as mast cells and basophils, resulting in degranulation and the release of 

inflammatory mediators such as histamine. Antigen-experienced TH2 effectors (CCR7—) 

respond rapidly via their recruitment in response to TH2 chemoattractants produced in the 

respiratory tract (CCL17 & CCL22) and secretion of TH2 cytokines. Egress or “spillover” of 

TH2 cells from the inflamed respiratory tract results in recirculation, and possible reversion 

to a central-homing phenotype (CCR7+). [98–101,109–118] 

HDAC, histone deacetylase; TJ, tight junction.  
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Figure 1-3. Molecular Events in TH2 Differentiation 

(A) Myeloid dendritic cells act as a hub for TH2 licensing. Dendritic cells integrate diverse 

external cues to generate a TH2-permissive cytokine milieu. They also express an array of 

receptors and ligands that interact with CD4+ T cells. In addition, c-type lectins and surface-

bound IgE can facilitate increased allergen uptake for antigen presentation. [94,102,119–126] 

(B) Within T cells, numerous molecular pathways—including IL-4-induced induction of 

GATA-3—orchestrate TH2 differentiation and coordinate the accessibility of TH2 loci for 

gene transcription. Regulatory signals, such as TGF-β, can counter TH2-promoting signals 

and suppress TH2 differentiation and function. [113,127–132] 

IDO, indoleamine 2,3-dioxygenase; KLF4, Kruppel-like factor 4; MAML1, mastermind-like 

protein 1; PRR, pattern recognition receptor; RBPJ, recombination signal binding protein for 

immunoglobulin kappa J region; Sox4, Sry-related high-mobility-group box 4; TCF-1, T cell 

factor 1. 
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Asthma Heterogeneity and the T Cell Response 

Asthma is a highly heterogeneous disease, including many distinct types that are 

associated with their own unique immune profiles (Figure 1-4). As experimental techniques 

have advanced, it has become apparent that allergic asthma is characterized by more than 

simple TH2 inflammation. Firstly, there are sub-phenotypes of TH2 cells that express 

different combinations of TH2 cytokines. TH2 cells that produce high quantities of IL-5 are 

generally considered to be more pathogenic, and are sometimes referred to as “pathogenic 

effector TH2 (peTH2) cells” [133,134]. These IL5+ TH2 cells arise following multiple rounds 

of stimulation in parallel with the silencing of IFN-γ expression. Such cells express high 

levels of cytokines, are associated with eosinophilic inflammation, and have been described 

in numerous allergic diseases including eosinophilic gastrointestinal disease (EGID), atopic 

dermatitis, and eosinophilic airway inflammation [133,135–138]. Given the pathogenicity of 

IL5+ TH2 cells in multiple allergic diseases, they represent a key area for continuing research. 

Interleukin-17, the characteristic cytokine of TH17 cells, has been implicated in severe 

asthma, particularly neutrophilic asthma (Figure 1-4)[139]. Increased expression of IL-17 

has been observed in the lungs of asthmatics, and levels correlate with disease severity [140–

143]. Additionally, mouse models have implicated TH17 cells in various aspects of the 

asthmatic response, including the promotion of neutrophilia, airway remodeling, and 

provocation of airway hyperreactivity through direct effects on airway smooth muscle 

[139,144,145]. TH2 cells that co-express IL-17 have also been observed in subjects with 

allergic asthma [146]. Interestingly, in severe asthma these IL-4+IL-17+ produce more IL-4 

than IL-4+IL-17— cells, and are linked to more severe disease [146]. This is is in keeping with 
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studies that have implicated a mixed neutrophilic and eosinophilic response in the lung with 

increased asthma severity [147,148]. 

TH1 cells were long considered to be counter-regulators of TH2 responses, and vice-

versa. However, recently a role for TH1 cells in severe allergic asthma has been increasingly 

recognized (Figure 1-4)[149]. Mixed activation of TH1 and TH2 cells in the asthmatic lung 

has been observed during asthma exacerbations despite the dominance of TH2 signatures at 

baseline [150]. Several studies of human cells obtained from the lungs of allergic asthmatics 

demonstrate enhanced TH1 responses, including increased TH1 cell infiltration into the 

airways and increased production of IFN-γ [151–157]. Other work has demonstrated 

relationships between higher levels of IFN-γ and increased asthma severity, thereby 

implicating TH1 cells in asthma pathogenesis [151,158].  

Mouse models of asthma provide contradictory evidence as to the role of TH1 cells 

in allergic asthma. The spontaneous development of asthma-like disease in mice lacking the 

TH1 lineage-specifying transcription factor T-bet is consistent with a regulatory role for TH1 

cells [159]. This is further bolstered by studies in which the adoptive transfer of TH1 cells 

resulted in reduced TH2 responses and suppressed airway hyperreactivity [160–162]. In 

contrast, other TH1 adoptive transfer models demonstrated increased asthma responses, and 

in some instances also increased TH2 inflammation [163–166]. One such TH1 transfer study 

observed that TH1 infiltration preceded TH2 infiltration, and went on to demonstrate that 

TH1 cells in the lung increase local expression of vascular cell adhesion molecule 1 (VCAM-

1), perhaps through secretion of TNF-α, thereby facilitating the infiltration of additional T 

cells, including TH2 cells [165,166]. Furthermore, several mouse models have implicated TH1 

cells in steroid-resistant severe asthma [167,168]. It is possible that these divergent responses 
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might be due to modulation by diverse inflammatory mediators, such as the IL-1 family 

cytokine IL-18, which has been shown to disrupt TH1/TH2 reciprocity in mice [167,169,170]. 

Given the varying and contradictory evidence for TH1 responses in allergic asthma, further 

research is required to understand the interplay between TH1 and TH2 cells in severe asthma. 

 Advances in CD4+ T cell research have led to the identification of numerous new T 

helper subsets. TH9 cells are a distinct subset of IL-9-producing cells that share common 

molecular pathways with TH2 cells [171–174]. IL-9 mediates a variety of processes that are 

often associated with TH2 inflammation, including mast cell growth, goblet cell metaplasia, 

and IL-4-dependent antibody production by B cells [175]. High expression of IL-9 has been 

identified in the lungs of asthmatics, but the role of TH9 cells in allergic asthma remains 

unclear due to their overlapping contributions with TH2 cells, and the ability for ILC2s to 

produce IL-9 [175]. Also recently described, the TH22 subset shares features with TH17 cells 

including production of the characteristic cytokine IL-22, although they represent a distinct 

lineage [176]. The relevance of TH22 cells to asthma has not been established; however, IL-

22-expressing T cells have been implicated in other forms of allergic disease [177]. 

Regulatory T cells are also known to play a key role in modulating allergic disease. In 

health, tolerance to innocuous substances arises through the induction of TREGS, a process 

believed to be disrupted in allergic disease. In humans, there is evidence that TREG-mediated 

suppression of TH2 activity is deficient in allergic disease, and reduced numbers of TREGS 

have been observed in bronchoalveolar lavage from children with asthma [178,179]. As such, 

many therapeutic strategies are focus on induction of functional TREGS in allergic patients. 

There is evidence that conventional allergen immunotherapy, which is clinically efficacious, 

induces TREG populations [180].  
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Figure 1-4. CD4+ T Cell Subsets Linked to Asthma  

Distinct T helper subsets differentiate in response to specific cytokines. Each subset bears a 

unique molecular signature, including lineage-specifying transcription factors, surface 

chemokine receptors, and cytokines.  
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Treatments and Strategies for the Prevention of Asthma 

Standard treatments for severe asthma include inhaled and systemic corticosteroids, 

bronchodilators such as albuterol and long-acting beta agonists (LABAs), and leukotriene 

inhibitors. However, a subset of severe asthmatics continues to have uncontrolled asthma 

despite receiving therapy, and these patients utilize the highest levels of healthcare resources 

[91,181]. As such, additional therapeutics are needed to address this unmet need.  

The majority of asthma drugs under development are biologics that target the TH2 

inflammatory axis. The first biologic approved by the FDA for use in asthma was 

omalizumab (anti-IgE), which received approval for treatment of patients aged 12 and older 

in 2003, and for children six years and older in 2016 [182,183]. When used as an add-on 

therapy for severe allergic asthma, omalizumab decreases the rate of asthma exacerbations, 

provides a steroid-sparing effect, and decreases use of rescue medication [184]. In addition, 

omalizumab is thought to provide benefit in allergic asthmatics with respiratory viral 

infections, an aspect that will be discussed later in this chapter. 

Omalizumab acts by binding to the Fc region of IgE, both in its soluble and B-cell 

membrane-bound forms. This results in the formation of IgE aggregates, which are unable 

to bind to FcεRIα on mast cells and basophils, and reduces the production of IgE by B cells 

[185–187]. Importantly, omalizumab does not recognize receptor-bound IgE. Instead, 

FcεRIα is decreased on mast cells and basophils due to natural receptor turnover and the 

lack of free IgE to bind and stabilize new IgE receptors [187,188]. It is also possible that 

omalizumab might indirectly impact other aspects of the TH2 immune response, whether 

through a reduction of IgE-facilitated antigen presentation by dendritic cells to T cells, or by 

reducing the inflammatory milieu via prevention of mast cell activation (Figure 1-5). The 
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impact of omalizumab on T cell responses has not been well-studied. Several studies have 

shown decreased CD4+ T cell numbers in the airway mucosa following omalizumab 

administration; however, a more recent study of allergen-specific cells demonstrated no 

decrease in IL-13 expression or increase of TREG numbers post-treatment [189–191]. Further 

study is required to fully characterize the indirect effects of anti-IgE on T cell responses, and 

this aspect is addressed in Chapter 4. 

Newer biologics in development for allergic asthma are generally focused on 

blocking TH2-associated cytokines of both the innate and adaptive immune response. Several 

biologics aim to disrupt the actions of TH2 cytokines. Biologics targeting IL-5 have been 

approved for use since 2015. Mepolizumab, reslizumab, and benralizumab are all IL-5 

antagonists approved as add-on therapies for severe asthma. Mepolizumab and reslizumab 

both target IL-5 directly, whereas benralizumab targets the IL-5Rα [192]. Most recently, in 

2018 the FDA approved dupilumab for use as an add-on therapeutic in adults with 

moderate-to-severe asthma. Dupilumab acts by disrupting both IL-4 and IL-13 pathways 

through the targeting of their shared receptor chain, IL-4Rα [193]. Monoclonal antibodies 

targeting IL-13 alone (lebrikizumab and tralokinumab) have proven to be less effective, and 

have not received FDA approval [194,195].  

Biologics targeting the initiating events of allergic TH2 inflammation are also in 

development. Neutralization of TSLP has shown promise in mouse models of allergic 

asthma, and an anti-TSLP monoclonal (tezepelumab) has been shown to reduce asthma 

exacerbations in early studies in patients [196,197]. Similarly, disruption of IL-33 by anti-IL-

33 and anti-IL-33R monoclonal antibodies is another avenue for drug development [198]. 

Other emerging drugs include CRTH2 antagonists (which target TH2 memory cells and 
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CRTH2+ eosinophils, basophils, and ILC2s), and an inhaled DNAzyme that cleaves and 

inactivates GATA3 mRNA (SB010) [199–202]. Importantly, all these drugs target allergic 

asthmatics with “TH2high” inflammatory profiles. However, the development of biologics for 

other TH profiles associated with asthma is lacking. 

 

 

Figure 1-5. Potential Effects of Omalizumab (Anti-IgE) on T Cell-Mediated 

Type 2 Inflammatory Processes 

Red symbols denote known direct effects of anti-IgE on surface expression of IgE receptors 

on dendritic cells, mast cells, and basophils. Gray symbols denote potential indirect effects of 

anti-IgE treatment, possibly mediated by decreased IgE antibody-facilitated presentation of 

allergen and consequent decreased TH2 differentiation and activation.  
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Viruses and Allergic Asthma 

It has long been appreciated that respiratory viral infections are major triggers of 

exacerbations in patients with allergic asthma; in fact, this interaction was documented in the 

12th century by the physician Moses Maimonides in his “Treatise on asthma” [203,204]. 

However, it was not until the 1960’s, with the improvement of molecular diagnostics, that 

human rhinovirus was specifically implicated in asthma exacerbation [205,206]. In addition 

to exacerbating asthma, respiratory viral infections in early life play a role in the development 

of allergic asthma, although the mechanisms remain unknown. A greater understanding of 

virus-induced allergic asthma is essential for the development of improved therapeutics for 

the prevention of virus-induced exacerbations, as well as to halt the progression of asthma in 

infancy and early childhood. 

One of the key risk factors for the development of asthma is wheezing in response 

to respiratory viral infections during the first three years of life [207–209]. Respiratory 

syncytial virus (RSV) was long considered to be the main virus implicated in these infections 

within the first year of life, with RV predominating in older children and adults 

[208,210,211]; however, RV has also been implicated in early life wheeze and the subsequent 

development of asthma [209,212,213]. There is continuing debate as to whether viral 

infections in early life influence the development of allergy and asthma, or rather reflect a 

pre-existing asthma predisposition [214]. Recent studies have given mixed results: a twin 

birth cohort study by Thomsen and colleagues concluded that pre-existing asthma 

predisposition results in severe RSV infections requiring hospitalizations [215]. By contrast, a 

Tennessee birth cohort, it was found that infants born in the months before the winter virus 

peak had increased risk for the subsequent development of asthma, implying a causative role 
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for RSV and other winter viruses [216]. While it is clear that early life virus-induced wheeze 

might lead to the development of allergic asthma, it is likely that asthma arises from a 

confluence of multiple factors, including genetic predisposition of the host, viral infections, 

and environmental exposures to allergens and other immune stimuli [217]. 

Approximately 80% of acute wheezing episodes in allergic asthmatics are caused by 

respiratory viral infections, of which the majority can be attributed to rhinovirus [218,219]. 

Furthermore, the severity and duration of symptoms induced by RV are typically increased 

in these patients [220]. Both RV-A and RV-C species are linked to severe asthma 

exacerbations, whereas RV-B are not [217]. Decreased rates of replication of RV-B species 

have been observed within epithelial cells, as well as reduced induction of cytokines and 

chemokines including IP-10, RANTES, and IFN-λ [221]. Thus, the magnitude of anti-viral 

immune responses might be a factor in the propensity to induce asthma exacerbations. 

Associations with IgE 

Numerous studies have suggested a link between rhinovirus infections and IgE. One 

key indicator of a role for IgE, or else its associated inflammation, is the synergistic effect of 

RV infection and allergen exposure on asthma exacerbations. The risk of severe episodes 

requiring hospitalization in asthmatics with RV infection significantly increases with allergen 

exposure [222,223]. Other work echoes this finding. In a study of allergic rhinitics, segmental 

bronchoprovocation with allergen and experimental RV infection synergistically enhanced 

histamine release and eosinophil recruitment [224]. By contrast, other studies found that 

prior allergen exposure did not enhance RV symptom severity, and even delayed and 

shortened cold symptoms [225,226]. Thus, the interaction between allergen and RV and the 

involvement of IgE within this process warrants further investigation. 



 25 

The in vivo elimination of IgE in asthmatic patients also implies a role for IgE during 

RV infection. A double-blind placebo-controlled study of omalizumab in inner city 

asthmatic children found that anti-IgE treatment attenuated the seasonal peaks in asthma 

exacerbations that coincide with RV infections [227]. In a follow-up study, those asthmatic 

children who were randomized to receive anti-IgE for 90 days experienced shorter infections 

with decreased viral shedding and reduced risk of developing illness during RV infection as 

compared with patients who received standard treatment [228,229]. 

Several studies at the University of Virginia have bolstered the link between IgE and 

virus-induced asthma. In cross-sectional studies of wheezing and control children who 

attended the emergency department, the strongest odds for wheezing were found in those 

children with both RV infection and a TH2-inflammatory biomarker—specifically IgE to 

aeroallergens, nasal eosinophilia, or increased nasal eosinophil cationic protein (ECP), a 

product released by eosinophils [211,230]. In a subsequent pediatric cross-sectional case-

control study performed in children attending the Hospital Nacional de Niños in Costa Rica, 

the risk of wheeze was greatest among patients with the highest levels of serum IgE to dust 

mite coupled with RV positivity [231]. Work from the same group using an RV experimental 

infection model found that acute cold symptoms were increased in allergic asthmatics with 

high total serum IgE versus those with lower IgE (Figure 1-6)[232]. Asthmatics with high 

IgE also exhibited increased airway inflammation based on elevated airway nitric oxide (NO) 

and high concentrations of ECP [232]. These collective studies establish a link between IgE 

and RV-induced asthma. It remains unclear whether IgE plays a direct role, or whether it 

provides a marker of underlying inflammatory processes that promote the pathogenicity of 

RV in asthma. The role of IgE in RV-induced asthma is investigated in Chapter 4.  
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Figure 1-6. Increased RV Symptoms in Allergic Asthmatics with High IgE 

Upper respiratory symptom scores as assessed by the modified Jackson criteria [233], 

including sore throat, sneezing, rhinorrhea, and nasal congestion. Total serum IgE: Low IgE, 

29.2-124 IU/mL; High IgE, 371-820 IU/mL. Numbers denote the percent of allergic 

asthmatic subjects experiencing peak symptoms during acute infection, as opposed to 

delayed symptoms. Symbols denote means ± SEM. Data courtesy of Dr. Peter Heymann. 

Adapted with permission from [232].  
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Mechanisms of RV-Induced Asthma 

RV has been linked to seasonal peaks in asthma exacerbations, particularly in the fall 

when children return to school, although RV circulates throughout the year [234]. This may 

be due to other environmental factors, including increased allergen exposure. Although the 

precise mechanisms through which RV triggers allergic asthma are not known, several 

mouse models have demonstrated the involvement of TH2-like immune responses in RV 

infection, and the relative contributions of TH1 and TH2 immunity in RV-induced asthma is a 

major area for continuing research [235–239]. 

A prevailing theory for virus-induced allergic asthma is that anti-viral immunity is 

deficient. There have been several reports of deficient interferon production (namely IFN-β 

and IFN-λ) by bronchial epithelial cells from asthmatic subjects following in vitro stimulation 

with virus, as compared with healthy controls [240,241]. Decreased production of IFN-α by 

plasmacytoid dendritic cells (pDCs) has also been reported following both IgE cross-linking 

and viral stimulation in vitro [242]. Similarly, reduced production of IFN-γ by cultured 

PBMCs from asthmatics has also been reported, in addition to decreased levels of secreted 

IFN-γ in bronchoalevolar lavage during experimental RV infection [243,244]. Given the 

counter-regulatory relationship between TH1 and TH2 inflammation, it has been suggested 

that deficient TH1 responses might enable robust TH2 inflammation, and that TH2 

inflammation might itself suppress TH1 responses [245–249]. This is supported by a mouse 

model in which T-bet deficient mice that cannot produce TH1 cells develop TH2-skewed 

responses to RV infection, including airway eosinophilia and TH2 cell infiltration into the 

lung [250].  

Given the reported link between IgE and RV infection, it has been suggested that 
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IgE crosslinking counter-regulates IFN production, especially IFN-α production by pDCs 

[251–253]. In a trial of omalizumab in allergic asthma, researchers reported increased 

production of IFN-α by PBMC cultures co-stimulated with IgE crosslinking antibody and 

RV in those subjects receiving anti-IgE [229]. In keeping with this, Gill et al. found that 

reductions in the high affinity IgE receptor FcεRIα on pDCs following omalizumab were 

associated with reduced exacerbation rates and increased IFN-α [254]. However, a molecular 

mechanism has not been identified for IgE-mediated downregulation of IFNs in pDCs, or 

any other cell type. Indeed, several lines of evidence support a link between IgE signaling 

and increased IFN production. These include increased IFN-α production following IgE 

cross-linking in a mouse model of lupus, and a requirement for IgE signaling intermediates 

Lyn and Fyn for TLR-mediated IFN production [255,256]. 

Despite reports of IFN deficiency in asthmatics, this remains controversial due to 

contradictory evidence and a lack of reproducibility. Allergic asthmatics and healthy controls 

have similar viral titers both in natural and experimental infections, suggesting a similar 

capacity to control infection [257]. The notion of IFN deficiency is further challenged by the 

failure of inhaled IFN-β to prevent the worsening of asthma symptoms when administered 

to asthmatics at the inception of cold symptoms [82]. As previously discussed, several studies 

support a pathogenic role for TH1 cells and IFN-γ in certain types of asthma [151–157]; in 

keeping with this, neither subcutaneous nor nebulized IFN-γ for the treatment of allergic 

asthma provided clinical benefit [258,259].  

Additional studies show equivalent IFN production in allergic asthmatics and healthy 

subjects in response to RV [260–262]. Furthermore, enhanced IFN networks have been 
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linked to asthma development, exacerbations, and increased disease severity in both humans 

and mice. Increased IFN-β and IFN-λ have been reported in the sputum of asthmatics—

particularly those with neutrophilic disease—as compared with controls [263,264]. Similarly, 

increased levels of IFN-γ and IFN-γ+ T cells have been observed in the lower airways of 

allergic asthmatics, including those experiencing active exacerbation, as compared with 

controls [265,266]. Importantly, increased levels of IFN-α, IFN-β, and IFN-γ in the airways 

correlated with asthma severity [266]. Similar observations have been made in RSV infection, 

including an association between increased type I and III interferons and interferon 

stimulated genes in RSV-stimulated bronchial epithelial cells and reduced lung function 

[267]. Observations of increased IFNs in asthma have even been made in studies that also 

report an innate IFN deficiency. A recent study describing deficient IFN production by 

epithelial cells during experimental infection also observed increased numbers of IFN-α+ 

subepithelial cells, which correlated with symptom severity [268]. The same group also 

observed increased IFN-γ and IFN-λ concentrations in the nose of asthmatics versus 

controls in a different RV infection study. Moreover, RV only induced IFNs in the lower 

airways of asthmatics [269].  

Conflicting reports of IFN deficiency in allergic asthma may be impacted by subject 

selection and disease heterogeneity. For example, it was recently reported that the induction 

of IFNlow cytokine signatures by RV-stimulated PBMCs was associated with early-onset 

exacerbation-prone asthma, while the IFNhigh signatures were associated with later-onset 

asthma [270]. Thus, the role of IFNs in allergic asthma is not clearly defined, and requires 

further study with careful consideration of both experimental model and subject 

characteristics. 
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Limitations of Current Research Models 

At the cellular level, much of the immune response to RV remains undefined, in part 

due to the limitations of mouse models of RV infection. RV is not a natural pathogen of 

mice, and mouse ICAM-1 does not bind to RV [271]. In order to address this, many mouse 

studies have utilized minor group RV strains, or else adopted the use of a mouse-human 

ICAM-1 chimeric BALB/c strain [272]. While an inflammatory response is induced in these 

models, they fail to reproduce human disease. Although an inflammatory response is 

induced, it is localized to the lungs of mice, which is not the principal site of infection and 

inflammation in humans [272]. Furthermore, viral titers in mouse models rapidly decline 

after only 12-24 hours, in contrast with the more protracted infection observed in humans 

[272,273]. This limits the study of viral replication and calls into question whether these 

models establish a productive infection. These factors, coupled with the limitations of mouse 

models of allergic asthma, necessitate alternative models for investigation [273,274]. 

In order to address these issues, many studies of RV infection utilize in vitro methods, 

including both cell lines and human specimens. In vivo models pose a greater challenge due to 

issues of the timing of naturally occurring infections, diversity of RV strains, and 

heterogeneity within the general population. For this reason, experimental RV challenge in 

human subjects is such a vital tool. Experimental rhinovirus challenge has been performed in 

human subjects since the 1960’s, and played a key role in understanding the transmission of 

RV infection and the induction and protective effects of neutralizing antibodies [50,275–

277]. Previous experimental infection studies have analyzed cellular responses at only a 

superficial level. Hence, the major focus of this thesis was to apply these models to 

interrogate RV-specific CD4+ T cell responses in health and RV-induced allergic asthma.  
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Thesis Rationale 

Rhinovirus is an important viral pathogen in the etiology of the common cold and 

allergic asthma exacerbations. There are currently no effective treatments or vaccines. Much 

of the cellular immune response to RV remains poorly defined; however, TH1 cells are 

known to promote cellular immune responses against intracellular pathogens, including 

viruses, whereas TH2 cells promote allergic inflammation. Thus, CD4+ T cells likely play a 

key role in virus-induced allergic asthma, and provide a crucial avenue for research. This 

thesis aims to characterize the CD4+ T cell response to rhinovirus infection in the context of 

health and allergic asthma. We hypothesized that CD4+ T cells mediate cross-strain 

protection in healthy subjects, but that an exaggerated T cell response in subjects with 

allergic asthma promotes disease pathogenesis.  

In this thesis, we first identify T cell targets within RV capsid proteins, and assess 

their utility for the potential development of a cross-protective T cell-targeted vaccine 

(Chapter 2). Next, we define CD4+ T cell immune responses to RV in healthy subjects 

during experimental infection by using novel peptide/MHC class II tetramers to track RV-

specific CD4+ T cells in the circulation (Chapter 3). Finally, we characterize RV-specific 

CD4+ T cell responses in infected allergic asthmatics, and weigh the relative contributions of 

TH1 versus TH2 cells using tetramer-based methods. In this chapter, we also probe the role 

of IgE in RV-induced asthma and its associated T cell responses by studying allergic 

asthmatics with a range of IgE titers, and by testing the effects of IgE blockade in a double-

blind placebo-control study of anti-IgE treatment during RV infection (Chapter 4 & 

Appendix I).  
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Overall, this thesis significantly expands the knowledge of RV-specific CD4+ T cell 

responses, including identifying novel epitopes that provide potential vaccine targets, 

establishing proof-of-concept for cross-strain T cell immunity, and identifying CCR5 as a 

signature of RV-specific immune responses. Finally, we demonstrate augmented TH1 

responses in allergic asthmatics infected with RV, and present evidence of disease 

pathogenicity. Our findings challenge the existing paradigms of deficient anti-viral responses 

in asthma. Moreover, they raise important questions about how IgE blockade may influence 

the T cell response to RV. Taken together, these studies advance our understanding of 

adaptive immunity and immune pathology during RV infection, and provide a major 

stepping stone towards the development and improvement of new treatments for RV 

infection. 

 

 

 

 

 

 

 

 

 

 

 

Portions of this chapter were adapted from: L Muehling*, M Lawrence*, J Woodfolk. “Pathogenic CD4+  
T cells in patients with asthma.” J Allergy Clin Immunol (2017). *Equal contribution. 
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Chapter 2 — Circulating Rhinovirus-Specific CD4+ T Cells Recognize 

Conserved Epitopes of Viral Capsid Proteins 

Introduction 

Infection with RV is the main cause of the common cold, and typically runs a benign 

course, but can induce severe disease exacerbations resulting in hospitalization or death in 

those with chronic respiratory diseases [5–7,224,278,279]. There are currently no effective 

treatments for RV infection, and attempts to develop a vaccine have failed [76,280]. It is 

known that RV infection induces a neutralizing antibody response that prevents re-infection 

with the same strain; however, this response is transient and is highly strain-specific due to 

antigenic variability [21,47–49,275,277,281]. There is mounting evidence to support a 

protective role for CD4+ T cells in respiratory viral immune responses, including RV 

[52,64,67,282,283]. Despite the numerous reports of T cell epitopes within capsid proteins of 

diverse viruses, no studies have explored RV. The RV capsid is composed of four proteins 

(VP1-4) that assemble to form an icosahedral structure [14]. Exposure of VP1 and VP2 on 

the capsid surface makes them attractive targets for an immune response, as evidenced by 

the ability to readily detect anti-VP1 antibodies, including IgG, in the serum [41–43]. 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 [52]. These 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 are readily detectable in adults due to repeat priming by previous RV 

infections. In this chapter, we describe the identification of CD4+ T cell epitopes of RV 
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capsid proteins, the development of peptide/MHC class II (pMHCII) tetramers displaying 

these epitopes, and the characterization of circulating CD4+ T cells specific for VP1 and 

VP2. Furthermore, by integrating in vitro and in silico epitope mapping, we validate and 

interrogate the immunodominant epitopes recognized by circulating CD4+ T cells in healthy 

subjects, and establish their cross-reactive potential. 

Materials and Methods 

Human Subjects 

Experiments were carried out in 61 healthy subjects (aged 18-45 years), who reported 

no cold symptoms at the time of participation. Written informed consent was obtained from 

all subjects, and all studies were approved by the University of Virginia Human Investigation 

Committee and Benaroya Research Institute Institutional Review Board.  

HLA Typing 

Venous blood was collected in BD Vacutainer® Sodium Citrate Tubes (BD 

Biosciences, San Jose, CA), followed by genomic DNA extraction using the Gentra 

Puregene Blood Kit (Qiagen, Germantown, MD). Human leukocyte antigen (HLA) typing 

was performed using DRB1 SSP Unitray Kits (Invitrogen, Carlsbad, CA), according to the 

manufacturer’s instructions. 

PBMC Isolation 

Venous blood samples were collected in heparinized syringes, and PBMCs were 

isolated by Ficoll gradient centrifugation. Cells were either used fresh for tetramer-guided 

epitope mapping (TGEM) experiments, or else viably cryopreserved in FBS + 10% DMSO 

and stored in liquid nitrogen. 
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Tetramer-Guided Epitope Mapping 

Tetramer-guided epitope mapping was used to identify CD4+ T cell epitopes of RV 

capsid proteins, and to generate pMHCII tetramers. These experiments were performed by 

the laboratory of Dr. William Kwok at the Benaroya Research Institute. Briefly, peptide 

libraries (20mer peptides with 12 aa overlap) were generated to span the length of the RV-

A16 and RV-A39 VP1, VP2, and VP4 capsid protein sequences (UniprotKB accession 

#Q82122, Q5XLP5)[284]. Peptide/MHC class II tetramers for different commonly-

expressed HLA molecules (HLA-DRB1*0101, *0301, *0401, *0404, *0701, 1101, 1501, and 

DRB5*0101 for RV-A16; HLA-DRB1*0401 for RV-A39) were then assembled, and 

displayed either pooled or individual peptides [285]. Biologically relevant pMHCII tetramers 

were identified as follows: (1) PBMC cultures established from healthy donors with known 

HLA-DR types were stimulated with RV peptide pools for 14 days, and then stained with 

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

with single-peptide tetramers; (3) tetramers giving strong signals (≥1% of total CD4+ T cells) 

in multiple subjects in the single-peptide tetramer screen were then retested for their ability 

to detect RV-specific CD4+ T cells directly ex vivo. All experiments were performed in 

subjects expressing the relevant HLA-DR allele. 

Ex Vivo Flow Cytometry Analysis of Tetramer+ Cells 

PBMCs from subjects expressing relevant HLA-DR alleles were stained with PE-

conjugated rhinovirus pMHCII tetramers, without in vitro stimulation. When available, 

tetramers displaying an irrelevant peptide (GAD555-567) were used as a negative staining 

control [286]. Cells were then labeled with anti-PE magnetic beads and enriched using an 

AutoMACS separator (Miltenyi Biotec, Auburn, CA). Cells were then stained for cell viability 
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and surface markers of interest, and then analyzed using a BD LSR Fortessa (BD 

Biosciences, San Jose, CA). The precursor frequencies of circulating tetramer+ cells were 

calculated using an unenriched sample, according to established methods (Frequency=n/N, 

where n is the number of tetramer+ cells in the enriched sample, and N is the total number 

of CD4+ T cells in the sample)[287]. 

Sequence Alignment Analyses 

The sequences of VP1 and VP2 epitopes were compared with other RV strains using 

a protein BLAST search (National Center for Biotechnology Information)[288]. Multiple 

sequence alignments of BLAST results were performed using Jalview version 2.8.2 [289]. 

Graphs depicting sequence percent identity were generated using GraphPad Prism 7 

(GraphPad Software, Inc., La Jolla, CA). 

In Silico Prediction of HLA Binding and Epitope Prediction 

MHC class II binding predictions for RV capsid polyproteins were performed using 

the Immune Epitope Database (IEDB) consensus method. This method integrates three 

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

peptide scanning library (Comblib)—to identify a 15mer consensus epitope [290–293]. In 

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

instead [294]. MULTIPRED2, an epitope prediction program that uses the NetMHCpan and 

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

corresponding to HLA class I and II supertypes [295–298]. 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. 
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Location of T Cell Epitopes Within the Three-Dimensional RV Capsid Structure 

The locations of CD4+ T cell epitopes within the three-dimensional structure of the 

virus capsid were visualized using PyMol, based on the X-ray crystal structure of native RV-

A16 at 2.15-Å resolution (PDB code 1aym)[299,300]. 

Assay to Assess T Cell Cross-Reactivity 

The capacity for RV-specific CD4+ T cells to expand and produce cytokines in 

response to RV-derived peptide epitopes was assessed using established methods [285]. 

Briefly, PBMCs from healthy HLA-DRB1*0401+ subjects were stimulated with RV-A39 

peptides (VP260: SDDNWLNFDGTLLGNLLIFP, >90% purity) (New England Peptides, 

Gardner, MA), or else left unstimulated, for 14 days. Supplemental recombinant human IL-2 

was added on day 7 (10 U/mL, Life Technologies, Carlsbad, CA). Cells were then stained 

with both RV-A16 and RV-A39 pMHCII tetramers and re-stimulated with PMA and 

ionomycin in the presence of Brefeldin A, followed by staining for viability, cell surface 

markers and intracellular cytokines. Cells were analyzed using a BD LSR Fortessa, and data 

was analyzed using FlowJo (Tree Star, Ashland, OR). Complex cytokine signatures were 

analyzed using SPICE version 5.3, downloaded from http://exon.niaid.nih.gov [301]. 

Flow Cytometry Antibodies and Reagents 

Fluorochrome-conjugated monoclonal antibodies for flow cytometry included: anti-

CD3 (clone SK7), anti-CD4 (L200), anti-CD14 (MφP9), anti-CD19 (SJ25C1), anti-CD45RA 

(HI100), anti-CXCR5 (RF8B2), anti-PD-1 (EH12.1), anti-IL-4 (8D4-8) (BD Biosciences, San 

Jose, CA); anti-CD4 (clone SK3), anti-CD25 (BC96), anti-CD45RO (UCHL1), anti-IL-7Rα 

(A019D5), anti-CXCR3 (G025H7), anti-CXCR5 (J252D4), anti-CCR7 (G043H7), anti-IFN-γ 

(B27), IL-17A (BL168), anti-IL-21 (3A3-N2) (Biolegend, San Diego, CA); anti-CCR4 (clone 
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205410)(R&D Systems, Minneapolis, MN); anti-CD3 (clone UCTH1), anti-CD4 (OKT4), 

anti-CD14 (61D3), anti-CD19 (SJ25C1), anti-CD25 (BC96) (eBioscience, San Diego, CA). 

Aqua viability dye was obtained from Invitrogen (Carlsbad, CA), and compensation beads 

were obtained from BD Biosciences (San Jose, CA). Anti-PE MicroBeads were obtained 

from Miltenyi Biotec (Auburn, CA). Fix & Perm solution and Alexa Fluor® 
568 Protein 

Labeling Kits were purchased from Life Technologies (Carlsbad, CA). 

Statistical Methods 

Percentages of T cells with discrete phenotypes were compared using the Wilcoxon 

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

unpaired analyses. 

Results 

RV Epitopes Bind Multiple HLA Molecules and Are Conserved 

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

interrogate their epitope specificity by TGEM. Two external (VP1 & VP2) and one internal 

(VP4) capsid protein of RV were selected for analysis. TGEM of RV-A16 was performed in 

24 subjects in the context of 8 common HLA-DR molecules that provide ≥80% coverage of 

the US population, using PBMCs from 24 subjects. This process yielded 45 pMHCII 

tetramers displaying 30 candidate epitopes from VP1 and VP2 (Table 2-1). No epitopes for 

VP4 were identified. Twelve tetramers provided reliable signals when used for direct ex vivo 

staining of PBMCs (≥2 tetramer+ cells per 106 CD4+ T cells in ≥3 subjects), yielding 

frequencies up to 247 per 106 CD4+ T cells (Table 2-1). Four of these validated tetramers 

displayed VP1 epitopes (three unique), and eight displayed VP2 epitopes (seven unique). 

Two of these epitopes (VP1P23 and VP2P21) bound two different MHC molecules each, 
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indicating HLA promiscuity. In addition, TGEM of RV-A39 was performed for the 

common HLA-DR molecule, HLA-DRB1*0401 (HLA-DR4) alone, yielding one epitope 

each of RV-A39 VP1 and VP2. 

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

the 77 strains belonging to RV species A. Specifically, 8 of the 12 RV-A16 and RV-A39 

epitopes had ≥85% amino acid sequence identity with ≥88% of all RV-A strains, including 

three were identical to >50% of RV-A strains (Table 2-2)[302]. Although sequence identity 

was lower with RV-B strains, seven epitopes had 65-95% identity across ≥72% of RV-B 

strains. As expected, RV-A epitopes had the lowest identity with RV-C strains, which 

diverge in sequence from RV-A and RV-B species. Nonetheless, sequence similarities of 

≥50% were observed for nine 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.  
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Table 2-1. Peptides Containing Candidate Epitopes of RV-A16 VP1 and VP2 

HLA 
Allele Epitope In vivo Frequency 

(% CD4)* 
Ex vivo Frequency 
(# per 106 CD4)† Validated 

 

1*0101 VP1P18 HIVMQYMYVPPGAPIPTTRN 3.51, 0, 0 NA N 

VP1P20 TTRNDYAWQSGTNASVFWQH 18.7, 0, 0 NA N 

VP1P23 PRFSLPFLSIASAYYMFYDG 8.37, 0.35, 2.37 6, 15, 6 Y 

VP2P12 GIFGENMFYHFLGRSGYTVH 0.63, 0, 1.23 NA N 

VP2P22 NWLNFDGTLLGNLLIFPHQF 0.35, 0, 0 NA N 

VP2P23 LLGNLLIFPHQFINLRSNNS 1.6, 3.19, 1.58 NA N 

VP2P24 PHQFINLRSNNSATLIVPYV 2.82, 3.17, 11.3 17, 148, 26 Y 
 

1*0301 VP2P21 NEKQPSDDNWLNFDGTLLGN 1.57, 0.87 29, 4, 6 Y 

VP2P22 NWLNFDGTLLGNLLIFPHQF 2.61, 0.75 NA N 
 

1*0401 VP1P14 QIRRKFEMFTYARFDSEITM 0.59, 0.96 4 N 

VP1P18 HIVMQYMYVPPGAPIPTTRN 0, 0.65 2 N 

VP2P21 NEKQPSDDNWLNFDGTLLGN 5.13, 0.89 9, 63, 3 Y 

VP2P22 NWLNFDGTLLGNLLIFPHQF 3.38, 0.89 1 N 

VP2P25 SNNSATLIVPYVNAVPMDSM 0, 0.46 NA N 

 
1*0404 

VP1P17 AAKDGHIGHIVMQYMYVPPG 2.00, 2.99, 2.60 112 N 

VP1P18 HIVMQYMYVPPGAPIPTTRD 1.84, 4.22, 2.76 247, 10, 52, 5 Y 

VP2P3 RGDSTITSQDVANAVVGYGV 6.86, 1.61 36, 1, 38, 5 Y 

VP2P8 TSSNRFYTLDSKMWNSTSKG 0.77, 1.82 2 N 

VP2P15 ASKFHQGTLLVVMIPEHQLA 0.98, 0.81 NA N 

VP2P21 NEKQPSDDNWLNFDGTLLGN 0, 0.65 NA N 
 

1*0701 VP1P15 FTYARFDSEITMVPSVAAKD 0.26, 0 NA N 

VP1P16 EITMVPSVAAKDGHIGHIVM 0.60, 0 NA N 

VP1P23 PRFSLPFLSIASAYYMFYDG 1.84, 0.74 3, 8, 13, 2 Y 

VP1P27 VVTNDMGTLCSRIVTSEQLH 0, 0.13 NA N 

VP1P32 RPPRAVQYSHTHTTNYKLSS O.53, 0 NA N 

VP2P26 VPYVNAVPMDSMVRHNNWSL 1.57, 0.84 4, 16, 14, 5 Y 
 

1*1101 VP1P29 EQLHKVKVVTRIYHKAKHTK 3.35, 2.79 0, 3, 0 N 

VP2P1 PSVEACGYSDRIIQITRGDS 1.59, 1.16, 0.66 NA N 

VP2P2 SDRIIQITRGDSTITSQDVA 2.18, 1.22, 2.28 8, 11, 15 Y 

VP2P8 TSSNRFYTLDSKMWNSTSKG 0, 0, 0.26 NA N 

VP2P9 LDSKMWNSTSKGWWWKLPDA 0.22, 0, 0 NA N 

VP2P12 GIFGENMFYHFLGRSGYTVH 1.55, 0, 0.38 NA N 

VP2P22 NWLNFDGTLLGNLLIFPHQF 0, 1.31, 0 NA N 
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1*1501 VP1P23 PRFSLPFLSIASAYYMFYDG 0.28, 0.78, 0 NA N 

VP1P24 SIASAYYMFYDGYDGDTYKS 0.31, 0, 0 NA N 

VP2P15 ASKFHQGTLLVVMIPEHQLA 0.55, 0.53 NA N 

VP2P16 LLVVMIPEHQLATVNKGNVN 0, 3 NA N 

VP2P25 SNNSATLIVPYVNAVPMDSM 9.02, 2.26 31, 5, 13, 71 Y 

VP2P30 ISNIVPITVSISPMCAEFSG 0.46, 0 NA N 

VP2P31 ITVSISPMCAEFSGARAKTV 0.37, 0 NA N 
 

DRB5 VP1P21 QSGTNASVFWQHGQPFPRFS 3.91, 0.95 11, 28, 20 Y 

VP1P22 FWQHGQPFPRFSLPFLSIAS 3.52, 0.74 10, 4 N 

VP1P23 PRFSLPFLSIASAYYMFYDG 2.03, 2.90 11 N 

VP2P10 TSKGWWWKLPDALKDMGIFG 3.93, 4.49, 0.38 60, 24, 136 Y 

VP2P24 PHQFINLRSNNSATLIVPYV 0, 0.67, 0 NA N 

Validated epitopes are shown in bolded font. *Based on percentage of CD4+ T cells that 

were tetramer+ in PBMC cultures stimulated with corresponding peptide pools (n=24). 
†Based on frequency of tetramer+ CD4+ T cells stained directly ex vivo, without peptide 

culture (n=29). NA, not applicable. 

 



 

 

Table 2-2. Sequence Similarity Between RV Epitopes and RV Strains Belonging to Species A, B, and C 
 

Epitope 
------------------------------------------- RV-A ------------------------------------------- -------------- RV-B -------------- ------------ RV-C ------------ 

 100% 99-95% 94-90% 89-85% Sum Total Range Total Range 

---
---

---
---

---
---

---
---

---
---

---
---

---
---

-- 
R

V
-A

16
 --

---
---

---
---

---
---

---
---

---
---

---
---

---
---

  VP2P3 RGDSTITSQDVANAVVGYGV 40/77 
(51.9%) 

17/77 
(22.1%) 

10/77 
(13.0%) 

7/77 
(9.1%) 

74/77 
(96.1%) 

10/29 
(34.5%) 72-67% 1/51 

(2.0%) 72% 

 VP2P2 SDRIIQITRGDSTITSQDVA 50/77 
(64.9%) 

8/77 
(10.4%) 

13/77 
(16.9%) 

2/77 
(2.6%) 

73/77 
(94.8%) 

23/29 
(79.3%) 65% 21/51 

(41.2%) 78-72% 

 VP1P23 PRFSLPFLSIASAYYMFYDG 39/77 
(50.6%) 

14/77 
(18.2%) 

3/77 
(3.9%) 

17/77 
(22.1%) 

73/77 
(94.8%) 

21/29 
(72.4%) 74-68% 7/51 

(13.7%) 70-65% 

 VP2P26 VPYVNAVPMDSMVRHNNWSL 8/77 
(10.4%) 

53/77 
(68.8%) 

5/77 
(6.5%) 

6/77 
(7.8%) 

72/77 
(93.5%) 

23/29 
(79.3%) 82-71% 7/51 

(13.7%) 76-70% 

 VP2P10 TSKGWWWKLPDALKDMGIFG 31/77 
(40.3%) 

33/77 
(42.9%) 

1/77 
(1.3%) 

7/77 
(9.1%) 

72/77 
(93.5%) 

21/29 
(72.4%) 95-84% 4/51 

(7.8%) 89-79% 

 VP2P24 PHQFINLRSNNSATLIVPYV 7/77 
(9.1%) 

43/77 
(55.8%) 

12/77 
(15.6%) 

8/77 
(10.4%) 

70/77 
(90.9%) 

23/29 
(79.3%) 85-70% 7/51 

(13.7%) 75-70% 

 VP2P25 SNNSATLIVPYVNAVPMDSM 7/77 
(9.1%) 

59/77 
(76.6%) 

4/77 
(5.2%) 

0/77 
(0.0%) 

70/77 
(90.9%) 

22/29 
(75.9%) 84-68% 7/51 

(13.7%) 74-68% 

 VP1P21 QSGTNASVFWQHGQPFPRFS 2/77 
(2.6%) 

16/77 
(20.8%) 

21/77 
(27.3%) 

29/77 
(37.7%) 

68/77 
(88.3%) 

0/29 
(0.0%) NA 0/51 

(0.0%) NA 

 VP2P21 NEKQPSDDNWLNFDGTLLGN 17/77 
(22.1%) 

5/77 
(6.5%) 

20/77 
(26.0%) 

9/77 
(11.7%) 

51/77 
(66.2%) 

6/29 
(20.7%) 89% 0/51 

(0.0%) NA 

 VP1P18 HIVMQYMYVPPGAPIPTTRD 1/77 
(1.3%) 

3/77 
(3.9%) 

8/77 
(10.4%) 

28/77 
(36.4%) 

40/77 
(51.9%) 

3/29 
(10.3%) 79-54% 0/51 

(0.0%) NA 

R
V
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  VP1P14  AQVRRKFEMFTYVRFDSEIT 1/77 
(1.3%) 

10/77 
(13.0%) 

24/77 
(31.2%) 

27/77 
(35.1%) 

62/77 
(80.5%) 

8/29 
(27.6%) 80-75% 5/51 

(9.8%) 90-80% 

 VP2P60  SDDNWLNFDGTLLGNLLIFP 5/77 
(6.5 %) 

13/77 
(16.9%) 

20/77 
(26.0%) 

17/77 
(22.1%) 

55/77 
(71.4%) 

24/29 
(82.8%) 70-5-% 6/51 

(11.8%) 60-50% 

 

Values denote the number of RV-A types with the given amino acid sequence identities, with percentages in parentheses. For species 
B and C, the total number of strains within the top 5000 hits and their corresponding range of amino acid identities are given. 
Peptides are listed from highest to lowest sum sequence identity for RV-A. The total number of RV types within each species is 
based on classification of McIntyre et al. [302]. NA, not applicable.
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HLA Class I and II Binding Hotspots Localize to Conserved Regions of 

VP1 and VP2 

There was good agreement between CD4+ T cell epitopes identified by TGEM and 

those predicted by in silico methods. At least one consensus 15mer epitope was predicted for 

each TGEM epitope in the context of its relevant HLA molecule using the IEDB consensus 

method (Table 2-3). This algorithm accounts for the contribution of flanking residues to 

HLA binding [290–294]. Furthermore, 13 of the 14 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 

(Figure 2-1). Core epitopes of VP1P23 and VP2P10 were the most highly conserved within the 

picornavirus family (Figure 2-1). 

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 1077 class I 

and class II molecules without accounting for the contribution of flanking residues 

(MULTIPRED2)[295]. By this method, only two 9mer CD4+ T cell epitopes corresponding 

to any TGEM epitope were identified. These epitopes were nested within VP1P23 (aa 187-

195) and VP2P24 (aa 189-197), and were predicted to bind to those HLA molecules displaying 

the corresponding TGEM epitopes (i.e. *0101 and *0701 for VP1P23, and *0101 for VP2P24), 

as well as >80% of molecules of the corresponding HLA supertype (Table 2-3 & Figure 

2-2). No 9mer epitopes for VP4 were predicted by this method (data not shown). By contrast, 

12 of the 14 epitopes predicted by TGEM were predicted using a 19mer input for the same 

algorithm (Table 2-3). 
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Because CD8+ T cells are central to anti-viral immunity, we next queried whether 

RV-A16 epitopes might also provide a target for CD8+ T cells. Using MULTIPRED2, we 

predicted a high density of MHC class I binding motifs for HLA-A, -B, and –C supertypes 

spanning two regions, designated A (VP1 aa 140-200) and B (VP2 aa 160-200) (Figure 2-2). 

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 (Figure 2-2). 

Motifs were predicted for molecules belonging to all HLA class I supertypes, including 

>55% of all molecules within most HLA-A and HLA-B supertypes. Together, these results 

confirm the potential for conserved epitopes of RV capsid proteins to bind a broad array of 

HLA molecules, and to activate both CD4+ and CD8+ T cells.  
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Table 2-3. Predicted MHCII Binding of TGEM Epitopes of RV VP1 & VP2 

 HLA 
Allele Epitope Amino Acid 

Position 
Consensus 

Rank 
NetMHCIIpan 

 9mer IC50 19mer IC50 

---
---

---
---

---
---

---
---

---
---

---
---

---
-- 

R
V

-A
16

 --
---

---
---

---
---

---
---

---
---

---
---

---
---

 

1*0101 VP1P23  PRFSLPFLSIASAYYMFYDG  181-200 1.58 172.97 5.67 

VP2P24  PHQFINLRSNNSATLIVPYV  186-205 3 181.55 8.98 

1*0301 VP2P21  NEKQPSDDNWLNFDGTLLGN  162-181 1.03 4370.08 302.6 

1*0401 VP2P21 NEKQPSDDNWLNFDGTLLGN  162-181 3.81 5426.27 549.54 

1*0404 VP1P18  HIVMQYMYVPPGAPIPTTRD  141-160 0.17 6965.00 151.24 

VP2P3  RGDSTITSQDVANAVVGYGV  18-37 12.10 10711.98 459.38 

1*0701 VP1P23 PRFSLPFLSIASAYYMFYDG  181-200 1.41 475.46 14.74 

VP2P26  VPYVNAVPMDSMVRHNNWSL  202-221 3.75 6153.57 287.34 

1*1101 VP2P2  SDRIIQITRGDSTITSQDVA  10-29 1.33 3995.77 696.30 

1*1501 VP2P25  SNNSATLIVPYVNAVPMDSM  194-213 6.64 9592.89 298.16 

DRB5 VP1P21  QSGTNASVFWQHGQPFPRFS  165-184 1.02 2664.32 38.55 

VP2P10 TSKGWWWKLPDALKDMGIFG 74-93 2.85 1218.18 91.2 

R
V

-A
39

 

1*0401 VP1P14  AQVRRKFEMFTYVRFDSEIT 105-124 2.36 4512.74 364.91 

 VP2P60  SDDNWLNFDGTLLGNLLIFP 169-188 3.81 5426.27 222.37 

Epitopes were identified and validated by TGEM, and predicted 9mer cores and binding 

constants were generated using in silico approaches (IEDB Consensus, NetMHCIIpan). 

Predicted 9mer binding cores are underlined. Bolded values meet defined criteria for 

predicted MHCII binding (IEDB Consensus Rank ≤10; NetMHCIIpan IC50 >500).
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Figure 2-1. Core Epitopes Displayed by Validated RV pMHCII Tetramers Map 

to Conserved Regions of Capsid Proteins 

(A) Location of predicted core epitopes within RV VP1 and VP2 amino acid sequences. The 

sequence identity for all 77 RV-A strains is depicted by the solid black line, while blue 

shading denotes the location of RV-A16 core epitopes, and red the RV-A39 core epitopes.  

(B) Sequence alignment of RV-A16 VP1P23 and VP2P10 with non-RV picornavirus family 

members. Shading denotes degree of sequence identity, while red lines denote the predicted 

core epitopes. 
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Figure 2-2. HLA Class I and II Binding Hotspots Localize to Conserved 

Regions of VP1 and VP2 Capsid Proteins  

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 (A) the major MHC class I 

supertypes, HLA-A, -B, and –C; and (B) common MHC class II DRB1 supertypes used in 

TGEM studies, and less common DRB1 supertypes. Epitopes with predicted binding to 

≥20% of molecules from each supertype (dotted line) are shown. IC50 threshold ≤500nM.  
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VP1 Epitopes of RV-A16 Map to the Hydrophobic Binding Pocket 

The existence of conserved T cell epitopes might seem to contradict the selective 

pressures that drive antigenic diversity of RV species. Thus, we explored whether 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 the external and/or internal surfaces of the viral 

capsid (Figure 2-3). In addition, 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 [30,44,303,304]. 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 [300]. 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 (Figure 2-3)[300,305].  
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Figure 2-3. Position of RV-A16 T Cell Epitopes Within the Capsid Structure 

(A) Assembly of protomers to form the RV capsid. VP1, 2, and 3 are external, while VP4 is 

internal. (B) Position of epitopes on the external and internal aspects of the RV capsid 

protomer. T cell epitopes are colored according to the given key. (C) Footprint of the 

canyon within a triangular capsid subunit composed of VP1+VP2 from one protomer and 

VP3 from the adjacent protomer. Schematic adapted from [45]. (D) Location of canyon and 

pocket binding factor within one protomer viewed from the capsid interior. Expanded view 

depicts VP1 only for simplicity. Residues with an atom within 4 Å of the pocket factor are 

depicted as white sticks (Ile1098, Asn1099, Leu1100, Asn1212, Met1214, His1260)[300]. Residues 

associated with the binding pocket are shown in orange (Tyr1144 & Pro1146). Lauric acid, a 

representative pocket factor, is shown as a black stick model.  
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Pre-Existing Epitope-Specific CD4+ T Cells Display TH1 Signatures 

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

be expected to induce circulating memory CD4+ T cell populations 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 29 healthy revealed robust frequencies of up to 247 tetramer+ cells per 106 

CD4+ T cells (Figure 2-4). These cells had a predominant memory phenotype (>60% 

CD45RA—) and displayed a TH1 signature (CXCR3+, CCR4—) that was uniform across all 

epitope specificities. Tetramer+ cells included a CXCR5+ subset, suggesting the presence of 

T follicular helper (TFH) cells with lymph node-homing capabilities (Figure 2-4). 

Evidence of T Cell Cross-Reactivity at the Epitope Level 

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

strains. As previously stated, TGEM yielded T cell epitopes for both RV-A16 and RV-A39 

VP2 capsid proteins for HLA-DR4 (RV-A16: VP2P21; RV-A39: VP2P60), which contain 

corresponding core epitopes (Table 2-3 & Figure 2-1). By contrast, no RV-A16 counterpart 

was identified for the RV-A39 VP1 epitope. Stimulating cells from HLA-DR4+ subjects with 

RV-A39 VP2P60 induced expansion of T cells specific for RV-A16 VP2P21, despite different 

flanking residues (Figure 2-5). Expanded RV-specific T cells were predominantly IFN-γ+ 

IL-4—, 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 

(Figure 2-5). These findings establish proof-of-concept for cross-reactive CD4+ T cell 

determinants between different strains.  
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Figure 2-4. Pre-Existing Epitope-Specific Memory Cells Display TH1 and TFH 

Signatures  

(A) Frequencies of RV-specific CD4+ T cells determined by direct ex vivo staining with 

tetramer for each TGEM epitope (n=29, 3-4 subjects per tetramer). (B) Representative data 

showing tetramer+ T cells within the CD4+ T cell gate stained with VP1P18/*0404 and 

VP2P24/*0101 tetramers in four subjects with high and low T cell frequencies. (C) Surface 

phenotype of tetramer+ memory (CD45RA—) CD4+ T cells analyzed directly ex vivo. Bars 

denote geometric means. (D) Representative data from one subject showing expression of 

surface markers on memory CD4+ T cells. ***p≤0.001.  
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Figure 2-5. Proof-of-Concept of T Cell Cross-Reactivity at the Epitope Level 

(A) Alignment of corresponding RV-A39 and RV-A16 HLA-DR4-restricted epitopes of 

VP2. Predicted core epitopes are underlined. Gray residues denote different flanking 

residues. (B) Scatterplots showing representative tetramer staining. (C) Cells from four 

HLA-DR4+ seronegative subjects were either stimulated with RV-A39 VP2P60 (+) or 

unstimulated (–) for 14 days. Cells were then stained with tetramers displaying RV-A39 

VP2P60 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 the control tetramer. Bars denote means ± SEM. 

*p≤0.05. (D) Representative histograms showing cytokine expression in RV-A39 and RV-

A16 VP2-specific CD4+ T cells after culture. Shaded histograms denote fluorescence-minus-

one (FMO) controls. (E) Average cytokine profiles for RV-A39 and RV-A16 VP2-specific 

CD4+ T cells after stimulation with RV-A39 VP2P60 analyzed by SPICE (n=4). Each pie slice 

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

each phenotype.  
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Discussion 

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

comprehensive map of CD4+ T cell epitopes of the RV capsid proteins VP1 and VP2. 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. Pre-existing 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 [306–308]. 

TGEM provides a sensitive and comprehensive approach for identifying T cell 

epitopes restricted to a specific HLA molecule [309]. 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 

validated epitopes in the context of 8 HLA-DR molecules, covering >80% of the general 

population. Indeed, RV-specific T cells targeting the same HLA-DR4-restricted epitope were 

readily detected in 11 HLA-DR4+ 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 
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within TGEM epitopes highlighted their potential to activate CD8+ T cells in tandem with 

CD4+ T cells. A major advantage of our approach as compared with other epitope mapping 

methods—such as ELISPOT, intracellular cytokine assays, or proliferation assays—is that 

the identified epitopes identified by TGEM are proven to bind to specific MHC molecules. 

In addition, TGEM is highly sensitive based on its ability to detect cell frequencies as low as 

1 in 300,000 CD4+ T cells [309,310]. Assay sensitivity is critical, given the low precursor 

frequency of antigen-specific CD4+ T cells in the T cell repertoire and their random 

distribution in tissue culture wells. Thus, less-sensitive methods such as ELISPOT often 

warrant the use of statistical modeling to confirm immunodominance [311]. Subsequent to 

the publication of our results, Gaido et al. confirmed two of our four TGEM epitopes using 

proliferation assays [312].  

The T cell frequencies observed in this chapter were within the range of those 

reported using pMHCII tetramers for other viral epitopes in the absence of current 

exposure, including those present several years after vaccination [313,314]. Because 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 HLA-

DR4-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 an HLA-DR4-restricted VP1 epitope of RV-A39 is likely explained by 

differences in sequence within the 9mer core epitope. 
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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 by TGEM, 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 [315]. Although 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 the 

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 [316]. 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 importance of 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 re-infection with the same strain [48,49,275,277]. However, 

attempts to develop cross-protective antibody-based vaccines have been disappointing due 

to the high degree of antigenic among the numerous identified RV serotypes [76,280]. 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 [52]. There are several lines of evidence to support a protective role 

for CD4+ T cells in RV infections in humans. For example, RV-specific CD4+ T cell clones 

produce IFN-γ and proliferate in response to stimulation with multiple RV serotypes 
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[65,317]. Moreover, higher proliferation and IFN-γ responses before RV infection have been 

linked to reduced viral shedding after inoculation [64].  

In this chapter, we have identified conserved CD4+ T cell epitopes of RV 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. Further elucidation of the complexity and function of RV-

specific T cells and their relationship to clinical and immune outcomes following infection is 

warranted. 

 

 

 

 

 

 

 

 

 

This chapter was adapted from: L Muehling*, D Mai*, W Kwok, P Heymann, A Pomés, J Woodfolk. 
“Circulating memory CD4+ T cells target conserved epitopes of rhinovirus capsid proteins and respond 
rapidly to experimental infection in humans.” J Immunol (2016). *Equal contribution. 

& 

L Muehling, R Turner, K Brown, P Wright, J Patrie, S Lahtinen, M Lehtinen, W Kwok, J Woodfolk. 
“Single-cell tracking reveals a role for pre-existing CCR5+ memory TH1 cells in the control of rhinovirus-
A39 after experimental infection in humans.” J Infect Dis (2018). 



 

 

57 

Chapter 3 — A Role for Pre-Existing CCR5+ Memory TH1 Cells in the Control 

of Rhinovirus-A39 in Healthy Individuals 

Introduction 

As previously discussed, although the common cold poses a significant public health 

and economic burden, there are currently no effective treatments for rhinovirus infection, 

and attempts at vaccine development have failed [76,280]. Despite several decades of study, 

knowledge of adaptive immunity to RV remains nascent. Neutralizing antibody responses 

are known to prevent re-infection with the same strain; however, they are not cross-

protective [21,23,47,48,50,275]. The induction of neutralizing antibodies during infection and 

the presence of serum IgG antibodies specific for RV capsid proteins each indicate a 

requirement for T cell help [41,53]. This is bolstered by identification of RV-specific CD4+ T 

cell clones that secrete IFN-γ and the presence of IFN-γ+ CD4+ T cells in the 

bronchoalveolar lavage of asthmatics undergoing experimental RV challenge [65,244]. In 

Chapter 2, we report the identification of immunodominant CD4+ T cell epitopes of RV 

capsid proteins, VP1 and VP2. 

In this chapter, we describe the use of pMHCII tetramers to precisely track RV-

specific CD4+ T cells and assess their relationship to infection profiles after intranasal 

challenge with RV-A39. Owing to inherent variability in the response to RV in humans, we 

sought to monitor only those T cells with identical epitope specificities. To accomplish this, 

we recruited HLA-DR4+ subjects within a large cohort of subjects who participated in a 

clinical trial of probiotic supplementation for the common cold [318,319]. Our findings 

support a key role for CCR5+ TH1 effectors in the control of RV infection. 
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Materials and Methods 

Human Subjects and RV-A39 Experimental Challenge Study 

Subjects expression the common allele HLA-DR4 were identified by HLA typing a 

large cohort enrolled in a randomized double-blind placebo-controlled trial of probiotic 

supplementation for common cold using Bifidobacterium animalis subsp. lactis (Bl-04) at the 

University of Virginia Medical Center (NCT01669603) (Table 3-1 & Figure 3-1). All 

subjects were healthy with no history of allergic or respiratory diseases, and were 

seronegative for the challenge strain (RV-A39, serum neutralizing antibody titer [NAT] 

≤1:4). Informed consent was obtained from all study participants, and research was 

approved by the UVA Human Investigation Committee.  

Details of the parent challenge study have previously been published [319]. Briefly, 

subjects were randomized to receive either Bl-04 probiotic or placebo daily for 28 days prior 

to RV inoculation, continuing for 4 days post-inoculation. Subjects were inoculated 100 

TCID50 RV-A39 split between both nostrils (FDA-BB-IND #12934), and subjects were 

followed for 21 days following inoculation. Sixteen healthy HLA-DR4+ subjects (ages 18-60 

years) completed RV challenge. Blood was obtained from study subjects before treatment 

(day -28), before RV-A39 challenge (day 0), and during acute and convalescent infection 

(days 5 and 21) (Figure 3-1). Nasal wash specimens for T cell studies were analyzed from an 

additional eight HLA-diverse subjects on day 5 of RV-A39 challenge, and additional healthy 

HLA-DR4+ subjects not undergoing RV challenge were recruited for functional studies. 

 

 

 



 

 

59 

Table 3-1. Characteristics of Study Subjects 

 
HLA-DR4+ 

Subjects 
(n=16) 

Female Gender [n (%)] 12 (75%) 
Race [n (%)]  

Asian 0 (0%) 
Black 0 (0%) 
White 15 (94%) 
Other 1 (6%) 

Ethnicity [n (%)]  
Hispanic 1 (6%) 
Non-Hispanic 14 (88%) 
Unknown 1 (6%) 

Age [yrs, mean (SD)] 21.25 (3.7) 
 

 

 

 

 

 

 

Figure 3-1. Study Design and Subject Enrollment 

[Next] Figure 3.1. Study Design and Subject Enrollment  

(A) Schematic depicting the experimental model of probiotic supplementation with RV-A39 

challenge. (B) Consort diagram depicting the enrollment of HLA-DR4+ subjects who tested 

seronegative for RV-A39 at screening and completed a double-blind placebo-controlled 

study of probiotic supplementation for the common cold.   
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Assessment of Viral Exposure and Infection Status 

As a component of the parent study screening process, serum was obtained during 

subject screening (8-9 weeks prior to RV challenge), as well as at days 0 and 21. RV-A39-

specific serum NAT were determined using standard microtiter assays [51]. Nasal washes 

were performed on days 1-5 of infection, and were assessed for RV-A39 viral titer using a 

semi-quantitative culture assay [51]. Subjects were considered to be infected if they had a ≥4-

fold increase in RV-A39 NAT at day 21 as compared with day 0, and/or if RV-A39 was 

identified in at least one nasal wash. Natural exposure to respiratory viruses including related 

rhinovirus/enterovirus species prior to RV challenge was assessed in day 0 nasal washes by 

polymerase chain reaction (PCR) (Luminex xTag® Respiratory Virus Panel, Austin, TX). 

Flow Cytometric Analysis of Tetramer+ Cells 

Tetramer staining was performed as described in Chapter 2, both for direct ex vivo 

staining and for intracellular cytokine staining following in vitro peptide culture. Virus-specific 

cells were identified using two RV-A39 tetramers displaying conserved epitopes of VP1 and 

VP2 (see Chapter 2).  

Unsupervised high-dimensional analysis of flow cytometry data was performed using 

a t-distributed stochastic neighbor embedding (t-SNE) algorithm via ACCENSE and 

Cytobank (http://cytobank.org) [320,321]. Expression of CD45RO, CCR7, CCR5, CD25, 

and IL-7Rα were used to generate t-SNE plots. Complex cytokine signatures were analyzed 

using SPICE version 5.3, as described in Chapter 2 [301]. 
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Analysis of Cytokines and CD4+ T Cells in Nasal Wash Specimens 

 Cytokines were analyzed in day 0 and 4 nasal washes by multiplex assay (TGFβ, G-

CSF, GM-CSF, IFN-γ, IL-1α, IL-12p70, IL-15, MIP-3α, IL-1β, IL-6, IP-10, MCP-1, 

MIP1α, and TNFα; Aushon BioSystems, Inc., Billerica, MA). IL-8 was assessed by an 

enzyme-linked immunosorbent assay (ELISA) (R&D Systems, Minneapolis, MN). 

 To analyze nasal T cells in day 5 nasal washes, mucus was gently dissociated with 

warm phosphate-buffered saline (PBS) and filtered through a 35-µm nylon mesh filter 

(Corning Life Sciences, Corning, NY). Cells were stained for viability and surface markers as 

described in Chapter 2, before analysis by an LSRFortessa (BD Biosciences, San Jose, CA). 

Flow Cytometry Antibodies and Reagents 

Fluorochrome-conjugated monoclonal antibodies were used for flow cytometry, and 

were as follows: anti-CD3 (clone SK7), anti-CD14 (MφP9), anti-CD19 (SJ25C1), anti-

CD183/CXCR3 (1C6/CXCR3), anti-CD195/CCR5 (2D7/CCR5), anti-CD279/PD-1 

(EH12.1), anti-IL-4 (8D4-8) (BD Biosciences, San Jose, CA); anti-CD4 (SK3), anti-CD25 

(BC96), anti-CD45RO (UCHL1), anti-CD127/IL-7Rα (A019D5), anti-CD185/CXCR5 

(J252D4), anti-CD194/CCR4 (L291H4), anti-CD197/CCR7 (G043H7), anti-IFN-γ (B27), 

anti-IL-17A (BL168), anti-IL-21 (3A3-N2) (Biolegend, San Diego, CA). Compensation beads 

were purchased from BD Biosciences, and aqua viability dye was purchased from Invitrogen 

(Carlsbad, CA). Anti-PE microbeads were purchased from Miltenyi Biotec (Auburn, CA). 

Fix & Perm solution was purchased from Life Technologies (Carlsbad, CA). 
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Statistical Methods 

Within-group comparisons of T cell frequencies and phenotypes at each time point 

were performed using the Wilcoxon signed rank test. Within-subject comparisons of cell 

subpopulations were performed using the Kruskal-Wallis test with Dunn’s multiple 

comparisons correction. Comparisons between probiotic and placebo groups were 

performed using mixed-effects analysis of variance (ANOVA) on log-transformed values 

with Bonferroni correction. Between-group comparisons of time to viral shedding were 

performed using the log-rank chi-square test of Kaplan Meier survival data. Between-group 

comparison of viral titers was performed using repeated-measures ANOVA. Comparisons 

of stimulated and unstimulated cells were performed using the Mann-Whitney rank sum test. 

p<0.05 was considered statistically significant. 

Results 

Experimental RV-A39 Model. 

 To attain sufficient subjects to rigorously characterize and track virus-specific CD4+ 

T cells with identical epitope specificities in an in vivo RV infection model, HLA-DR4+ 

subjects were identified by screening 789 subjects enrolled in a double-blind placebo-

controlled (DBPC) trial of probiotic supplementation for common cold [319]. The seven-

week trial involved a four-week period of probiotic supplementation followed by intranasal 

challenge with RV-A39 and three weeks of subsequent monitoring (Figure 3-1). Forty-two 

subjects were identified who tested negative for serum neutralizing antibodies to RV-A39 

and who expressed HLA-DR4. Of these, 16 subjects completed the seven-week trial 

(probiotic, n=11; placebo, n=5) (Figure 3-1). 
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Baseline Assessment of Virus-Specific CD4+ T Cell Numbers and Memory Status 

 Circulating RV-specific CD4+ T cells were analyzed at days -28 and 0 before RV 

challenge to assess basal T cell numbers and phenotype. Tetramer+ T cells were identified in 

PBMCs using a mixture of two HLA-DR4 tetramers displaying conserved immunodominant 

peptide epitopes from the viral capsid proteins VP1 and VP2 (VP1P14 & VP2P60), as 

described in Chapter 2 (Figure 3-2). Analysis of the data for probiotic effects identified no 

difference in the numbers of RV-specific cells between or within probiotic and placebo 

groups at each time point (p>0.05), consistent with a recent report of a lack of effect of Bl-

04 supplementation on circulating CD4+ T cells (Figure 3-3 & Table 3-1)[322]. Virus-

specific T cells were present in all subjects on days -28 and 0 at frequencies between 2 and 

79 per 106 CD4+ T cells. In post hoc analyses, three subjects were either seropositive to RV-

A39 (n=2) or had positive PCR for RV/enterovirus in nasal wash specimens (n=1) at day 0, 

indicating natural exposure to RV-A39 or related viral species before inoculation (Figure 

3-1). Two of these subjects had high frequencies of RV-specific CD4+ T cells (30 and 70 per 

106 CD4+ T cells), which decreased during the four-week pre-challenge period (Figure 3-3). 

The majority of pre-existing RV-specific cells were central (TCM: CCR7+CD45RO+) or 

effector memory phenotypes (TEM: CCR7—CD45RO+) (Figure 3-3). Although TEM numbers 

decreased within the probiotic group from days -28 to 0 (p=0.037), this effect was not 

significant when naturally exposed subjects were excluded (p=0.148).  
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Figure 3-2. Gating Strategy for the Identification of Tetramer+ CD4+ T Cells 

PBMCs were stained with PE-labeled RV tetramers, and then enriched using an anti-PE 

magnetic column prior to flow cytometry analysis.  
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Figure 3-3. Numbers of Pre-Existing Circulating RV-Specific CD4+ T Cells and 

Their Memory Signature 

(A) Comparison of the numbers of circulating RV tetramer+ cells at day -28 (pre-

supplementation) and day 0 (post-supplementation, immediately before RV inoculation) in 

HLA-DR4+ subjects (probiotic, n=11; placebo, n=5). (B) Representative flow plots from 

three subjects. (C) Numbers of RV tetramer+ cells with naïve (CCR7+CD45RO—), central 

memory (CCR7+CD45RO+), or effector memory (CCR7—CD45RO+) signatures in each 

group. One subject receiving placebo was excluded from phenotypic analyses owing to 

technical limitations. Subjects shown in red have evidence of natural exposure to RV-A39 or 

a related viral species. Bars denote geometric means. *p≤0.05. ns, not significant.  
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Table 3-2. Comparison of RV-Specific CD4+ T Cell Frequency and Phenotype 

Between Probiotic and Placebo Groups 

Study 
Day 

GM Ratio 
(Probiotic: 
Placebo) 

Lower 
95% CL 

Upper 
95% CL 

Unadjusted  
P value 

Bonferroni 
Lower  

95% CL 

Bonferroni 
Upper  

95% CL 

Bonferroni 
Corrected  
P Value 

RV-Specific Cell Precursor Frequency (# per 106 CD4+ T Cells) 

-28 1.82 0.64 5.18 0.255 0.47 7.03 1.000 

0 1.34 0.47 3.81 0.579 0.35 5.17 1.000 

5 2.18 0.76 6.19 0.141 0.56 8.41 0.566 

21 0.66 0.23 1.87 0.425 0.17 2.55 1.000 

Naïve Cell Frequency (% of Tetramer+ Cells) 

-28 0.73 0.16 3.40 0.677 0.10 5.45 1.000 

0 0.29 0.06 1.34 0.107 0.04 2.14 0.429 

5 0.64 0.14 3.00 0.561 0.09 4.81 1.000 

21 0.83 0.18 3.88 0.808 0.11 6.22 1.000 

Central Memory Cell Frequency (% of Tetramer+ Cells) 

-28 0.74 0.30 1.80 0.497 0.23 2.33 1.000 

0 1.14 0.47 2.77 0.769 0.36 3.59 1.000 

5 1.38 0.57 3.35 0.471 0.44 4.34 1.000 

21 1.21 0.50 2.95 0.665 0.38 3.82 1.000 

Effector Memory Cell Frequency (% of Tetramer+ Cells) 

-28 1.38 0.57 3.32 0.464 0.44 4.30 1.000 

0 0.94 0.39 2.27 0.895 0.30 2.94 1.000 

5 1.41 0.58 3.39 0.439 0.45 4.38 1.000 

21 1.39 0.58 3.36 0.451 0.45 4.35 1.000 

CD45RO+ Cell Frequency (% of Tetramer+ Cells) 

-28 1.11 0.71 1.75 0.634 0.61 2.01 1.000 

0 1.10 0.70 1.73 0.665 0.61 1.99 1.000 

5 1.24 0.78 1.95 0.346 0.68 2.24 1.000 

21 1.41 0.89 2.22 0.133 0.78 2.55 0.531 

CCR7+ Cell Frequency (% of Tetramer+ Cells) 

-28 0.87 0.49 1.55 0.636 0.41 1.84 1.000 

0 0.95 0.54 1.70 0.872 0.45 2.01 1.000 

5 0.92 0.52 1.64 0.781 0.44 1.95 1.000 

21 0.87 0.49 1.56 0.639 0.41 1.84 1.000 
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IL-7Rα+ Cell Frequency (% of Tetramer+ Cells) 

-28 0.98 0.56 1.71 0.940 0.48 2.00 1.000 

0 0.77 0.44 1.34 0.353 0.38 1.58 1.000 

5 0.68 0.39 1.19 0.177 0.33 1.40 0.706 

21 1.04 0.60 1.81 0.891 0.51 2.12 1.000 

CCR5+ Cell Frequency (% of Tetramer+ Cells) 

-28 0.94 0.46 1.89 0.849 0.38 2.34 1.000 

0 0.99 0.49 1.99 0.969 0.40 2.47 1.000 

5 1.24 0.62 2.50 0.529 0.50 3.10 1.000 

21 1.84 0.91 3.71 0.085 0.74 4.60 0.341 

GM, Geometric Mean; CL, Confidence Limit. *p≤0.05. 
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Pre-Existing RV-Specific T Cells Are Activated and Armed to Home to the 

Respiratory Tract 

 Because additional statistical analyses revealed no T cell differences between 

probiotic and placebo groups at any time point, including after RV infection, phenotypic 

data for RV-specific cells are analyzed together from here on (Table 3-2). Both TCM and TEM 

cell types were enriched within RV-specific cells as compared with total CD4+ T cells before 

RV challenge (Figure 3-4). Moreover, expression of the T cell activation marker CD25 was 

higher on RV-specific cells (p=0.042), whereas expression of IL-7Rα, which decreases upon 

activation, was lower (p≤0.002) (Figure 3-4). It is notable that a higher proportion of RV-

specific expressed CCR5, a TH1-associated receptor that permits homing to the respiratory 

tract (p<0.001)[323,324]. 

 Analysis of cytokine expression in four uninfected HLA-DR4+ subjects showed that 

pre-existing RV-specific CD4+ T cells were predominantly IFN-γ+, but they also included 

IL-17A+IFN-γ—, IL-21+IFN-γ—, and IL-21+IFN-γ+ cells, indicating a mixture of TH1, TH17, 

and T follicular helper (TFH) cells (Figure 3-5). The presence of circulating RV-specific cells 

displaying the characteristic TFH surface signature (CXCR5+PD-1lo/—) was confirmed directly 

ex vivo (data not shown). Collectively, these features confirm enhanced activation and tissue 

migratory potential of pre-existing virus-specific TH1 cells.  
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Figure 3-4. Comparison of the Surface Phenotype of RV-Specific Cells and 

Total CD4+ T Cells 

(A) Percentage of cells with surface phenotypes of cells analyzed on days -28 and 0 before 

RV challenge (n=15). Bars denote geometric means ± 95% CI. *p≤0.05, **p≤0.01, 

***p≤0.001. (B) Representative dot plots from one subject, depicting expression of surface 

markers on tetramer+ cells within the CD4+ T cell gate.  
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Figure 3-5. RV-Specific CD4+ T Cells Produce TH1 and TFH Cytokines 

(A) Percentage of RV tetramer+ cells in stimulated and unstimulated PBMC cultures (n=4). 

Representative data from one subject are shown to the right. (B) Averaged cytokine profile 

of RV tetramer+ cells from 4 subjects (left). Pie slices denote T cell subsets, and colored arcs 

depict cytokine production. The percentage of cells with each cytokine signature for each 

subject are shown to the right. Bars denote medians. (C) Representative contour plots of RV 

tetramer+ cell cytokine staining from one subject.   
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Numbers of RV-Specific T Cells Link to a Rise in Serum Neutralizing Antibodies 

and Delayed Viral Shedding During Infection 

 Intranasal challenge with RV-A39 resulted in infection in 12 of 16 subjects 

(probiotic, n=7; placebo, n=5) (Figure 3-6). All infected subjects developed positive nasal 

cultures for RV-A39 on days 1-5, with peak viral titers at day 3 (data not shown). Eight of these 

had a rise in serum neutralizing antibody titers (NAT) by day 21, two showed no rise, and 

the remaining two were those who tested seropositive for RV-A39 at day 0, but nonetheless 

had positive cultures following inoculation (Figure 3-6). Four subjects remained uninfected, 

of whom all received probiotic, including one who had positive viral PCR on day 0. There 

was a trend towards decreased viral titers and longer time to viral shedding in the probiotic 

versus placebo group, similar to that observed in the parent probiotic study (Figure 

3-7)[319]. 

 Among all infected subjects who had a rise in NAT, numbers of circulating RV-

specific cells increased (1.2- to 16-fold change) during acute and/or convalescent infection 

(day 5 and/or 21) compared with day 0 (p≤0.014) (Figure 3-6). By contrast, RV-specific 

cells remained relatively constant in uninfected subjects and infected subjects with no rise in 

NAT. Using an arbitrary threshold of 10 cells per 106 CD4+ T cells, subjects who had higher 

numbers of RV-specific cells on day 0 (≥10 tetramer+ cells/106 CD4+ T cells) had a longer 

time to viral shedding, and a lower proportion of subjects shed virus versus those who had 

lower T cell numbers (<10 tetramer+ cells/106 CD4+ T cells) (p=0.039) (Figure 3-7). This 

effect was diminished after correcting for probiotic effect (p=0.126). 
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Figure 3-6. Numbers of RV-Specific CD4+ T Cells in Relation to Infection 

Status During RV Challenge 

(A) Diagram of infection outcomes in 16 HLA-DR4+ subjects. Colored boxes denote 

heterogeneous infection profiles. (B) Change in frequencies of RV tetramer+ cells during the 

7-week study period, color coded according to the diagram in A. Open symbols with dashed 

lines denote subjects receiving placebo. Bars depict geometric means. *p≤0.05.  

(C) Representative flow plots from one infected subject.  
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Figure 3-7. Viral Shedding is Delayed in Subjects with High Pre-Existing 

Frequencies of RV-Specific Cells and Those Receiving Probiotic 

(A) Time to viral shedding in HLA-DR4+ subjects, according to pre-existing RV tetramer+ 

CD4+ T cell frequencies at day 0. Subjects with classified as “high frequency” had ≥10 

tetramer+ cells per 106 CD4+ T cells, whereas those classified as “low frequency” had <10 

tetramer+ cells per 106 CD4+ T cells. (B) Time to viral shedding according to probiotic 

supplementation group in both the HLA-DR4+ substudy (left) and the larger parent study 

(right).  
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Virus-Specific Effector Memory CD4+ T Cells Respond to RV Infection 

 T cell phenotyping of RV-specific cells after challenge revealed a sharp decrease in 

the percentage of naïve T cells on day 5 in all infected subjects who had a rise in NAT, 

concurrent with an increase in the percentage of TEM cells, loss of IL-7Rα, and increased 

expression of CD25 (Figures 3-8 & 3-9). Conversely, IL-7Rα levels increased on RV-

specific cells in infected subjects who had no increase in NAT. In uninfected subjects, RV-

specific cells displayed a shift towards effector memory type, despite no overall change in 

numbers or activation status (Figures 3-8 & 3-9). 

CCR5 is a Marker for Effector Memory T Cells That Respond to RV Infection 

 To assess the relevance of circulating RV-specific effector memory T cells to the 

respiratory tract, expression of CCR5, a marker of respiratory-homing potential, was 

analyzed in relation to RV infection [323,324]. Levels of CCR5 were markedly increased on 

RV-specific cells after challenge in infected subjects, and CCR5+ RV-specific cells were 

enriched for TEM cells (Figure 3-10). To better visualize the complex phenotypes of CCR5+ 

RV-specific cells within the broader CD4+ T cell compartment, unsupervised high-

dimensional analysis was performed using t-SNE [320,321]. This method maps single cells 

onto a two-dimensional plot based on their expression of all tested markers. This analysis 

confirmed that in infected subjects who had a rise in NAT, RV-specific cells mapped to a 

population of CCR5+ TEM cells that contained activated cells (CD25+ and/or  

IL-7Rα—) (Figure 3-10). Moreover, CCR5+ cells comprised a major subset of total CD4+ T 

cells at baseline (Geo. mean= 8.6%; 95% CI= 6.9-11.8%; n=11), that was modulated in a 

similar manner to CCR5+ RV-specific cells during infection. CCR5+ T cells, including those 

that were RV tetramer+, were also modulated in uninfected subjects after RV challenge 
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(Figure 3-10). By contrast, t-SNE analysis confirmed a lack of modulation of RV-specific 

and CCR5+ T cells (data not shown). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-8. Transitions in Memory Status During Rhinovirus Infection 

[Next] Figure 3-8. Transitions in Memory Status During Rhinovirus Infection 

(A) Representative contour plots from one infected subject, depicting RV tetramer+ cells 

overlaid on total CD4+ T cells, analyzed for expression of CCR7 and CD45RO. (B) Memory 

status of RV tetramer+ and total CD4+ T cells at each time point (n=11). One subject 

receiving placebo was excluded owing to technical limitations. (C) Memory status of RV 

tetramer+ cells in uninfected subjects (n=4). Open symbols with dashed lines denote subjects 

who received placebo. Bars denote medians. *p≤0.05, **p≤0.01 for infected subjects with a 

rise in NAT post-challenge.  
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Figure 3-9. Activation of RV-Specific CD4+ T Cells During Infection 

Expression of CD25 and IL-7Rα by RV tetramer+ and total CD4+ T cells at each time point 

in (A) infected, and (B) uninfected subjects. Data are shown for 11 infected and 4 

uninfected subjects. One infected subject receiving probiotic was excluded from analysis 

owing to technical limitations. Open symbols with dashed lines denote subjects who 

received placebo. Bars denote medians. **p≤0.01, for infected subjects with a rise in NAT 

post-challenge.  
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Figure 3-10. Modulation of CCR5+ CD4+ T Cells During RV Infection 

(A) Percentage of RV-specific and total CD4+ T cells expressing CCR5 at each time point, as 

determined using traditional gating methods. Infected, n=11. (B) High-dimensional 

mapping of RV-specific and total CD4+ T cells from one representative subject using t- 

SNE. Rainbow-colored t-SNE plots depict the intensity of expression for each marker 

tested, and drawn gates denote CCR5+ subsets.  

(C) Percentage of CCR5+ and CCR5— cells with naïve [N], central memory [CM], or effector 

[EM] phenotypes at day 5. Subjects with limited cell numbers were excluded. Open symbols 

with dashed lines denote subjects who received placebo. Bars denote medians. *p≤0.05, 

**p≤0.01, ***p≤0.001, for infected subjects with a rise in NAT post-challenge.  



 

 

81 

Nasal CD4+ T Cells Isolated During Acute Infection Display RV-Specific 

Signatures 

 Analysis of nasal wash specimens obtained during early infection (day 4) revealed an 

increase in cytokine levels versus day 0 for CXCL10/IP-10 (ligand for the TH1-associated 

receptor CXCR3), as well as IL-6 and G-CSF (both of which modulate CCR5 expression on 

T cells) (p≤0.01) (Figure 3-11)[325–328]. Among those CCR5 ligands measured 

(CCL2/MCP-1, CCL3/MIP-1α, and CCL5/RANTES), MCP-1 was most abundant before 

RV challenge, and levels generally increased after challenge (Figure 3-11)[329]. MIP-1α and 

RANTES were not consistently detectable in either this or the parent study (data not shown). 

Changes in IL-8, which have been linked to symptom severity, were variable (Figure 

3-11)[330]. 

Nasal wash specimens obtained from HLA-diverse infected subjects at day 5 

contained CD4+ T cells, which comprised 0.4-2.5% of total live cells in these specimens (data 

not shown). Assessment of T cell surface signatures in the nose confirmed a dominant TH1 

signature based on expression of CXCR3 and CCR5 (Figure 3-12). Whereas CXCR3—

CCR5+ cells were predominantly TEM type, the majority of cells expressing CXCR3 

(CXCR3+, CXCR3+CCR5+) were TCM cells. Moreover, subtypes that expressed CCR5 had 

loser levels of IL-7Rα compared with CCR5— cells (Figure 3-12). These collective 

observations strongly support the recruitment of CCR5+ TH1 effectors, including activated 

RV-specific cells, from the blood to the upper respiratory tract during RV infection.  
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Figure 3-11. Nasal Cytokine Levels During Early RV Infection 

Cytokine levels immediately prior to RV challenge (day 0), and 4 days post-challenge in 

infected subjects (n=10). MIP-1α and RANTES were detectable in only 2 and 3 subjects, 

respectively, and are not shown. Open symbols with dashed lines denote subjects who 

received placebo. Symbols below the dotted lines denote samples concentrations below the 

assay limit of detection. **p≤0.01.  
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Figure 3-12. Nasal CD4+ T Cell Signatures During Acute RV Infection 

Phenotype of CD4+ T cells in nasal washes obtained 5 days after RV challenge, from 8 

HLA-diverse subjects. (A) Percentage of nasal CD4+ T cells that express CCR5 and/or 

CXCR3. (B) Representative contour plot from one subject. (C) Percentage of nasal CD4+ T 

cells with naïve [N] central memory [CM], or effector memory [EM] phenotypes, according 

to expression of CCR5 and CXCR3. Bars denote the mean ± SD. *p≤0.05, **p≤0.01, 

***p≤0.001.  
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Discussion 

For the first time, we provide formal evidence of a role for circulating CCR5+ 

memory TH1 effectors in the control of RV infection. By monitoring RV-specific CD4+ T 

cells for an extended period of time, we provide multiple lines of evidence to support their 

role before and after RV inoculation. This includes the following: (1) T cell molecular 

signatures and numbers consistent with immune surveillance in the absence of infection;  

(2) a relationship between increased numbers of pre-existing RV-specific CD4+ T cells and 

increased time-to-viral shedding among healthy subjects; (3) T cell expansion, activation, and 

enhanced homing ability in tandem with the production of neutralizing antibodies; and  

(4) the presence of T cell signatures in the nose during acute infection that match activated 

RV-specific T cells in the blood. 

Although previous in vitro studies have inferred a role for CD4+ T cells in RV 

infection, none have used tetramers to systematically enumerate and characterize responding 

T cells directly ex vivo [64,65,312]. A major limitation of tetramer studies is the requirement 

to match each tetramer to the HLA type of the test subject; thus, recruiting sufficient 

subjects with the same HLA type to analyze identical T cell specificities can be problematic. 

We circumvented this limitation by recruiting HLA-DR4+ subjects from a much larger 

cohort of subjects who were challenged with RV-A39. This enabled us to apply a precise and 

uniform approach to analyze the quantity and quality of the CD4+ T cell response to RV, its 

kinetics, and its relationship to infection status. 

In Chapter 2, we reported that immunodominant CD4+ T cell epitopes of RV are 

conserved, and that T cells recognizing these epitopes are cross-reactive among RV-A 

species. In this chapter, higher numbers of RV-specific T cells were detected before 
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challenge among subjects who had evidence of recent natural viral exposure, and RV 

tetramer+ cells were present in all seronegative subjects. Given the conserved nature of 

HLA-DR4-restricted RV-A39 epitopes, such pre-existing memory T cells likely arise from 

iterative priming by related viruses during previous exposures. The enrichment of effector 

memory cells within the RV tetramer+ subset at baseline, coupled with their enhanced 

activation and expression of the tissue-homing marker CCR5, supports a role for pre-

existing RV-specific T cells in immune surveillance. This was borne out by their rapid 

expansion, augmented activation, and increased migratory potential in the blood after RV 

challenge, which may reflect egress of primed T cells from lymph nodes and/or “spillover” 

from inflamed tissues. 

In further support of a protective role for T cells, those subjects who had higher 

numbers of pre-existing RV-specific cells had longer time to viral shedding following 

inoculation, and a lower proportion of subjects shed virus. Although this effect was no 

longer significant after correcting for probiotic effects, statistical analysis supported a trend 

despite the small sample size. Although no effect of probiotic on T cells was observed in this 

study, we acknowledge the administration of probiotic supplementation as a limitation. 

Nonetheless, our findings are in line with previous studies of Bl-04 supplementation, which 

also failed to identify probiotic modulation of T cell populations or broader immune 

signatures [322,331]. Thus, further work is required in a larger sample to examine the 

relationship between pre-existing T cell numbers and infection. 

Expansion of RV-specific T cells after challenge was restricted to those subjects who 

had a rise in serum NAT. Virus-specific cells produced both TH1 and TFH-associated 

cytokines, suggesting that these cells are equipped to promote viral clearance and provide 
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help for antibody responses [63–65,67,244,332]. It is notable that no T cell expansion or 

evidence of activation was observed in two infected subjects who had no rise in NAT. This 

might reflect the ability to clear virus locally, independent of circulating T cells and perhaps 

through innate mechanisms or the involvement of other cell types. We were surprised to 

find that, in subjects who remained uninfected after RV challenge, enrichment of TEM cells 

and increased expression of CCR5 was evident for RV-specific cells, despite no change in T 

cell numbers. Whether such “covert” T cell responses reflect successful local regulation of 

virus warrants further exploration. 

The RV-specific T cells identified in this chapter represent only two epitope 

specificities: one each for the capsid proteins VP1 and VP2. Although recent work suggests 

that these structural proteins are major antigenic targets for CD4+ T cells (see Chapter 2), 

additional epitopes may reside within the RV capsid or else within functional proteins [312]; 

thus, RV-specific T cells are likely more abundant than reported here. In addition, relatively 

rare RV specificities are unlikely to account for the observed fluxes in a major CCR5+ TEM 

subset after RV challenge. These likely reflect a bystander T cell response involving rerouting 

of CCR5+ T cells between the blood and upper respiratory tract. The presence of T cells in 

the nose of infected subjects that bear a molecular signature that akin to circulating RV-

specific cells strongly supports the notion of active T cell migration between these sites. In 

addition to CCR5, nasal T cells were analyzed in the context of the canonical TH1 marker 

CXCR3. Although nasal CXCR3—CCR5+ cells were predominantly TEM type (CCR7—

CD45RO+) analogous to RV-specific cells in the blood, CXCR3+ cells maintained expression 

of CCR7. Moreover, CCR5+ subtypes in the nose expressed lower levels of IL-7Rα 

compared with CCR5— subtypes, suggesting an increased state of activation. Together, our 
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results support the view that CCR5 is a marker for TEM cells that respond locally to RV 

infection. 

In summary, our findings demonstrate a pivotal role for CCR5+ memory TH1 cells 

primed by past exposure to related viruses in the control of RV. Our results provide an 

important stepping stone to future work aimed at understanding T cell-mediated protective 

and pathogenic mechanisms in RV infection that could guide the design of new treatments. 
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Chapter 4 — Rhinovirus Infection Induces Enhanced TH1 Responses That 

Promote Chronic Inflammation in Allergic Asthma 

Introduction 

 As previously discussed, RV infections are major triggers of allergic asthma 

exacerbations, including severe exacerbations that can result in hospitalization and death, 

although the mechanisms of these responses remain unknown [218,219]. A prevailing view is 

that pre-existing type 2 inflammation in the lower airways is a key contributor. In accord 

with this notion, increased levels of IgE antibodies, including IgE specific for dust mite 

allergens, are associated with worse cold symptoms and increased risk and severity of wheeze 

during RV infection [211,230,232]. The ability for anti-IgE to reduce the number of asthma 

exacerbations coincident with peak allergen exposure and seasonal RV infections lends 

further credence to this theory [227,229]. 

 Studies of the mechanisms of RV-induced asthma have generally addressed the 

question based on the mutually inhibitory actions of type 1 and type 2 responses. Several 

studies have reported the deficient production of interferons by bronchial epithelial cells and 

plasmacytoid dendritic cells in allergic asthmatics in response to RV or else toll-like receptor 

ligands that bind RV-sensing innate receptors [240–242,251–254]. Such observations, which 

arise from patients with mild-to-moderate disease, imply attenuation of type 1 anti-viral 

responses by pre-existing type 2 disease [245,247]. However, other studies have failed to 

corroborate these findings, or else observed enhanced IFNs in the asthmatic airways, and 

there is no evidence of a reduced ability to clear virus in asthmatic subjects [257,260–266]. 

Approaching the topic from a different angle, other work has reported the ability for RV 

infection to augment the TH2-promoting cytokines TSLP and IL-33 in bronchial epithelial 
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cells from asthmatic patients [333,334]. These collective studies infer that RV infection 

modulates downstream T cell responses and consequent allergic inflammation by inhibiting 

virus-specific TH1 responses, enhancing TH2 responses, or both. Despite this, no studies 

have rigorously tested T cell outcomes in vivo, or more specifically, the relative contributions 

of virus-specific TH1 cells and allergen-specific TH2 cells. This aspect is critical to reconciling 

existing data, understanding asthma pathogenesis, and optimizing treatments for RV-induced 

asthma. 

 Here, we describe the simultaneous analysis of antigen-specific TH1 and TH2 cells in 

asthmatics before and after experimental RV infection. Our development of RV pMHCII 

tetramers (Chapter 2) enabled us, for the first time, to precisely track the number and 

function of circulating virus-specific T cells in parallel with allergen-specific TH2 cells in 

infected asthmatics. By integrating T cell data with parallel assessments of pro-inflammatory 

cytokines, clinical parameters, and in vivo IgE blockade, we report a paradoxical amplification 

of anti-viral TH1 responses linked to high IgE levels and worse lung function in patients with 

asthma. Our findings support a role for type 1 responses in driving chronic inflammation in 

asthmatic patients who are highly allergic. 

Materials and Methods 

Human Subjects and RV-A16 Experimental Challenge Model 

Details about the screening and enrollment of subjects, experimental RV-A16 

challenge, and clinical procedures are found in Appendix I. Briefly, allergic asthmatic and 

healthy control subjects were enrolled in an experimental RV-A16 infection study. Allergic 

asthmatics with total serum IgE levels within the dosing range for anti-IgE (omalizumab, see 

Appendix I) were included in a DBPC study of anti-IgE (range 133-493 IU/mL), with 
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treatment initiating eight weeks prior to RV challenge. Those asthmatics with IgE levels too 

high for anti-IgE treatment (≥596 IU/mL) underwent RV challenge only, along with healthy 

controls. For the purposes of this study, the term “baseline” will be used to refer to study 

time points prior to both RV challenge and anti-IgE intervention (day 0: controls and high 

IgE asthmatics; day -56: mid IgE asthmatics). 

Flow Cytometric Analysis of Cell Populations 

Intermediate resolution HLA-DRB1 typing was performed by the Blood Center of 

Wisconsin (Milwaukee, WI, USA). Peripheral blood specimens were collected for PBMC 

isolation by density grade centrifugation at days -56, 0, 4, 7, and 21. PBMCs were viably 

cryopreserved for later analysis by flow cytometry. Peptide/MHCII tetramer staining was 

performed as described in Chapter 2, with one modification: cells were also stained with 

allergen-specific tetramers labeled with the PE conjugate, PE-CF594. Cell enrichment and 

flow cytometry analysis then proceeded as previously described. 

Additional peripheral blood specimens were obtained at days -56, 0, 4, and 21 for the 

analysis of circulating dendritic cell populations. Fresh whole blood specimens were stained 

with a cocktail of fluorescent antibodies directed against surface markers. Red blood cells 

were then lysed with BD FACS Lysis Solution (BD Biosciences, San Jose, CA), followed by 

permeabilization and antibody staining for intracellular markers (FIX & PERM Cell 

Permeabilization Kit, Invitrogen, Carlsbad, CA). Specimens were then run on a BD LSR 

Fortessa (BD Biosciences, San Jose, CA). All flow cytometry data was analyzed using Flow 

Jo (Tree Star, Ashland, OR) and SPICE version 5.3, as previously described in Chapter 2 

[301]. 
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Flow Cytometry Antibodies and Reagents 

Fluorochrome-conjugated monoclonal antibodies for flow cytometry included: anti-

CD3 (clone SK7), anti-CD14 (MφP9), anti-CD19 (SJ25C1), anti-CD123/IL-3R (6H6), anti-

CD183/CXCR3 (1C6/CXCR3), anti-CD195/CCR5 (2D7/CCR5), anti-CD279/PD-1 

(EH12.1), anti-HLA-DR (G46-6), Lin1 cocktail (anti-CD3, -CD14, -CD16, -CD19, -CD20 

and -CD56) (BD Biosciences, San Jose, CA); anti-CD4 (SK3), anti-CD41 (HIP8), anti-

CD45RO (UCHL1), anti-CD127/IL-7Rα (A019D5), anti-CD185/CXCR5 (J252D4), anti-

CD194/CCR4 (L291H4), anti-CD197/CCR7 (G043H7), anti-CD294/CRTH2 (BM16), anti-

FcεRIα (AER-37) (Biolegend, San Diego, CA). Aqua viability dye was obtained from 

Invitrogen (Carlsbad, CA), and compensation beads were obtained from BD Biosciences 

(San Jose, CA) and eBiosciences (San Diego, CA). Anti-PE MicroBeads were obtained from 

Miltenyi Biotec (Auburn, CA). 

Multiplex Cytokine Bead Assays 

Nasal wash and nasal lining fluid specimens were procured according to the 

procedures outlined in Appendix I. Specimens were frozen for analysis at a later date, when 

all study time points could be analyzed together. Cytokines and chemokines were analyzed 

using commercially available multiplex bead kits (EMD Millipore, Burlington, MA). Those 

analytes expected to be abundant were analyzed in nasal wash (IL-6, IL-8, IP-10, MIP-1β), 

whereas T cell-derived cytokines were assessed in the more highly concentrated nasal lining 

fluid (IFN-γ, IL-4, IL-5, IL-13, IL-17A). 
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Statistical Methods 

For T cell numbers, between-group comparisons at baseline and within-group 

comparisons across time were performed using generalized linear models (GLM) for normal 

data, and the Kruskal-Wallis test for non-normal data. Comparisons between groups over 

time were performed using generalized estimating equations (GEE). Differences between 

fold changes were performed using the Mann-Whitney test. Multiple comparisons 

adjustments were performed for RV- and allergen-cell frequency analyses using the Holm-

Sidak adjustment for 37 comparisons. Given the exploratory nature of these studies, figures 

reflect unadjusted p values. The complete statistical comparisons of antigen-specific cell 

frequencies, including adjusted and unadjusted p values, can be found in Appendix II. For 

other parameters, between-group comparisons at single time points and within-group 

comparisons over time were performed using the Kruskal-Wallis test. Between-group 

comparisons of fold change were performed using the Mann-Whitney test. Cytokine 

concentrations over time were compared using 2-way ANOVA. p≤0.05 was considered 

statistically significant. 

Results 

Increased Numbers of Circulating RV-Specific CD4+ T Cells Are Linked to Worse 

Lung Function in Uninfected Asthmatics 

As a first step, the numbers of circulating RV- and allergen-specific CD4+ T cells 

were analyzed in all allergic asthmatics and healthy controls in the absence of RV infection 

(asthma, n=28; control, n=12). Antigen-specific T cells were identified using pMHCII 

tetramers, including both RV tetramers (see Chapter 2) and allergen tetramers (Table 4-1). 

Allergen tetramers were selected based on serum IgE profiles (see Table 4-2 & Appendix 
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I). Asthmatics were sensitized to two or more inhalant allergens, including those from 

perennial (dust mite, cat) and seasonal (birch, timothy grass) sources (see Appendix I for 

more details). Priority was given to tetramers displaying epitopes of the major dust mite 

allergen, Der p 1, given the IgE dominance of dust mites in asthmatics (64.5% sensitized), its 

importance in asthma pathogenesis, and for uniformity [231]. To optimize cell detection, up 

to three tetramers from a single antigen source were used when available, based on the 

subject’s HLA type (Table 4-2). 

 Dual tetramer staining of PBMCs from subjects who tested seronegative for RV-A16 

demonstrated higher numbers of RV-A16-specific and allergen-specific CD4+ T cells in 

asthmatics versus controls (RV: Geo. mean= 16 per 106 CD4+ T cells vs. 8 per 106, p=0.013; 

Allergen: 10 per 106 vs. 2 per 106, p=0.002) (Figures 4-1 & 4-2). As expected, asthmatics 

had worse lung function compared with controls (p=0.04, see Appendix I for additional 

details). Increased numbers of RV-specific cells—and to a lesser extent, allergen-specific 

cells—correlated with worse lung function as defined by FEV1/FVC ratio (r=-0.51, 

p=0.0008; and r=-0.36, p=0.02, respectively) (Figure 4-2). Furthermore, the numbers of 

RV-specific cells—but not allergen-specific cells—were markedly higher in asthmatics with 

an abnormal FEV1/FVC ration of <80% (p=0.003) (Figure 4-3). This finding was not 

influenced by the number or type of tetramers used (data not shown). Analysis of the T cell 

markers PD-1 and CCR5—which are expressed in the airways of children with severe 

asthma and in subjects infected with RV, as described in Chapter 3—revealed higher 

expression on RV-specific T cells in asthmatics with reduced lung function, suggesting T cell 

transit to and from the inflamed airways [335,336]. These data support a link between higher 
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numbers of pathogenic RV-specific cells and airway inflammation in asthmatics, even in the 

absence of infection. 

 

Table 4-1. Allergen Tetramers: Peptide Epitopes and Corresponding 

HLA-DRB1 Restriction 

Peptide Epitope HLA-DRB1 
Restriction 

Dust Mite (Der p 1) 

Der p 1P2 SLLALSAVYARPSSIKTFEE *0101 
Der p 1P7 NFLESVKYVQSNGGAINHLS *0701 
Der p 1P14 NGNAPAEIDLRQMRTVTPIR *0301 
Der p 1P24 GVVQESYYRYVAREQSCRRP *1101 
Der p 1P30 HSAIAVIIGIKDLDAFRHYD *0401 

Der p 1P34 PNYHAVNIVGYSNAQGVDYW *1501 
Der p 1P39 YFAANIDLMMIEEYPYVVIL *0701 

Cat Dander (Fel d 1) 

Fel d 1P2 IFYDVFFAVANGNELLLDLS *0701 

Fel d 1P3 VANGNELLLDLSLTKVNATE *0301 
Fel d 1P13 TPDEYVEQVAQYKALPVVLE *1501 
Fel d 1P14 VAQYKALPVVLENARILKNC *0101 

Silver Birch (Bet v 1) 

Bet v 1P14 VATPDGGSILKISNKYHTKG *1101 

Bet v 1P18 KEMGETLLRAVESYLLAHSD *1501 

Bet v 1P27 NFKYNYSVIEGGP *0701 
Bet v 1P38 GSILKISNKYHTK *0301 

Bet v 1P48 ETLLRAVESYLLA *0701 

Timothy Grass (Phl p 1) 

Phl p 1P13 EEPIAPYHFDLSGHAFGAMA *0401 

Phl p 1P20 KGSNPNYLALLVKYVNGDGD *0101 

Phl p 1P24 KWIELKESWGAIWRIDTPDK *1101 

Tetramers previously developed by Dr. William Kwok, Benaroya Research Institute.  
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Table 4-2. RV and Allergen Tetramers Selected for Study Subjects 

RV-A16 Tetramer Selection Allergen Tetramer Selection Specific IgE 
(kUA/L) 

Controls, n=12   

VP1P23/*0101, VP2P24/*0101 Der p 1P2/*0101 ≤0.1 

VP2P21/*0401 Der p 1P30/*0401 ≤0.1 

VP2P21/*0301 Bet v 1P38/*0301 ≤0.1 

VP2P25/*1501 Der p 1P34/*1501 ≤0.1 

VP2P25/*1501 Der p 1P34/*1501 ≤0.1 

VP1P23/*0701, VP2P26/*0701 Der p 1P7/*0701, Der p 1P39/*0701 ≤0.1 

VP2P21/*0401 Der p 1P30/*0401 ≤0.1 

VP2P21/*0401 Der p 1P30/*0401 ≤0.1 

VP2P21/*0401, VP1P23/*0701, VP2P26/*0701 Der p 1P30/*0401, Der p 1P7/*0701, Der p 1P39/*0701 ≤0.1 

VP2P25/*1501 Der p 1P34/*1501 ≤0.1 

VP2P2/*1101 Der p 1P24/*1101 ≤0.1 

VP2P21/*0401 Der p 1P30/*0401 0.31 

Asthmatics, n=28   

VP1P23/*0701, VP2P26/*0701 Fel d 1P2/*0701 0.77 

VP1P23/*0101, VP2P24/*0101, VP2P21/*0301 Der p 1P2/*0101, Der p 1P14/*0301 1.36 

VP2P21/*0301 Der p 1P14/*0301 2.92 

VP2P21/*0401, VP2P2/*1101 Phl p 1P13/*0401, Phl p 1P24/*1101 6.34 

VP1P23/*0701, VP2P26/*0701 Fel d 1P2/*0701 6.74 

VP2P21/*0401 Der p 1P30/*0401 10.4 

VP2P21/*0401, VP2P25/*1501 Der p 1P30/*0401, Der p 1P34/*1501 10.6 

VP1P23/*0701, VP2P26/*0701 Der p 1P7/*0701, Der p 1P39/*0701 11.5 

VP1P23/*0101, VP2P24/*0101 Der p 1P2/*0101 11.9 

VP1P23/*0101, VP2P24/*0101 Fel d 1P14/*0101 14.6 

VP2P2/*1101, VP2P25/*1501 Bet v 1P14/*1101, Bet v 1P18/*1501 15.4 

VP1P23/*0101, VP2P24/*0101 Phl p 1P20/*0101 15.9 

VP2P21/*0301, VP2P25/*1501 Der p 1P14/*0301, Der p 1P34/*1501 18.4 

VP2P21/*0301, VP2P2/*1101 Bet v 1P38/*0301, Bet v 1P14/*1101 19.2 

VP1P23/*0701, VP2P26/*0701 Der p 1P7/*0701, Der p 1P39/*0701 19.4 

VP1P23/*0101, VP2P24/*0101 Phl p 1P20/*0101 20.2 

VP2P21/*0301 Der p 1P14/*0301 21.7 

VP2P21/*0401 Phl p 1P13/*0401 23.9 

VP2P21/*0301, VP2P25/*1501 Fel d 1P3/*0301, Fel d 1P13/*1501 24.0 
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VP2P21/*0301 Der p 1P14/*0301 26.5 

VP2P21/*0301, VP1P23/*0701, VP2P26/*0701 Fel d 1P3/*0301, Fel d 1P2/*0701 26.9 

VP2P21/*0401 Der p 1P30/*0401 33.4 

VP2P21/*0301 Der p 1P14/*0301 33.7 

VP1P23/*0101, VP2P24/*0101, VP2P25/*1501 Der p 1P2/*0101, Der p 1P34/*1501 36.3 

VP1P23/*0701, VP2P26/*0701, VP2P2/*1101 Der p 1P7/*0701, Der p 1P39/*0701, Der p 1P24/*1101 39.2 

VP2P21/*0401, VP1P23/*0701, VP2P26/*0701 Bet v 1P18/*0401, Bet v 1P27/*0701, Bet v 1P48/*0701 51.4 

VP2P21/*0301, VP2P2/*1101 Der p 1P14/*0301, Der p 1P24/*1101 56.4 

VP2P25/*1501 Der p 1P34/*1501 66.5 

Each row represents one subject.  
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Figure 4-1. Gating Strategy for the Identification of Rhinovirus- and Allergen-

Specific CD4+ T Cells 
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Figure 4-2. Higher Numbers of Circulating RV-Specific CD4+ T Cells Are 

Linked to Worse Lung Function in Uninfected Asthmatics 

Cells were analyzed in all subjects prior to any intervention (baseline). (A) Frequencies of 

RV- and allergen-specific CD4+ T cells. (B) Correlation between numbers of antigen-

specific T cells and FEV1/FVC at baseline. Lines depict semi-logarithmic regressions. 

Shaded regions denote reduced lung function [337]. (C) Antigen-specific CD4+ T cell 

numbers, classified according to asthmatic lung function. Bars denote geometric means ± 

95% CI. †n=27 for allergen-specific cells. *p≤0.05, **p≤0.01.  
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Figure 4-3. Expression of PD-1 and CCR5 on Antigen-Specific CD4+ T Cells in 

Relation to Lung Function 

(A) Percentage of antigen-specific cells expressing PD-1 and CCR5. Bars denote geometric 

means ± 95% CI. (B) Representative histograms depicting expression of PD-1 and CCR5 in 

asthmatic and control subjects. Shaded histograms depict FMO controls, and values denote 

corrected geometric mean fluorescence intensity (MFI). †n=7 for allergen-specific cells. 

*p≤0.05, **p≤0.01, ***p≤0.001. 
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Armed RV-Specific TH1 Effectors Co-Exist with TH2 Cells in Uninfected 

Asthmatics 

 In Chapters 2 & 3 we reported that in healthy uninfected subjects, the majority of 

circulating RV-specific T cells that recognize conserved epitopes bear memory phenotypes 

consistent with priming by previous exposures to related RV strains. Here, we report the 

same finding for RV-specific T cells in asthmatics. In asthmatics, RV-specific T cells 

contained a similarly high percentage of memory (CD45RO+) cells as controls (Geo. mean= 

79.8% vs. 80.9%); moreover, this was markedly higher compared with the percentage of 

allergen-specific memory T cells (38.2%, p=0.0013) (Figure 4-4). Assessment of tissue-

homing effector memory cells (TEM: CCR7—CD45RO+) revealed similar percentages within 

RV-specific and allergen-specific cells of asthmatics; however, the percentage of lymphoid-

homing central memory cells (TCM: CCR7+CD45RO+) was higher in RV-specific cells versus 

allergen-specific cells, consistent with active immune surveillance of re-circulating virus-

specific cells (Figure 4-4). Analysis of complex signatures confirmed a TH1 phenotype of 

RV-specific TCM and TEM cells based on expression of the characteristic chemokine receptors 

CXCR3 and CCR5 (Figure 4-5). While RV-specific TCM contained CXCR3+ cells that lacked 

CCR5, the inverse was true of RV-specific TEM (Figure 4-5). Of note, CXCR3—CCR5+ TEM 

cells were found to be preferentially activated in the nose during RV infection (Chapter 3). 

RV-specific T cells also contained TCM and TEM cells that lacked any of the surface markers 

tested. In contrast, allergen-specific memory cells bore predominantly TH2-associated surface 

markers (CCR4, CRTH2), and the signatures of TCM and TEM subsets did not differ (Figure 

4-5 & data not shown). These data confirm the presence of RV-specific TH1 effectors armed to 

home to the lung in uninfected subjects, and their co-existence with type 2 responses.  
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Figure 4-4. Memory Signatures of Antigen-Specific T Cells in Uninfected 

Asthmatics and Controls 

(A) Representative plots showing expression of CCR7 and CD45RO on RV-specific and 

allergen-specific cells relative to total CD4+ T cells. (B & C) Percentage of cells expressing 

(B) total memory cells (CD45RO+), and (C) central (CCR7+) and effector (CCR7—) memory 

subsets at baseline. *differences between cell types; #differences between groups. **p≤0.01, 

***p≤0.001. 
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Figure 4-5. Expression of TH1- and TH2-Associated Markers on Antigen-

Specific T Cells in Uninfected Subjects 

(A) Representative plots depicting expression of TH1 and TH2 surface markers on RV- and 

allergen-specific cells for one asthmatic subject. (B) SPICE plots displaying the average 

signatures of central and effector memory cells in asthmatic and healthy control subjects.  

(C) Percentage of RV-specific TCM and TEM cells displaying discrete surface signatures. 

*difference between central and effector memory cell types. Bars denote means ± SEM. 

*p≤0.05, **p≤0.01. n.d., not determined 
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Asthmatics with High IgE Mount an Exaggerated T Cell Response to Rhinovirus 

 Next, to assess T cell responses during infection, asthmatics and controls were 

experimentally infected with RV-A16, as described in Appendix I, and shown in the 

schematic in Figure 4-6. This study design also enabled evaluation of the relationship 

between T cell responses and IgE by stratifying asthmatics based on IgE levels and assessing 

the effect of IgE blockade in vivo. Asthmatics with high IgE (≥596 IU/mL) received RV 

challenge only, whereas those with lower IgE levels within the dosing range for omalizumab 

(133-493 IU/mL) were enrolled in a DBPC trial of anti-IgE treatment beginning 8 weeks 

prior to RV challenge (Figure 4-6, see Appendix I for full details on the clinical study). 

 Following RV challenge, asthmatics with high IgE mounted a more rapid and robust 

T cell response to RV compared with controls, based on higher numbers of circulating RV-

specific CD4+ T cells during acute infection (day 4, p≤0.001) and the peak effector phase 

(day 7, p=0.003), as well as increased fold induction from baseline (Figure 4-7. See 

Appendix II for complete statistical tables). In asthmatics with high IgE, but not controls, 

the numbers of allergen-specific CD4+ T cells also increased during acute infection, but to a 

lesser degree than the RV-specific response (day 7, mean fold change [day 0]: RV=39.5; 

allergen=5.1)(Figures 4-7 & 4-8, Appendix II). Asthmatics with high IgE also had worse 

symptoms in both the upper and lower airways, but had similar viral clearance compared 

with controls (see Appendix I).  

 In those asthmatics with lower IgE who received anti-IgE, T cell responses to RV 

were weaker during the effector phase than in asthmatics with higher IgE, (Geo. mean= 18 

per 106 CD4+ T cells vs 45 per 106, p=0.028), and numbers of allergen-specific cells did not 

change (Figures 4-7 & 4-8, Appendix II). Randomized allocation in the anti-IgE trial 
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resulted in a disproportionately large number of asthmatics in the placebo group who had 

normal lung function at study entry, and FEV1/FVC was significantly increased as compared 

with the treatment group (p=0.005) (see Appendix I for additional details). RV-specific T 

cell numbers remained unchanged during the effector phase in subjects receiving placebo, 

and the numbers tracked lower as compared with subjects receiving anti-IgE (Figure 4-7 & 

Appendix II). Numbers of RV-specific T cells, but not allergen-specific cells, remained 

elevated three weeks post-infection, coincident with a “late” symptom phase in asthmatics 

(Figure 4-7 & Appendix I). Thus, RV-specific T cells responses are amplified after 

infection in asthmatics with high IgE, and remain elevated for several weeks. By contrast, 

allergen-specific T cells revert to baseline numbers despite their initial expansion in 

asthmatics with high IgE only. 
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Figure 4-6. RV-A16 Experimental Challenge Model and IgE Levels in 

Study Subjects 

(A) Study design schematic. All subjects received RV-A16 challenge. A subset of asthmatic 

subjects was enrolled in a DBPC trial of anti-IgE treatment that started eight weeks prior to 

RV challenge (gray). (B) Total IgE in study subjects at screening. Shaded region denotes 

anti-IgE dosing range. Bars denote geometric means ± 95% CI. *p≤0.05, **p≤0.01, 

***p≤0.001. 
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108 

Figure 4-7. Changes in Numbers of Antigen-Specific T Cells During Infection 

in Asthmatics and Controls 

(A & B) T cell numbers immediately before RV challenge (day 0) and at days 4, 7, and 21 

post-challenge. In the anti-IgE trial, cells were also analyzed immediately before the first 

administration of anti-IgE (day -56). (C & D) Change in T cell numbers in the convalescent 

phase (day 21 vs. 0) for each subject. (E) Representative flow plots depicting RV and 

allergen tetramer staining in one high IgE asthmatic and one control during infection. 

Symbols denote geometric means ± 95% CI. *denotes within-group comparisons with day 0; 

#denotes between-group comparisons. †n=10 for allergen-specific cells; ‡n=8 on days 0-7 

due to sample limitations. *p≤0.05, **p≤0.01, ***p≤0.001. 
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Figure 4-8. Augmented Induction of Antigen-Specific T Cells in Asthmatics 

with High IgE During RV Infection 

Fold change values are Log2-transformed. Symbols denote means ± SEM. #denotes 

between-group comparisons. †n=10 for allergen-specific cells; ‡n=8 on days 0-7 due to 

sample limitations. *p≤0.05, **p≤0.01, ***p≤0.001. 
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Circulating TH1 Cells, But Not TH2 Cells, Are Activated During Infection 

in Asthmatics 

 Further analysis confirmed that TH1 and TH2 signatures were maintained in RV- and 

allergen-specific TCM and TEM cells, respectively, over the course of infection in both 

asthmatics with high IgE and controls (Figure 4-9 & data not shown). On day 4, the 

percentage of circulating RV-specific T cells expressing PD-1 decreased, indicating egress of 

PD-1+ cells from the periphery during the acute phase (Figure 4-10). Additionally, RV-

specific cells alone were activated during the effector phase, as judged by downregulation of 

IL-7Rα, coincident with increased levels of PD-1 and CCR5. Similar profiles were observed 

for RV-specific T cells in asthmatics with lower IgE regardless of treatment group, although 

RV-specific T cells expressed lower IL-7Rα and higher PD-1 at the start of the study in the 

anti-IgE group that also had worse lung function (Figure 4-10). T cell activation during 

infection was most pronounced for RV-specific subsets that expressed CXCR3 and CCR5 

either alone or in combination (Figure 4-10). Together, these data confirm the selective 

activation of circulating RV-specific TH1 cells in asthmatics during infection, as well as the 

maintenance of RV-induced TH1 activation in asthmatics who received anti-IgE.  
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Figure 4-9. RV- and Allergen-Specific Cells Maintain TH1 and TH2 Surface 

Phenotypes During RV Infection 

SPICE charts displaying the averaged surface signature for RV- and allergen-specific  

(A) central memory, and (B) effector memory cell populations in asthmatics with high IgE. 
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Figure 4-10. RV-Specific T Cells Are Preferentially Activated in Asthmatics 

During RV Infection 

(A) Change in the percentage of cells expressing markers of respiratory homing potential 

and activation in asthmatics with high IgE during infection. *denotes differences across time. 

Symbols and bars denote means ± SEM. (B) Change in the percentage of RV-specific cells 

expressing markers of respiratory homing potential and activation in asthmatics with lower 

levels of IgE that are enrolled in a trial of anti-IgE during infection. *denotes differences 

across time; #denotes between-group differences. Symbols and bars denote means ± SEM. 

(C) Percentage of RV-specific cells in asthmatics expressing IL-7Rα at baseline and during 

the effector phase (day 7) according to surface signature. *denotes differences between 

signatures at day 7; #denotes differences between time points. Bars denote medians. †n=8 on 

days 0-7 due to sample limitations; ‡subjects with low cell counts within each subpopulation 

were excluded. *p≤0.05, **p≤0.01, ***p≤0.001. 

  



 

 

114 

RV Infection Induces a Robust Type 1 Response in the Upper Airways of 

Asthmatics 

 Interferons are critical to anti-viral responses and facilitate TH1 differentiation. 

Deficient production of IFN-α by cells isolated from the blood and airways of asthmatics 

has been attributed, at least in part, to an inhibitory IgE pathway operating in plasmacytoid 

DCs (pDCs)[251–254]. Such a deficit might be expected to manifest as an attenuated TH1 

responses at the site of RV infection; thus, we performed a comprehensive analysis of TH1-

associated cytokines at all levels of the TH1 axis in the noses of infected subjects. Using nasal 

lining fluid to optimize the detection of low-level cytokines revealed a marked induction of 

IFN-α during acute infection in asthmatics with high IgE, and was comparable to controls 

(Figure 4-11). Additionally, the TH1 effector cytokine IFN-γ peaked during the acute phase 

and remained detectable up to three weeks following infection (Figure 4-11). Notably, for 

asthmatics in the anti-IgE trial, IFN-α and IFN-γ levels were significantly higher in the anti-

IgE group during acute infection than those receiving placebo. By contrast, TH2 cytokine 

levels did not change significantly during infection in asthmatics, although asthmatics had 

higher levels at baseline as compared with controls (Figure 4-11).  

Assessments of more abundant TH1-promoting cytokines and chemokines that are 

produced by pDCs—including IL-6, IL-8, IP-10, and MIP-1β—were performed using nasal 

washes [338–340]. High levels of the TH1 chemoattractants IP-10 and MIP-1β—the 

chemokine ligands of CXCR3 and CCR5, respectively—were induced at high levels in all 

asthmatics, in conjunction with the pro-inflammatory cytokines IL-6 and IL-8 (Figure 4-12). 

Moreover, there was a higher fold increase in IP-10 levels in asthmatics with high IgE 
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compared with controls (Figure 4-12). Together, these cytokine profiles indicate a robust 

type 1 response at all levels of the TH1 axis in the upper airways of infected asthmatics, 

despite high IgE and a pre-existing TH2 milieu. 

 

 

 

 

 

Figure 4-11. Levels of TH Cytokines in the Nose During RV Infection 

Cytokines were analyzed in nasal lining fluid specimens during RV infection. Sample sizes 

varied over time, owing to the inability to perform analyses in “dry” samples. Statistics were 

performed in sample sizes ≥3. Bars denote geometric means. *denotes between-group 

comparisons; #denotes within-group difference compared with day 0. *p≤0.05, **p≤0.01, 

***p≤0.001.  
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Figure 4-12. Levels of Type 1-Associated Pro-Inflammatory Cytokines 

in the Nose 

Cytokines were assayed in nasal wash specimens in all subject groups. Symbols denote 

geometric means ± 95% CI. *denotes between-group comparison of concentrations; 

#denotes between-group comparison of fold change from day 0. †n=11 for IL-6 and MIP-

1β; ‡n=10 for IL-6 and MIP-1β. *p≤0.05, **p≤0.01.  
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Anti-IgE Preferentially Abolishes IgE Receptor on Plasmacytoid Dendritic Cells 

Compared with Other Cell Types 

 During RV infection, circulating pDCs—but not myeloid DCs (mDCs)—were 

expanded in the blood of asthmatics with high IgE, but not in controls or asthmatics with 

moderate IgE enrolled in the anti-IgE trial (Figure 4-13). Analyses of the three principal cell 

types in the blood that express the high-affinity IgE receptor performed prior to study 

initiation revealed that pDCs have the strongest correlation between FcεRIα expression and 

IgE levels (Figure 4-14). Although FcεRIα was reduced on all cell types following anti-IgE 

treatment, its expression was maintained on ~55% of basophils and ~30% of mDCs, but 

was almost completely abolished on pDCs (Figure 4-14). Moreover, while receptor levels 

partially rebounded on mDCs after infection, this did not occur in pDCs. Thus, pDCs are 

more sensitive to in vivo IgE blockade compared with FcεRIα+ cell types involved in type 2 

inflammation. 
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Figure 4-13. Circulating Plasmacytoid Dendritic Cells Increase During Acute 

Rhinovirus Infection 

(A) Gating strategy for the identification of dendritic cell populations and basophils from 

whole blood. (B) Fold change in percentages of basophils, mDCs, and pDCs from day 0 for 

all subject groups. Fold change values are Log2-transformed. Symbols represent means ± 

SEM. *p≤0.05. 
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Figure 4-14. IgE Receptor and its Relationship to Serum IgE and Anti-IgE 

Treatment 

(A) Spearman correlation of FcεRIα expression on cell populations versus total IgE at 

baseline. (B) Percentage of cells expressing FcεRIα over the course of RV infection. 

Symbols represent means ± SEM. (C) Representative histograms depicting expression of 

FcεRIα in one asthmatic subject receiving anti-IgE. Shaded histograms depict FMO 

controls. Values denote the corrected MFI for FcεRIα. *p≤0.05, **p≤0.01, ***p≤0.001.  
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Discussion 

 Allergic asthma is commonly thought to be driven by type 2 inflammatory responses. 

Here, by precisely tracking antigen-specific TH1 and TH2 cells in parallel and analyzing 

multiple immune and clinical parameters during RV infection, we find a paradoxical 

amplification of anti-viral TH1 responses in asthmatics with high IgE. Specifically, we 

observed increased numbers of RV-specific TH1 cells compared with healthy controls during 

infection, as well as preferential activation of TH1 versus TH2 cells in the blood despite a rise 

in TH2 cell numbers. Furthermore, we provide evidence of the recruitment of TH1 cells to 

the airways based on transitions in functional markers on cells in the circulation coupled 

with the induction of TH1 chemoattractants and a robust TH1 signature in the nose. 

 Analysis of RV-specific T cells in uninfected subjects prior to virus inoculation also 

yielded new insight into their role in maintaining inflammation in the absence of infection. 

While higher numbers of allergen-specific T cells were expected in uninfected asthmatics 

compared with non-allergic subjects, the increased numbers of RV-specific memory cells in 

uninfected asthmatics and their link to worse lung function were novel findings. Those RV-

specific T cells identified in this study target conserved peptide epitopes, as described in 

Chapter 2; as such, these cells are poised to respond rapidly as a result of priming by 

previous RV infections. This is borne out in their tissue-homing and memory signatures, and 

their rapid expansion and activation following RV inoculation. Such traits of immune 

surveillance would also be expected to elicit T cell effector functions in the inflamed airways. 

In contrast to allergen-specific T cells, numbers of RV-specific T cells remained elevated 

several weeks after virus was cleared, coincident with sustained secretion of TH1-associated 

mediators in the nose, and a late symptom phase in asthmatics (Appendix I). Together, 
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these observations support the view that a single RV exposure agitates and sustains airway 

inflammation by promoting TH1 inflammation in allergic asthmatics. Given that younger 

asthmatics typically experience 6-8 colds annually, we propose a model wherein repeated RV 

infections occurring in close succession and in the context of pre-existing type 2 

inflammation induce a paradoxical amplification of anti-viral TH1 responses that drive 

chronic airway inflammation and recurrent disease exacerbations. This process, which 

disrupts T cell homeostatic mechanisms that regulate TH1 responses, raises the inflammatory 

set point, thereby reprogramming subsequent responses to viral exposures. 

 Robust anti-viral TH1 responses following infection were associated with an uptick in 

numbers of circulating allergen-specific T cells that lacked an activated phenotype. While this 

might reflect a bystander response resulting in the proliferating of allergen-specific cells, the 

failure for these cells to downregulate IL-7Rα was intriguing. Recent work in a mouse model 

established a requirement for IL-7 in homeostasis of allergen-specific T cells in the airways, 

supporting its relevance to these cells [341]. Nevertheless, to our knowledge, nothing is 

known about the mechanisms of trafficking and activation of allergen-specific cells in 

humans in vivo, or bystander responses of these cells. It is possible that the increase in 

allergen-specific cells in the periphery during RV infection reflects mobilization of pre-

existing allergen-specific cells from inflamed sites or anatomical niches in the absence of 

proliferation. Alternatively, it may arise from IL-7-independent bystander activation and 

proliferation, possibly mediated via IL-2 and IL-15 [342,343]. Whether allergen recognition 

is required remains unknown. Given that the majority of allergen-specific cells were dust 

mite-specific, concomitant exposure to this perennial allergen would be expected during RV 

infection. The elevated levels of TH2 cytokines in the nose in the absence of infection align 
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with this notion. On the other hand, a robust TH2 response during infection might be 

suppressed, at least in part, by anti-viral responses owing to the weaker receptor affinity for 

allergen versus RV epitopes, inhibition by the TH1 axis, and cell competition for activating 

factors [246,248,249,344,345]. 

 Emerging data on asthma endotypes has revealed a role for TH1 cells in asthmatics 

with severe disease, including our own work in asthmatic children [151,158,336]. These 

findings solidify the concept of “TH1 on TH2” inflammation that is borne out by our recent 

work linking type 1 mediators to sensitivity to inhalant allergens in patients with TH1-

associated asthma [336]. Nonetheless, a key question remains regarding the mechanisms of 

TH1 amplification in allergic asthma, and specifically the link between IgE and the TH1 axis. 

With this in mind, it is noteworthy that TH1 responses were less robust in untreated 

asthmatics that had lower levels of IgE and normal lung function versus those with higher 

IgE.  

Although current dosing guidelines precluded us from testing the capacity for anti-

IgE to modulate anti-viral TH1 responses in asthmatics with high IgE, we did gain important 

new insight into the actions of anti-IgE on pDCs relative to other cell types that express IgE 

receptor, as well as the relationship between IgE receptor and serum IgE across a broad 

range of IgE levels. Specifically, expression of surface IgE receptor on pDCs and serum IgE 

were found to be tightly linked. Moreover, the IgE receptor was efficiently downregulated in 

pDCs of subjects who received anti-IgE, thereby potentiating the disruption of IgE 

networks in these cells. A key question is whether this might be clinically beneficial. 

Treatment of asthmatic children with omalizumab has been reported to enhance RV-

induced IFN-α responses in pDCs in vitro, suggesting that IgE blockade might rectify 
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deficient IFN responses [254]. In the present study, the trend towards increased IFNs in the 

nose of asthmatics in the anti-IgE group compared with untreated asthmatics with high IgE 

agrees with this theory, although this did not transpire as an amplified TH1 response during 

infection, as one might have predicted. This aspect also raises the important question of 

whether increased IFNs are a desirable outcome in asthmatic patients infected with RV. This 

may be the case for those who have IgE levels that fall within the lower range specified for 

anti-IgE treatment, and within whom re-programming of the inflammatory set point may be 

limited; however, in those asthmatics with higher IgE levels or more severe disease, 

enhanced IFNs might prove detrimental owing to a loss of T cell homeostasis and 

consequent re-programming of TH1 responses. Moreover, it is possible that pDCs are 

refractory to IgE blockade in patients with higher IgE. Given that IgE receptor is 

maintained at the cell surface by its interactions with IgE and that pDCs provide a sensitive 

barometer of allergic sensitization, our data are consistent with the notion that pDCs are the 

last to load as IgE levels rise, and the first to lose IgE in the presence of IgE blockade 

[187,188,346]. This concept of “sequential loading” of various IgE-receptor-bearing cell 

types introduces an important variable and raises the question of whether the susceptibility 

of pDCs to IgE modulation falls within a specified range of IgE [346]. Regardless of the 

direct involvement of IgE, our data support pDCs as a viable drug target for “normalizing” 

TH1 responses based on their increased numbers in infected asthmatics with high IgE and 

the robust induction of TH1-related cytokines, of which pDCs are a major source. 

 While we cannot make any firm assertions regarding the T cell modulatory effects of 

anti-IgE in the present study, several compelling lines of evidence support the potential for 

anti-IgE to impact the TH2 axis. These include decreased expression of IgE receptor on 
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basophils and myeloid DCs, and the lack of a discernable TH2 response based on change in 

numbers of allergen-specific TH2 cells; however, we cannot exclude the possibility that 

decreased TH2 responses in asthmatics treated with anti-IgE occurred by virtue of their 

lower IgE levels. Nonetheless, the removal of type 2 components that can also promote TH1 

responses may prove beneficial within a low range of IgE. One such example is IL-33. This 

cytokine is arguably a strong candidate for driving TH1 responses owing to its high 

expression in the inflamed airways of asthmatic patients, its induction by RV, and its ability 

to directly promote TH1 cell responses in inflamed settings via its receptor ST2 [347]. 

Similarly, a broad array of pro-inflammatory cytokines, including those detected in the 

present study, might maintain increased numbers of RV-specific TH1 cells after infection 

resolves. From a more controversial standpoint, there is intriguing new evidence to indicate 

that IgE itself can drive IFN production by pDCs, and that IgE signaling elements are 

required for pDC responses [255,256]. However, these responses are likely to be highly 

context-dependent. Hence, our findings highlight the need to elucidate the relationship 

between IgE and TH1 responses, and in particular to assess how inhibition of the TH2 axis in 

asthmatics with high IgE might influence TH1-mediated inflammation. 

 There are several limitations of our study. First, all RV challenges were performed in 

young adults, since children cannot be challenged for safety and ethical reasons. 

Nonetheless, several features point to commonalities between children with acute asthma 

and adults in our model. These include (1) similar mediator profiles, RV receptor (ICAM-1) 

profiles, and viral loads in the nose during infection, and (2) increased RV-induced 

symptoms with higher total IgE [231,232,257]. Also, as previously mentioned, our study 

precluded a definitive conclusion regarding the influence of anti-IgE on anti-viral TH1 
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responses in vivo owing to the lower IgE levels in subjects enrolled in the anti-IgE trial and 

the discrepant lung function and baseline T cell profiles between groups. Finally, it was not 

feasible to collect T cells from the lower airways owing to regulatory constraints at the time 

the study was initiated. However, this caveat is offset by the strong type 1 cytokine signature 

present in the nose, and previous verification of the relevance of circulating RV-specific T 

cells to acute events in the airways, as described in Chapter 3. 

 In summary, our findings establish a key role for TH1 responses to RV in promoting 

inflammatory processes that govern allergic asthma. The results challenge existing paradigms 

related to type 2-mediated processes, and shift the spotlight to TH1 cells as an integral 

component of asthma pathogenesis. 

 

 

 

 

 

 

 

 

 

 

 

This chapter was adapted from: L Muehling, R Agrawal, P Wright, H Carper, D Murphy, L Workman, 
J Eccles, S Ratcliffe, B Capaldo, R Turner, TAE Platts-Mills, P Heymann, W Kwok, J Woodfolk. 
“Rhinovirus infection in allergic asthmatics induces a paradoxical boost in anti-viral TH1 responses that 
drives chronic inflammation” (Manuscript in preparation). 
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Chapter 5  — Conclusions and Future Directions 

Synopsis 

In this thesis, we aimed to define the CD4+ T cell response to RV infection in both 

healthy subjects and those with allergic asthma. Furthermore, we sought to examine how 

IgE relates to T cell responses to RV. In order to accomplish this, we first identified a 

discrete panel of immunodominant peptides that are presented by an array of commonly 

expressed HLA molecules (Chapter 2). These peptide epitopes localized to highly conserved 

regions of capsid proteins likely associated with viral assembly and infectivity. Tetramer 

staining of PBMCs from healthy subjects directly ex vivo confirmed that RV-specific TH1 cells 

targeting conserved epitopes were readily detectable in uninfected healthy subjects and 

displayed cross-protective attributes. Together, these findings led us to propose that these 

peptides provide vaccine candidates that are capable of inducing cross-strain immunity. 

Next, we sought to define the CD4+ T cell response to RV in healthy subjects during 

experimental infection (Chapter 3). An important feature of this study was the use of a 

uniform experimental approach in HLA semi-matched subjects, which provided important 

information on the degree of heterogeneity of the T cell response in humans. In our model, 

we observed robust activation and expansion of circulating CCR5+ RV-specific memory T 

cells during the acute phase in infected subjects only. A key finding was that those subjects 

with higher numbers of RV-specific CD4+ T cells prior to infection had reduced rates of 

infection and delayed viral shedding. We concluded that CCR5+ RV-specific CD4+ T cells 

primed by previous RV infections are armed for immunosurveillance against multiple RV 

strains in healthy subjects. These cells rapidly respond upon RV exposure and are pivotal to 

controlling infection. 
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Finally, we probed the T cell mechanisms of virus-induced asthma (Chapter 4). A 

novel link was observed between increased numbers of RV-specific CD4+ T cells and worse 

lung function in asthmatics before RV challenge, suggesting a pathogenic role even in the 

absence of infection. During infection, asthmatics with high IgE mounted an enhanced TH1 

response to RV compared with healthy controls and asthmatics with lower IgE, in addition 

to increased frequencies of circulating pDCs and the robust induction of IFNs and TH1-

associated mediators in the nose, despite a pre-existing TH2 milieu. Although our study 

precluded any definitive conclusions about the role of IgE in cellular mechanisms of RV 

pathogenesis, we did observe a failure to mount an allergen-specific TH2 response during RV 

infection in subjects receiving anti-IgE, as well as increased nasal IFN-α levels during 

infection. Plasmacytoid DCs were highly responsive to anti-IgE. Together, these findings 

suggest that disruption of IgE networks can redress the TH1/TH2 balance in RV-infected 

asthmatics. We propose that augmented TH1 responses contribute to RV-induced asthma 

pathogenesis both during acute infection and in the absence of infection. 

 Given that the majority of work was performed using peripheral blood specimens, it 

was important to confirm the relevance of RV-specific TH1 effectors to disease in the 

respiratory tract. Extensive analysis of cytokine signatures in the nose during RV infection 

confirmed the robust production of TH1 chemoattractants in both asthmatics and controls, 

including CCR5 ligands and other type 1 mediators (Chapter 4). This is bolstered by 

preliminary observations in a separate study showing robust TH1 signatures in the nose of 

children presenting to the emergency department with acute wheeze with or without RV 

infection (Figure 5-1)[231]. At the cellular level, we also identified CCR5+ effector T cells in 

the noses of healthy control subjects, and confirmed their activation during acute RV 
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infection (Chapter 3). Although isolation of T cells from the respiratory tract of asthmatics 

during RV infection was not feasible, our group recently reported a dominant CCR5+ TH1 

signature in the lower airways of children with severe asthma, including those who were 

highly allergic (Figure 5-2). Together, these studies support a pathogenic role for TH1 

responses in the development and persistence of allergic asthma, thereby challenging the 

current paradigm of type 2-driven disease. 
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Figure 5-1. Nasal Cytokine Production in a Case-Control Emergency 

Department Study of Wheeze and Rhinovirus Infection 

Subjects were recruited as described in [231]. Briefly, children presenting to the emergency 

department with acute wheeze were classified accordingly. Those presenting for non-

wheezing issues were classified as either stable asthmatics (hospitalized or received drugs for 

asthma in the past year) or healthy controls. C, control; SA, stable asthma; W, wheeze. IL-6 

values below the limit of detection are denoted as 1 pg/mL. Symbols represent geometric 

means ± 95% CI. *denotes between-group comparisons; #denotes within-group 

comparisons between RV+ and RV— subjects. *p≤0.05, **p≤0.01, ***p≤0.001.  



 

 

130 

Figure 5-2. Enrichment of CCR5+ and IFN-γ+ CD4+ T Cells in the Lungs of 

Children with Severe Asthma 

(A) Total serum IgE of children with severe asthma undergoing clinically indicated 

bronchoscopy (mid IgE≤500 IU/mL; high IgE>500 IU/mL). (B) Percentage of CCR5+ 

memory CD4+ T cells in paired blood and BAL specimens. (C) Percentage of CD4+ T cells 

expressing intracellular cytokines in paired blood and BAL specimens. Symbols denote 

geometric means ± 95% CI. *p≤0.05, **p≤0.01, ***p≤0.001. Adapted from [336]. Symbols 

were re-colored based on IgE levels, consistent with Chapter 4.  
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Future Directions 

Demonstrate Cross-Strain T Cell Immunity in a Sequential Challenge Model 

 We have demonstrated a link between increased numbers of circulating RV-specific 

CD4+ T cells in uninfected subjects and reduced viral load, as well as the cross-reactive 

potential of these cells (Chapters 2 & 3). Next, the ability of pre-existing cells to protect 

against both homotypic and heterotypic infections needs to be formally tested in vivo in a 

sample size powered to address this question. Our study was limited by the small number of 

subjects and the confounding effect of probiotic. Moreover, it will be important to confirm 

our observations in subjects with a broad repertoire of HLA molecules. Also, while our in 

vitro and in silico work supported the cross-reactive potential of RV-specific T cells that target 

conserved epitopes (Chapter 2), this needs to be confirmed in vivo. 

With this in mind, we have initiated a study that involve monitoring T cell responses 

in healthy subjects sequentially challenged with different RV strains. A targeted total 

enrollment of 80 seronegative subjects will be infected with RV-A16 and then re-challenged 

after 15 weeks with either RV-A16 or RV-A39. This study design allows us to assess RV-

A16-specific CD4+ T cells both before and during the primary and secondary challenges (30-

week period) in order ascertain whether increased numbers of RV-A16-specific CD4+ T cells 

induced by primary challenge protect from subsequent RV-A39 infection. The use of a 25-

marker panel for spectral flow cytometry will enable deep phenotyping of RV-specific T 

cells, in order to interrogate the development and evolution of T cell memory responses in a 

setting that mimics repeated natural infection.  
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Figure 5-3. Future Directions: Rhinovirus Double Challenge Study 

Schematic depicting an ongoing clinical study of heterotypic and homotypic secondary 

rhinovirus challenges in healthy control subjects. Solid lines denote the infection phase, 

whereas dashed lines denote run-in and follow-up periods. 

 

 

 

 

 

Assess “Global” Immune Responses to Rhinovirus Using High-Dimensional 

Experimental Methods 

 The advent of new high-dimensional single-cell analytical methods provides new 

avenues for research and discovery in rhinovirus infection and allergic asthma. While we 

have characterized RV- and allergen-specific CD4+ T cells using 15-parameter multicolor 

flow cytometry, in-depth analysis of T cells and assessment of the contribution of other cell 

types was not performed.  
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In Chapter 2, we described different infection profiles in healthy subjects 

undergoing experimental RV challenge. Of particular interest were two groups of subjects, 

one that became infected but did not mount a neutralizing antibody response or T cell 

responses in the periphery, and the other that remained uninfected despite RV inoculation. 

Given our inability to detect T cell responses in these subjects, we hypothesized that RV was 

controlled by local immune responses and/or other circulating cell types, possibly including 

CD8+ T cells and innate immune cells. Such “covert” responses could be studied using high-

dimensional technologies such as mass cytometry (cytometry by time-of-flight, CyTOF). 

This technology, which utilizes antibodies labeled with discrete heavy metal isotypes in lieu 

of fluorochromes, can be used to measure over 40 markers simultaneously [348]. In a pilot 

study using PBMC specimens from two allergic asthmatics undergoing RV challenge, we 

used a 33-marker panel to monitor a broad range of lymphocyte responses, including CD4+ 

T cells, CD8+ T cells, γδ-T cells and B cells (Table 5-1). We observed fluxes in a discrete 

population of cells during the acute phase, which expressed CCR5 and the TH1-defining 

transcription factor T-bet (Figure 5-4). Notably, this population comprised both CD4+ T 

cells and B cells. This opened a new avenue of research on the various B cell populations 

responding to RV infection, their associated antibodies, and the characterization of a unique 

T-bet+ B-cell subset that may be involved in viral clearance [349,350]. CyTOF also revealed a 

marked expansion of circulating γδ-TCR+ cells three weeks post-challenge (data not shown). 

Little is known about the role of γδ-T cells in asthma; however, several studies of human 

lung cells suggest that γδ-T cells contribute to allergic TH2 inflammation [351–353]. On the 

other hand, mouse models of asthma describe contradictory roles, with γδ-T cells suggested 

to both suppress allergic inflammation, as well as provide an essential contribution to late 
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asthmatic responses [354–356]. We plan to include γδ-T cells in future immunophenotying 

panels in order to determine what, if any, role they play in RV-induced asthma. 

 

 

 

 

 

 

 

Table 5-1. Marker Panel for “Global” Analysis of Cellular Responses to RV 

CD3 CD33 CD27 CXCR5 CCR7 
CD4 CD57 CD44 ICOS CXCR3 
CD45 HLA-DR CD45RA PD-1 CCR5 
CD7 TCRγδ CD45RO APC-Bcl6 (APC) CCR4 
CD8 CD25 ckit GATA3 CCR6 
CD14 CD69 CD43 PE-RORγt (PE)  
CD19 IL-7Rα IgD T-bet  

Markers are colored as follows: White (gating); Orange (activation); Green (memory); Blue 

(B cell-associated markers); Purple (TFH-associated markers); Orange (lineage-specifying 

transcription factors); Teal (homing receptors, including characteristic TH chemokine 

receptors). In instances where an anti-fluorophore mass-tagged antibody was used, the mass-

tagged secondary antibody is given in parentheses.  
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Figure 5-4. Mass Cytometric Analysis Reveals Dynamic Flux in CCR5+ T-bet+ 

Lymphocytes in Allergic Asthmatics During Acute Infection 

(A) viSNE map of CD45+ cells, including definition of T and B cell populations. (B) Time 

course of viSNE maps depicting cell density. The red outline defines a major population 

comprised of CD4+ T cells and B cells that “disappears” from the blood during acute 

infection. (C & D) Maps depicting the expression of (C) B and T lymphocyte populations, 

and (D) expression of T-bet and CCR5 within the major populations of circulating 

lymphocytes during RV infection.  



 

 

136 

Exploring the Heterogeneity and Stability of RV-Specific CD4+ T Cells  

Our work highlights the need for an in-depth analysis of RV-specific CD4+ T cells. 

Although the signature of TH1 cells appeared stable during RV infection in both asthmatics 

and controls, we tested only a limited number of surface markers. Moreover, a large 

proportion of virus-specific T cells in asthmatics lacked expression of any marker (Chapter 

4). A future major objective will be to identify pathogenic TH1 signatures in patients with 

asthma. Such signatures may arise de novo, or else by subversion in the inflamed milieu of 

chronic asthma. Preliminary data obtained by CyTOF identified a “TH1 + TH2” signature in 

CCR5+ CD4+ T cells, based on co-expression of T-bet and GATA-3, and the emergence of a 

CCR5+T-bet—GATA-3+ population after RV infection in asthmatics. These signatures might 

reflect transitions within CCR5+ T cells during infection. In order to address T cell stability 

and identify pathogenic TH1 signatures, single cell gene expression profiling of RV-specific 

CD4+ T cells is planned in the near future. This technique can be applied to the whole 

transcriptome, or else to a targeted set of genes. By combining this technique with index 

fluorescence-activated cell sorting (FACS), we will be able to identify and sort single 

tetramer+ cells using comprehensive antibody panels for fluorescence flow cytometry, and 

link each transcriptome signature to its corresponding protein signature. Putative pathogenic 

T cell signatures can then be sorted for in vitro assays of effector function. 

Elucidate Mechanisms of Interaction Between TH1 and TH2 Pathways 

 One major outstanding question is how a pre-existing TH2 milieu might promote an 

augmented TH1 response to RV in allergic asthmatics. This might occur as follow: (1) IgE 

and anti-viral signaling networks interact in dendritic cells to boost anti-viral responses; and 

(2) induction of TH2-promoting cytokines boosts TH1 responses either through the priming 
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of dendritic cells, including plasmacytoid dendritic cells, or else direct interaction with CD4+ 

TH1 cells.  

There are several possible points of intersection between IgE and anti-viral (i.e. TLR) 

signaling pathways. For example, recent work in DCs has demonstrated a role for the IgE 

signaling components Lyn and Fyn in TLR signaling, and induction of IFN production by 

IgE receptor crosslinking, albeit in the context of autoimmune disease (Figure 

5-5)[255,256]. This paradigm is complicated by our findings that nasal levels of IFNs were 

actually highest in asthmatics who received anti-IgE. This is consistent with previous reports 

of an inhibitory role for IgE in the modulation of IFN production. However, IFNs are not 

the only type 1 cytokines capable of mediating TH1 responses. Indeed, increased IFNs in 

asthmatics who received anti-IgE did not translate to augmented TH1 responses in those 

subjects compared to those with high levels of IgE. Thus, further work on the link between 

IgE and IFN production is warranted. 

 In our model of experimental RV infection, whole blood specimens were obtained at 

four time points (days -56, 0, 4, and 21) for fixation and preservation with SmartTube 

reagents (SmartTube, Inc., San Carlos, CA), and stored either unstimulated or following 

direct ex vivo IgE crosslinking. This method of specimen storage allows for the preservation 

of intracellular signaling events including phosphorylation of signaling molecules, and 

provides a valuable resource for the future probing of IgE and TLR signaling networks 

operating during RV infection by phosphor-flow cytometry. 

 As mentioned briefly in Chapter 4, IL-33 provides another candidate for TH1 

amplification. Although classically considered to be a TH2-skewing cytokine, its capacity for 

inducing TH1 responses via both the modulation of dendritic cells and direct effects on 
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CD4+ T cells is well-described [347,357,358]. Although IL-33 was not detected in nasal 

washes in our model (data not shown), another group has reported IL-33 in nasal lining 

specimens from asthmatics infected with RV [269]. This provides a more sensitive method 

of cytokine detection. Continuing research is focused on the potential synergy between IL-

33 and virus in promoting RV-specific TH1 responses in culture in highly allergic asthmatics. 

The ability for IL-33 to act directly versus indirectly (i.e. via DCs) on CD4+ T cells will be 

tested. 

 

 

Figure 5-5. Schematic of the Potential Intersection of IgE and TLR Signaling 

Pathways in DCs 

Signaling components in red are associated with allergen/IgE signaling pathways, while blue 

components are associated with virus/TLR signaling pathways. Potential points of 

intersection are shown in purple.  
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Conclusions and Clinical Implications 

 In this work, we have extensively characterized the CD4+ T cell response to RV 

infection, both in health and within the context of allergic asthma. We have identified 

immunodominant T cell epitopes of RV capsid proteins, demonstrated their conservation 

across RV strains, and provided proof-of-concept for cross-strain proliferation and cytokine 

production in responses to these epitopes in vitro. Furthermore, we utilized novel tetramer 

reagents to identify and monitor RV-specific CD4+ T cells during RV infection. This strategy 

identified a role for CCR5+ TH1 cells specific for conserved capsid epitopes in regulating RV 

infection in healthy subjects. Taken together, these data suggest that peptide epitopes could 

provide ideal vaccine candidates for a cross-protective T cell-based vaccine against the 

common cold. Such an advance, if successful, could significantly improve human health. 

 We also demonstrate a paradoxical amplification of anti-viral TH1 responses in 

allergic asthmatics infected with RV, and present evidence to support a pathogenic role for 

RV-specific TH1 responses in asthma. This represents a major shift in the field. The majority 

of drugs for allergic asthma that are in development target type 2 inflammation or else aim to 

boost anti-viral responses. However, the data from our work suggest that attenuating TH1 

responses or else redressing the TH1/TH2 “balance” might be of benefit for virus-induced 

asthma. Indeed, our data call into question whether treatment strategies focused on 

enhancing anti-viral immunity in asthmatics might instead promote disease pathogenesis. 

Although anti-IgE treatment may enhance IFN-α in allergic asthmatics, given that 

interferons are not deficient in asthmatic with high IgE, the benefits of such an increase are 

questionable. Our findings support a model wherein repeated “hits” with RV promote TH1-

driven processes in allergic asthma that raise the inflammatory set point. By shifting the 
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spotlight to TH1 cells, this work presents new opportunities for research and treatment. 

From a broader perspective, this body of work represents a significant advance in the field 

of RV immunity be revealing for the first time the characteristics of RV-specific CD4+ T 

cells in health and disease. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter includes data from: J Wisniewski*, L Muehling*, J Eccles, B Capaldo, R Agrawal, D 
Shirley, J Patrie, L Workman, A Schuyler, M Lawrence, W Teague, J Woodfolk. “TH1 signatures are 
present in the lower airways of children with severe asthma, regardless of allergic status.” J Allergy Clin 
Immunol (2018). *Equal contribution. 



 

 

141 

Appendix I  — Experimental Rhinovirus Challenge for the Study of 

Allergic Asthma and the Role of IgE 

Introduction 

Respiratory viral infections, including rhinovirus, are important triggers of allergic 

asthma exacerbations [218,219]. Although the mechanisms of virus-induced asthma require 

further elucidation, a clear link to allergic sensitization has been established. Previous studies 

have shown that simultaneous allergen and viral exposure results in enhanced symptom 

severity [222,223]. Additionally, increased levels of IgE have been linked to worse symptom 

severity during rhinovirus infection, and dust mite allergen-specific IgE is associated with 

increased risk of wheeze in children infected with RV [231,232]. In this study, we performed 

experimental RV challenge in asthmatics, including those receiving anti-IgE treatment, in 

order to assess the interaction between RV and asthma, as well as to probe the ability for 

anti-IgE treatment to reduce RV-induced asthma symptom severity. 

Methods 

Subject Screening and Inclusion/Exclusion Criteria 

Subjects with mild physician-diagnosed allergic asthma were recruited for 

participation in these studies. Airway hyperreactivity was confirmed by methacholine 

challenge (≥20% fall in FEV1 at a methacholine concentration of ≤8 mg/mL). Allergic 

status was confirmed by a positive skin prick test to one or more allergens (Alternaria, dust 

mite, and/or ragweed for fall challenges; grass and/or tree pollens for spring challenges), as 

well as a determination of total and allergen-specific serum IgE levels by ImmunoCAP. 

Those subjects with no history of allergic disease were enrolled in the RV challenge if their 

serum IgE was less than 50 IU/mL. 
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Subjects who received omalizumab and/or allergen immunotherapy within the past 3 

years were excluded from the study, as well as those who had used inhaled corticosteroids, 

inhaled cromolyn or nedocromil, long-acting beta agonists, inhaled ipratropium bromide, 

systemic leukotriene modifiers, or nasal corticosteroids within four weeks of the study. In 

the interest of safety, only mild asthmatics were enrolled into the study, excluding those who 

required hospitalization or emergency department care for asthma-related reasons in the 

previous three years, and those who required intubation or intensive care unit treatment for 

asthma at any time previously. In addition, subjects with an FEV1<70% predicted at time of 

enrollment were excluded from the study. In order to accommodate subjects with lower lung 

volumes (FVC≤88% predicted), an alternate exclusion factor of FEV1/FVC<80% was used.  

Omalizumab Randomization, Dosing, and Administration 

Omalizumab dosing of allergic asthmatic subjects was determined according to 

subject serum IgE and weight (Tables I-1 & I-2). Those subjects with total IgE and weight 

outside of the dosing range were enrolled into the RV challenge only. Those subjects eligible 

to receive omalizumab treatment were administered either drug or placebo (sterile water) by 

study personnel every two or four weeks according to the dosing schedule, and subjects were 

monitored following drug administration according to safety recommendations (2 hours for 

visits 1-3; 30 minutes thereafter) (Tables I-1 & I-2)[359]. Treatment was initiated eight 

weeks prior to RV challenge, and continued until completion of the study. Subjects who 

were not enrolled in the omalizumab trial had a shorter seven-day run-in period. The 

treatment randomization code was not broken until all challenges were completed, and the 

code was not revealed to the researchers until the completion of all tetramer experiments.  
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Table I-1. Omalizumab Dosing (Milligrams) For Administration Every Four 

Weeks in Adults and Adolescents Over 12 Years of Age 

Pre-treatment 
Serum IgE 
(IU/mL) 

Body Weight (kg) 

30-60 >60-70 >70-90 >90-150 

≥30-100 150 150 150 300 

>100-200 300 300 300  
>200-300 300  
>300-400 

See Table I-2 
 

>400-500 

>500-600 

>600-700 

 

 

 

 

Table I-2. Omalizumab Dosing (Milligrams) For Administration Every Two 

Weeks in Adults and Adolescents Over 12 Years of Age 

Pre-treatment 
Serum IgE 
(IU/mL) 

Body Weight (kg) 

30-60 >60-70 >70-90 >90-150 

≥30-100 
See Table I-1  

>100-200 225 

>200-300  225 225 300 

>300-400 225 225 300 
 >400-500 300 300 375 

>500-600 300 375 
DO NOT DOSE 

>600-700 375  
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Experimental RV-A16 Inoculation and Clinical Assessments 

The RV-A16 challenge pool was produced under GMP conditions (IND #15162 & 

010510). All subjects were inoculated in the evening of day 0. RV-A16 inoculum suspended 

in HANK’s balanced salt solution (0.25 mL, 300-500 TCID50) was placed into each nostril. 

After 5-10 minutes, a second viral inoculum was administered. Subjects remained in hotel 

rooms under supervision through the morning of study day 4, and returned for outpatient 

visits thereafter. Neutralizing antibodies were measured using a standard microtiter assay 

[51]. Viral load in nasal wash specimens was assessed by qPCR using pan-RV primers as 

previously described, as well as by a semi-quantitative culture assay [51,257]. Subjects were 

considered infected if they had evidence of RV in nasal wash at any day following 

inoculation by either culture or qPCR and/or if they seroconverted by day 21 post-

inoculation (≥4 fold increase in RV-A16 serum neutralizing antibody titer). 

Study personnel performed clinical assessments twice daily while subjects remained 

under supervision at the hotel, as well as at outpatient visits during the run-in period and the 

post-inoculation periods. These procedures included lung function assessments, nasal 

specimen collection, and blood draws for complete blood count (CBC) and serology. A 

schematic depicting the schedule of all clinical procedures is given in Figure I-1. Subjects 

performed self-assessments throughout the course of the study, including symptom scoring 

and peak flow monitoring.  

Nasal Wash and Nasal Lining Specimen Collection 

In order to assess viral load and inflammatory mediator profiles, nasal wash was 

performed in all subjects over the course of infection. Two mL of phosphate buffered saline 

(PBS) was instilled in each nostril with a mucosal atomization device (Wolfe Tory Medical, 
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Inc., Salt Lake City, UT) while the subject held their breath. The specimen was then 

retrieved by suction using a BBG Nasal Aspirator (Codan, US Corp., Santa Ana, CA). Nasal 

wash was performed according to the schedule in Figure I-1.  

In addition, nasal lining fluid was obtained from a subset of subjects, in order to 

obtain a more concentrated specimen for analysis of inflammatory mediators. Nasal lining 

fluid was collected prior to performing nasal wash, and was obtained on day 0, during acute 

infection (day 4), and during convalescence (either day 14 or 21). Surgicel cellulose gauze 

(Ethicon, Inc., Somerville, NJ) was cut into strips and applied to the inferior turbinate of 

each nostril for five minutes, during which time the nostrils were held closed by nose clips. 

After removing the Surgicel with forceps, the strips were placed into a Costar® Spin-X® 

centrifuge tube insert with no membrane (Corning, Inc., Corning, NY) and was centrifuged 

at 2000 rpm for 4 minutes in order to extract the specimen. Specimens were diluted 1:4 with 

nasal lining fluid buffer (PBS with 0.3% human serum albumin [HSA], 0.01% sodium azide, 

0.002% Tween20) prior to storage at -80oC.  

Symptom Severity and Lung Function Assessment 

Upper and lower respiratory tract symptom severity was determined using the 

modified Jackson criteria [233]. Subjects filled out symptom diary cards in the morning and 

evening for the duration of the study, denoting medication use as applicable. In addition, 

subjects monitored peak flow twice daily with a personal PF100 asthma monitor (Microlife 

USA, Inc., Dunedin, FL). An additional self-assessment, the Asthma Control Test (ACT), 

was completed prior to study initiation and after study completion [360]. In addition to peak 

expiratory flow monitoring, numerous lung function assessments were performed in order 

to determine disease severity. Spirometry was performed by study personnel, in order to 
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assess numerous aspects of lung function, including lung forced vital capacity (FVC), forced 

expiratory volume in one second (FEV1), and the forced expiratory flow between 25-75% of 

FVC (FEF25-75), which can be indicative of small airway obstruction. Airway reactivity in 

asthmatic subjects was assessed by methacholine challenge according to standard 

procedures, and airway inflammation was assessed by fractional expired nitric oxide (FENO), 

which was measured using a NioxMino® Nitric Oxide analyzer (Aerocrine AB, Solna, 

Sweden).  

Statistical Methods 

The clinical study primary outcome measures were upper and lower respiratory 

symptom scores, which were compared using the Kruskal-Wallis test and negative binomial 

models with correction for symptoms during the run-in period. Between-group comparisons 

of clinical parameters at baseline were performed using the Kruskal-Wallis test. Between-

group comparisons over time were performed using repeated measures models for 

spirometry, and 2-way ANOVA with Sidak’s multiple comparisons correction for viral titer, 

methacholine challenge, FENO, peak flow, and complete blood counts. Within-group 

comparisons over time were performed using the Wilcoxon test for ACT scores, and the 

Freidman test for IgE.  
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Figure I-1. RV Challenge Study Design and Clinical Procedures 

Study design schematic depicting clinical assessments and procedures. Pre-infection 

procedures are denoted with dashed lines, and gray symbols denote procedures performed in 

the omalizumab study only. An eight-week run-in period was employed for subjects enrolled 

in the anti-IgE trial, whereas a seven day run-in period was employed for those subjects 

receiving RV challenge only. †Nasal lining was obtained for either day 14 or 21, but not both.  
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Results 

Subject Screening and Infection Profiles 

A total of 777 subjects were assessed for eligibility to enter this study (Figure I-2). 

Overall, 31 asthmatic and 13 healthy control subjects completed the study and became 

infected following inoculation. Subject demographics are listed in Tables I-3 & I-4. As 

shown in Chapter 4, asthmatic subjects were divided into those with moderate IgE levels 

within the omalizumab dosing range who entered the anti-IgE trial, and those with high IgE 

who received RV challenge only. Asthmatic subjects had allergen-specific IgE directed 

against numerous common indoor and outdoor allergens, including those for which 

pMHCII tetramers were available (Figure I-3). The most common sensitizing allergen was 

dust mite (65% of asthmatics), which also had the highest titers of allergen-specific IgE. 

One healthy control subject remained uninfected following inoculation, as evidenced 

by a lack of viral positivity by either qPCR or culture, as well as a lack of seroconversion 

(Figure I-2). Additionally, three subjects were excluded during post hoc analysis due to the 

presence of a confounding RV infection within six weeks prior to inoculation (high IgE: 1 

subject; mid IgE [Tx]: 2 subjects) (Figure I-2). Although not statistically significant, rates of 

RV-A16 seroconversion were increased in asthmatic subjects, with the highest rates 

observed in those with high IgE (Tables I-3 & I-4). In contrast, viral titers were not 

statistically different between groups, regardless of whether assessed by qPCR or culture 

methods (Figure I-4). Interestingly, viral titers were highest among asthmatics with 

moderate IgE levels, with virus positivity persisting the longest in those subjects that 

received anti-IgE (Figure I-4). Thus, anti-IgE treatment does not enhance viral clearance, 

but may instead inhibit clearance, perhaps through modulation of the immune response.  



 

 

149 

 

Figure I-2. Subject Screening and Enrollment 

Screening and enrollment of (A) asthmatic, and (B) healthy control subjects. Red boxes 

denote all subjects who completed the challenge study, and blue boxes denote subjects with 

appropriate HLA types for the tetramer studies described in Chapter 4.  
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Table I-3. Subject Demographic Data, RV Challenge Only 

 Controls 
(n=13) 

High IgE 
(n=11) 

P 
Value 

Female Gender [n (%)] 10 (77%) 8 (73%) >0.99 
Race [n (%)]   0.20 

Black 0 (0%) 2 (18%)  
White 13 (100%) 9 (82%)  

Ethnicity [n (%)]   >0.99 
Non-Hispanic 13 (100%) 11 (100%)  

Age [yrs, mean (SD)] 22.1 (20.3-23.9) 24.5 (19-39) 0.99 
Total IgE [Geo. Mean (range)]* 13.5 (2.4-42.5) 1239 (596-4692) <0.001 
Seroconversion [n (%)] 8 (62%) 10 (91%) 0.16 

 

 

 

 

 

Table I-4. Subject Demographic Data, Omalizumab Trial 

 Mid IgE [Tx] 
(n=10) 

Mid IgE [P] 
(n=10) 

P 
Value 

Female Gender [n (%)] 7 (70%) 9 (90%) 0.58 
Race [n (%)]   0.40 

Black 1 (10%) 2 (20%)  
White 8 (80%) 8 (80%)  
Other 1 (10%) 0 (0%)  

Ethnicity [n (%)]   >0.99 
Hispanic 0 (0%) 1 (10%)  
Non-Hispanic 10 (100%) 9 (90%)  

Age [yrs, mean (SD)] 21 (17.8-24.2) 24.3 (19.4-29.2) 0.16 
Total IgE [Geo. Mean (range)]* 238 (133-493) 225 (140-473) 0.97 
Seroconversion [n (%)] 7 (70%) 7 (70%) >0.99 

*IU/mL. Bolded values denote significance (p≤0.05). 
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[Previous] Figure I-3. Allergen-Specific IgE Profiles at Study Initiation  

Allergen-specific IgE to whole allergen and relevant components (A) for which tetramer 

reagents were available, and (B) for additional common outdoor and indoor allergens. 

Shaded regions denote a class 0 IgE range. The assay limit of detection is 0.1 kUA/L. Bars 

denote geometric means ± 95% CI. *p≤0.05, **p≤0.01, ***p≤0.001. 

Figure I-3. Allergen-Specific IgE Profiles at Study Initiation 

 

 

 

Figure I-4. Similar Viral Titers in Asthmatic and Control Subjects 

Viral titer in nasal lavage as determined by (A) qPCR and (B) culture methods. Negative 

cultures were assigned a value of -0.5. Symbols denote means ± SEM. 
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RV Modulation of Subject Symptoms and Lung Function 

There were no significant differences in symptom scores between subjects receiving 

anti-IgE and placebo during the pre-treatment phase (Figure I-5). In all subjects, RV 

challenge induced both upper and lower respiratory tract symptoms, although lower 

respiratory tract symptoms were negligible in control subjects and consisted mainly of cough 

alone (Figure I-5, data not shown). Both upper and lower respiratory tract symptoms were 

enhanced in high IgE asthmatic subjects versus controls during early infection (days 1-4), 

although this was not significant for upper respiratory symptoms (Figure I-5). There was 

also a trend toward decreased upper respiratory symptoms in anti-IgE treated subjects versus 

placebo during the first week of infection (p=0.08), and lower respiratory symptoms were 

reduced during the early phase (Figure I-5). During the late phase (days 15-21) there was a 

trend toward increased upper respiratory symptoms in high IgE asthmatics versus controls 

(p=0.09), and symptoms remained elevated at 21 days in those asthmatics with lower levels 

of IgE, regardless of treatment group. Overall, only a modest reduction in symptoms was 

observed in subjects receiving anti-IgE.  

In addition, subjects completed the Asthma Control Test both at study entry and 28 

days after RV infection. At baseline, all asthmatic subjects had reduced asthma control as 

compared with healthy subjects regardless of study group (Figure I-6). Following RV 

infection, loss of asthma control was most pronounced in those asthmatics with high IgE. 

There was no significant difference in the post-infection ACT scores of asthmatics receiving 

anti-IgE and placebo, although subjects receiving placebo did have significantly worse 

asthma control than healthy subjects, whereas those receiving anti-IgE did not (Figure I-6).  
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[Previous] Figure I-5. Increased Symptom Profiles in Allergic Asthmatics 

Versus Healthy Controls During RV Infection  

(A & B) Upper, and lower respiratory tract symptoms as reported by subjects using the 

modified Jackson criteria, for both (A) the pre-treatment phase in the omalizumab trial, and 

(B) the infection phase, including run-in period (days -7 to 0) for all subjects. Values reflect 

the average of morning and evening symptom scores. Symbols denote means ± SEM. 

*denote differences in lower respiratory tract symptoms without cough. *p≤0.05, **p≤0.01. 

Figure I-5. Increased Symptom Profiles in Allergic Asthmatics Versus Healthy Controls 

During RV Infection 

 

 

 

 

 

Figure I-6. Loss of Asthma Control During RV Infection 

Asthma Control Test score, as reported by subjects at baseline. The maximum score is 25. 

Shaded regions denote a loss of asthma control (score of 19 or below). *between-group 

comparisons; #within-group comparisons. *p≤0.05; **p≤0.01, ***p≤0.001.  
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As discussed in Chapter 4, baseline assessments of lung function by spirometry 

revealed heterogeneity among asthmatic subjects (Figure I-7). Healthy controls exhibited 

the highest lung function, while asthmatics with high IgE had reduced lung function, 

including low expiration over one second (FEV1), low lung capacity (FVC), reduced small 

airway function (FEF25-75), and an FEV1/FVC ratio indicative of airway obstruction (Figure 

I-7)[337]. Interestingly, among asthmatics enrolled in the anti-IgE trial there were noticeable 

differences in spirometry prior to study initiation. At baseline, those subjects randomized to 

receive anti-IgE had an increased lung capacity as compared with those randomized to 

receive placebo; however, overall lung function as assessed by FEV1/FVC was significantly 

reduced in subjects randomized to receive anti-IgE, resembling the values of the high IgE 

asthmatics (Figure I-7). In contrast, subjects randomized to receive placebo more closely 

resembled healthy controls (Figure I-7). Taken together, this indicates increased disease 

severity among the anti-IgE group prior to study initiation. 

During acute infection, FEV1, FEV1/FVC, and FEF25-75 measurements generally 

dropped, whereas lung capacity remained largely consistent (Figure I-7). These changes 

were most pronounced in high IgE asthmatics and mid IgE asthmatics receiving placebo, 

whereas these measures did not drop in those receiving anti-IgE; however, there were no 

statistically significant differences in spirometry responses between those receiving anti-IgE 

and placebo (Figure I-7). Thus, although subjects receiving anti-IgE demonstrated less of a 

reduction in lung function during RV infection, their spirometry responses were not 

significantly improved compared with placebo. This is further complicated by their increased 

severity prior to study initiation.  
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In addition to spirometry, several additional assessments of lung function and airway 

inflammation were performed. Methacholine was used to assess airway hyperreactivity in 

asthmatics. There was no significant difference in the concentration of methacholine 

triggering a 20% fall in FEV1 (PC20) between asthma groups at baseline; however, during RV 

infection, asthmatics receiving placebo had an elevated PC20 versus those receiving anti-IgE 

and those with high IgE indicating reduced airway responsiveness, although this did not 

reach statistical significance (Figure I-8). Fractional exhaled nitric oxide is a biomarker of 

airway inflammation, perhaps due to increased activity of the cytokine-inducible NO 

synthase in asthmatic lungs [361]. At screening, asthmatics with high IgE had the highest 

FENO, followed by asthmatics randomized to receive anti-IgE, although this was not 

significantly elevated compared to those receiving placebo (Figure I-8). FENO remained 

largely constant over the course of the study, regardless of study group, and there were no 

significant differences between those receiving anti-IgE and placebo; however, there was a 

non-significant decrease in FENO during the treatment phase among subjects receiving anti-

IgE (Figure I-8). Subjects were given peak flow monitors to perform self-assessments twice 

daily. There were no differences in baseline peak flow measurements between study groups 

at study initiation, and there were limited changes in peak flow over the course of the study 

(data not shown). Overall, these measurements of lung function and inflammation are 

reflective of more severe disease in high IgE asthmatics and mid IgE asthmatics receiving 

anti-IgE prior to study initiation, with modest treatment effects during infection. 
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[Previous] Figure I-7. Spirometry Assessments During RV Challenge  

Between-group comparisons of spirometry measurements, both (A-D) at screening, and (E-

H) during RV infection (percent change from day 0). Grey shaded regions denote reduced 

lung function according to established guidelines (FEV1/FVC<0.80)[337]. Symbols and bars 

denote means ± SEM. For (E-H), *represents differences between controls and high IgE 

asthmatics, as there were no significant differences between mid IgE groups. *p≤0.05, 

**p≤0.01. 

Figure I-7. Spirometry Assessments During RV Challenge  

 

 

 

 

Figure I-8. Additional Measurements of Airway Reactivity and Inflammation 

 (A & B) Methacholine challenge (PC20), and (C & D) FENO, performed at screening (A & 

C), and during RV infection (B & D). FENO values are Ln-transformed. Symbols denote 

means ± SEM. *p≤0.05, **p≤0.01, ***p≤0.001.  
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Peripheral Immune Responses to RV Infection 

In order to monitor global immune responses in the periphery, complete blood 

counts were performed over the course of the study. Cellular responses generally peaked 

during acute infection on days 3 to 4 (Figure I-9). During acute infection, peripheral 

basophil, lymphocyte, and eosinophil responses were significantly increased in high IgE 

asthmatics as compared with controls (Figure I-9). As expected, there was a significant 

reduction in eosinophils during RV infection in subjects receiving anti-IgE versus placebo, 

including suppression of late eosinophil responses during convalescence; in contrast, there 

was a non-significant increase in total peripheral white blood cells and neutrophils during 

convalescence in subjects receiving anti-IgE (Figure I-9). Taken together, we observed 

effective suppression of TH2-associated eosinophil responses by anti-IgE during infection. 

In addition, serum total and dust mite-specific IgE were monitored over the course 

of the study in asthmatics and controls. These measurements were not feasible in subjects 

receiving anti-IgE treatment due to the formation of IgE aggregate complexes. These 

complexes are indistinguishable from free IgE by conventional IgE measurements, and the 

slow clearance of these complexes results in an increase in measured IgE levels during 

treatment [362]. Interestingly, we observed a transient increase in both total and dust mite-

specific IgE during acute infection in asthmatic and control subjects, potentially due to an 

adjuvant effect of viral infection (Figure I-10)[363]. It will be important to determine 

whether this boost in IgE production compromises the efficacy of anti-IgE treatment.  
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Figure I-9. Complete Blood Counts (CBCs) During the Course of Experimental 

Rhinovirus Challenge 

Sequential CBCs from allergic asthmatic and healthy control subjects. Shaded gray areas 

denote values falling outside of the reference age for healthy adults ≥18 years. Symbols 

denote means ± SEM. *denotes between-group differences. *p≤0.05, **p≤0.01, 

***p≤0.001. 

WBC, white blood cell. 
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Figure I-10. Transient Increase in Serum IgE Following RV Infection 

(A) Time course of total and dust mite-specific IgE. (B & C) Change in (B) total, and (C) 

dust mite-specific IgE from day 0. Dust-mite specific IgE over time was only assessed in 

those subjects with values above the limit of detection (0.1 kUA/L). Graphs depict Log2-

transformed fold changes from day 0. Numbers denote the proportion of subjects with 

increased IgE titers relative to day 0 during infection (day 4 and/or 7). *p≤0.05, ***p≤0.001.  
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Discussion 

Overall, anti-IgE treatment modestly reduced RV-induced disease exacerbations in 

mild allergic asthmatics. However, analysis of anti-IgE effects is complicated by baseline 

differences between subjects receiving anti-IgE and placebo. In particular, subjects 

randomized to receive anti-IgE had reduced lung function and increased airway 

inflammation at baseline, whereas those randomized to receive placebo had lung function 

similar to that of healthy controls. Despite this, we did observe modest reduction in reported 

symptoms during acute infection in subjects receiving anti-IgE, although symptoms 

remained elevated for several weeks following inoculation. In addition, subjects receiving 

anti-IgE experienced less of a drop in lung function than those receiving placebo, and 

demonstrated reduced peripheral eosinophil responses.  

Interestingly, RV infection induced production of IgE in both asthmatics and 

controls, although the formation of IgE aggregates precluded the assessment of samples 

from subjects receiving anti-IgE. It will be important to determine whether RV infection 

does induce an adjuvant effect and boost IgE, and to assess the precise mechanisms through 

which RV modulates B cell antibody production. Furthermore, it remains to be determined 

whether a RV-induced boost in IgE would be sufficient to overcome anti-IgE treatment, 

particularly if the drug has not been administered for several weeks.  

Taken together, there appears to be a modest protective effect of anti-IgE treatment 

with RV challenge; however, analysis of anti-IgE efficacy is complicated by increased 

inflammation and disease severity prior to study initiation in those subjects that received 

anti-IgE treatment. As such, follow up studies with larger cohorts are necessary to draw firm 

conclusions regarding the use of omalizumab for the prevention of RV-induced asthma. 
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This appendix was adapted from: “Using the experimental virus infection model and the administration of 
omalizumab to evaluate the asthmatic response to rhinovirus” (Manuscript in preparation). 

& 

L Muehling, R Agrawal, P Wright, H Carper, D Murphy, L Workman, J Eccles, S Ratcliffe, B 
Capaldo, R Turner, TAE Platts-Mills, P Heymann, W Kwok, J Woodfolk. “Rhinovirus infection in 
allergic asthmatics induces a paradoxical boost in anti-viral TH1 responses that drives chronic inflammation” 
(Manuscript in preparation). 
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Appendix II — Statistical Comparisons of Antigen-Specific CD4+ T Cells  

Table II-1. RV-Specific CD4+ T Cell Frequencies 

Comparisons Unadjusted P Value Adjusted P Value 

Between-Group Comparisons   

Baseline   

Control vs. High IgE 0.583 1.000 

Mid IgE [Tx] vs. [P] 0.019 0.381 

Control vs. Mid IgE [P] 0.531 0.999 

Mid IgE [P] vs. High IgE 0.902 0.999 

Control vs. Mid IgE [Tx] ≤0.001 0.032 

Mid IgE [Tx] vs High IgE 0.008 0.195 

Day -56   

Mid IgE [Tx] vs. [P] 0.010 0.230 

Day 0   

Control vs. High IgE 0.282 0.995 

Mid IgE [Tx] vs. [P] 0.131 0.931 

Control vs. Mid IgE [P] 0.300 0.993 

Mid IgE [P] vs. High IgE 0.919 0.993 

Day 4   

Control vs. High IgE ≤0.001 ≤0.001 

Mid IgE [Tx] vs. [P] 0.709 0.999 

Control vs. Mid IgE [P] 0.045 0.620 

Mid IgE [P] vs. High IgE 0.786 1.000 

Day 7   

Control vs. High IgE 0.003 0.086 

Mid IgE [Tx] vs. [P] 0.005 0.135 

Control vs. Mid IgE [P] 0.608 0.999 

Mid IgE [P] vs. High IgE 0.028 0.494 

Day 21   

Control vs. High IgE 0.370 0.998 

Mid IgE [Tx] vs. [P] 0.292 0.994 

Control vs. Mid IgE [P] 0.488 0.999 

Mid IgE [P] vs. High IgE 0.830 0.999 
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Within-Group Comparisons   

Control   

Day 0 vs. 4 0.002 0.062 

Day 0 vs. 7 0.035 0.559 

Day 0 vs. 21 ≤0.001 ≤0.001 

High IgE   

Day 0 vs. 4 0.005 0.135 

Day 0 vs. 7 0.002 0.062 

Day 0 vs. 21 0.043 0.620 

Mid IgE [Tx]   

Day -56 vs. 0 0.163 0.959 

Day 0 vs. 4 0.955 0.955 

Day 0 vs. 7 ≤0.001 ≤0.001 

Day 0 vs. 21 0.373 0.996 

Mid IgE [P]   

Day -56 vs. 0 0.702 1.000 

Day 0 vs. 4 0.120 0.922 

Day 0 vs. 7 0.182 0.967 

Day 0 vs. 21 ≤0.001 ≤0.001 

Baseline data were analyzed using a generalized linear model. Both between- and within-

group comparisons over time were analyzed using generalized estimating equations. Multiple 

comparisons corrections were performed using the Holm-Sidak method for 37 comparisons. 

Significant values (p≤0.05) are shown in bold. 
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Table II-2. Allergen-Specific CD4+ T Cell Frequencies 

Comparisons Unadjusted P Value Adjusted P Value 

Between-Group Comparisons   

Baseline   

Control vs. High IgE 0.103 0.947 

Mid IgE [Tx] vs. [P] 0.657 0.999 

Control vs. Mid IgE [P] 0.458 1.000 

Mid IgE [P] vs. High IgE 0.449 1.000 

Control vs. Mid IgE [Tx] 0.208 0.994 

Mid IgE [Tx] vs High IgE 0.756 0.985 

Day -56   

Mid IgE [Tx] vs. [P] 0.496 0.999 

Day 0   

Control vs. High IgE 0.017 0.422 

Mid IgE [Tx] vs. [P] 0.757 0.941 

Control vs. Mid IgE [P] 0.020 0.465 

Mid IgE [P] vs. High IgE 0.489 0.999 

Day 4   

Control vs. High IgE ≤0.001 ≤0.001 

Mid IgE [Tx] vs. [P] 0.694 0.999 

Control vs. Mid IgE [P] ≤0.001 ≤0.001 

Mid IgE [P] vs. High IgE 0.585 1.000 

Day 7   

Control vs. High IgE ≤0.001 ≤0.001 

Mid IgE [Tx] vs. [P] 0.429 1.000 

Control vs. Mid IgE [P] 0.004 0.124 

Mid IgE [P] vs. High IgE 0.083 0.912 

Day 21   

Control vs. High IgE 0.221 0.995 

Mid IgE [Tx] vs. [P] 0.642 1.000 

Control vs. Mid IgE [P] 0.432 1.000 

Mid IgE [P] vs. High IgE 0.477 1.000 
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Within-Group Comparisons   

Control   

Day 0 vs. 4 0.048 0.771 

Day 0 vs. 7 0.290 0.999 

Day 0 vs. 21 0.176 0.992 

High IgE   

Day 0 vs. 4 ≤0.001 ≤0.001 

Day 0 vs. 7 0.146 0.983 

Day 0 vs. 21 0.337 0.999 

Mid IgE [Tx]   

Day -56 vs. 0 0.402 1.000 

Day 0 vs. 4 0.182 0.992 

Day 0 vs. 7 0.222 0.993 

Day 0 vs. 21 0.876 0.876 

Mid IgE [P]   

Day -56 vs. 0 0.735 0.995 

Day 0 vs. 4 0.061 0.839 

Day 0 vs. 7 0.719 0.998 

Day 0 vs. 21 0.191 0.992 

Baseline data were analyzed using a generalized linear model. Both between- and within-

group comparisons over time were analyzed using generalized estimating equations. Multiple 

comparisons corrections were performed using the Holm-Sidak method for 37 comparisons. 

Significant values (p≤0.05) are shown in bold. 

 
 
 
 
 
 
 
This appendix was adapted from: L Muehling, R Agrawal, P Wright, H Carper, D Murphy, L 
Workman, J Eccles, S Ratcliffe, B Capaldo, R Turner, TAE Platts-Mills, P Heymann, W Kwok, J 
Woodfolk. “Rhinovirus infection in allergic asthmatics induces a paradoxical boost in anti-viral TH1 
responses that drives chronic inflammation” (Manuscript in preparation). 
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