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• Rhinovirus (RV) is the primary cause of the common cold
→~2 infections per year for children and ~1 for adults1 

• Implicated in the development of asthma2

→Most common viral agent implicated in bronchiolitis after 1 year

• Potent trigger for acute wheezing episode in those with asthma2

→Contributes to ~50-80% of exacerbations

[1] CDC,2023; [2] Jackson and Gern, JACI In Practice, 2022 

RV as a Cause and Exacerbator of Asthma 

Jartti et al, Semin Immuopathol, 2020.Jartti et al, Allergy, 2018.



Role of T Cells in Viral Infection

Elimination of virus



Adult Allergic Asthma Pediatric Severe Asthma

How Do Virus-specific T Cells Factor into Asthma Pathogenesis?

>2 Exacerbations 
per year

BAL Cytokines
 CCL4 and CCL5 (CCR5 ligands) – asthma v control
Hosoki et al, PLOS One, 2015.Muehling et al, JACI, 2020.

Soremekun et al, Thorax, 2023.

Wisniewski et al, JACI, 2018.



What Role Do RV-specific T Cells Play in Childhood Asthma?
• Hypothesis: RV-specific CD4+ T cells reside and persist in the lower airways of children with asthma, where 

they are poised to promote chronic inflammation.
• Limitations:

• Accessibility of the lower airways
• Difficulty in obtaining specimens 
• Limited cell numbers 



Study Design

Regional Referral of Children with 
Troublesome Cough/Wheeze/Croup

Treatment-refractory wheeze

Specific Diagnosis and 
Guidelines-based Treatment

Clinically Indicated Bronchoscopy
1) Could not attain symptom control

2) Recurrent healthcare utilization for 
wheeze despite appropriate 

treatment

Children with treatment-refractory 
wheeze, ages 1-16 yrs. (n=32)

W. Gerald Teague



Spectral Flow Cytometry
(T cells) 

Identify T cell signatures 
linked to RV infection

Children with treatment-refractory 
wheeze, ages 1-16 yrs. (n=32)

RV PCR 
Negative 

(n=22)

RV PCR 
Positive*

(n=10)

T cell landscape

*Asymptomatic at time of bronchoscopy 

Study Design



Total (n=32) RV- (n=22) RV+ (n=10) P value
Age (years) 6.0 (4.7-7.6) 6.7 (5.0-8.9) 4.8 (3.0-7.7) 0.19
Sex (% males) 23 (71.9%) 16 (72.7%) 7 (70.0%) >0.99
Caucasian (%) 24 (75.0%) 16 (72.7%) 8 (80%) >0.99
Total IgE (IU/ml) 61.9 (34.1-112.3) 72.7 (33.9-156.0) 43.5 (14.8-128.1) 0.35
Atopic 20 (62.5%) 15 (68.2%) 5 (50%) 0.44
Age category distribution

Preschool (1-5 years) 12 (37.5%) 8 (36.4%) 4 (40%) >0.99
School-age (6-11 years) 15 (46.9%) 9 (40.9%) 6 (60%) 0.45
Teen-age (> 12 years) 5 (15.6%) 5 (22.7%) 0 (0%) 0.16

Asthma severity (%) n=31 n=21 n=10
Problematic wheeze 11 (35.5%) 8 (38%) 3 (30%) >0.99
Moderate asthma 5 (16.1%) 3 (14.3%) 2 (20%) >0.99
Severe asthma 11 (35.5%) 7 (33.3%) 4 (40%) >0.99
Very severe asthma 4 (12.9%) 3 (14.3%) 1 (10%) >0.99

Medication
Inhaled corticosteroid (ICS, %) 24 (75%) 16 (72.7%) 8 (80%) >0.99
High dose ICS (%)* 15 (46.9%) 11 (50.0%) 4 (40.0%) 0.71
Oral corticosteroids 3 (9.4%) 2 (9.1%) 1 (10%) >0.99
Long-acting β-agonist 14 (43.8%) 13 (59%) 1 (10%) 0.02
Antileukotriene 9 (28.1%) 7 (31.8%) 2 (20%) 0.68
Biologics 4 (12.5%) 4 (18.2%) 0 (0%) 0.28

BAL compostion (n=22) (n=9)
Eosinophils 0% (0-14%) 0% (0-4%) 0% (0-14%) 0.43
Neutrophils 3% (0-90%) 2.5% (0-68%) 29% (0-90%) 0.03
Macrophage 67% (0-95%) 75.5% (0-95%) 47% (0-88%) 0.05
Lymphocytes 4% (0-11%) 4% (0-11%) 3% (0-9%) 0.60

Infection status
Enterovirus/human rhinovirus 10 (31.0%) 0 (0%) 10 (100%) <0.0001
Other virus** 3 (9.4%) 3 (13.6%) 0 (0%) 0.53
Any bacteria 10 (31.3%) 6 (27.3%) 4 (40%) 0.68
Virus and bacteria 6 (18.8%) 2 (9.1%) 4 (40%) 0.06

Spectral Flow Cytometry
(T cells) 

Identify T cell signatures 
linked to RV infection

Children with treatment-refractory 
wheeze, ages 1-16 yrs. (n=32)

RV PCR 
Negative 

(n=22)

RV PCR 
Positive*

(n=10) *Cut point for high dose ICS based on age: < 6 years ≥ 176 mcg/day, 6-11 years 500 mcg/day,
≥ 12 years 1000 mcg/day 

**Adenovirus and Metapneumovirus

T cell landscape

*Asymptomatic at time of bronchoscopy 



Marker Descriptor
Live Dead Viability

CD14/CD19 Dump
CD3 
CD4
CD8

CD45RO
CCR7
CD95
CD27
CD69
CD103
KI-67 Proliferation
TCF-1 Self-renewal
PD-1
CD38

CXCR5 Tfh
CD25
CD127
CXCR3
CCR5
T-BET
IL-4Ra
CRTH2
CCR4
ST2

CCR6
CD161

Th2

Th17

T cell

Memory

Tissue 
Residence 

Activation

T-reg like

Th1

 High throughput with rigorous quality control
 Requires low cell numbers 
 Identifies disease-relevant populations

High Throughput Workflow for Deep T Cell Profiling



Examining the T Cell Landscape in Treatment-refractory Wheeze 



Blood & BAL

Blood BAL

n=32

CD3+ Cells

BAL

T Cell Landscape in the Lower Airways is Diverse

n=32

n=64



CD3+ Cells

T Cell Landscape in the Lower Airways is Diverse

BAL

Naive

CD4+

CD8+

CD4-CD8-

CD4 CD8 CD45RO

CCR5 CCR4 CCR6

T1 T2 T17

CD69 CD103

Tissue Resident Memory (Trm)

T Subsets

CXCR3

T1

CD4+ Trm

CD8+ Trm

CCR4+ (Th2-like)

T1/17 CD4+ Trm

T1/T17 CD8+ Trm

High

Low



Type 1 and 17 Cells are Enriched in the Lower Airways of Children with Wheeze
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• The T cell landscape of the lower airways of children with treatment-refractory 
wheeze is highly complex and heterogeneous

•  CCR5+ T cells,  CD8+ T cells,  Tissue-resident cells

• T1/T17 > T2 

Summary

How Does RV Infection Impact the T Cell Landscape?



Barone et al, eLife, 2021; Diggins et al, 2017, Leelatian et al, 2020

T-REX (Tracking Responders Expanding) Identifies Rare Virus-Responsive T Cells

RV-

RV+

CD45RO+5 CD38+5 CD8+4

CD103+4 CCR5+3 PD-1+2

Marker Enrichment Modeling 
(MEM) phenotypes identified 

populations  



T-REX 
Analysis

BAL
CD4+

CD8+

T-REX Identifies T Cell Signatures Unique to the Airways of RV+ Children 

CD3+ BAL cells
RV- (n=22) v RV+ (n=10)

1. ICOS+9 CD45RO+7 CD4+6 Ki-67+6 CD38+6

CCR5+5 CD95+5 CD27+4 PD-1+3 CD69+3 CD25+3

CXCR3+2 (Highly Proliferating Th1-like)

2. CD45RO+7 CD4+6 ICOS+6 CD38+4 PD-1+3

CCR5+3 CD95+3 Ki-67+2 CD27+2 

(Proliferating  CD4+ effector)

3. CD45RO+7 CD4+6 ICOS+6 PD-1+5 CCR5+5

CD161+4 CD95+4 CD38+4 CD69+2 

(Activated Th17-like)

4. CD45RO+5 CD38+5 CD8+4 CD103+4 CCR5+3

PD-1+2 (CD8 Tissue-resident memory)

1
2

3

4

 In RV negative
 In RV positive



CD3+ BAL cells
RV- (n=22) v RV+ (n=10)

1. ICOS+9 CD45RO+7 CD4+6 Ki-67+6

CD38+6 CCR5+5 CD95+5 CD27+4 PD-1+3

CD69+3 CD25+3 CXCR3+2 (Highly 
Proliferating Th1-like)

2. CD45RO+7 CD4+6 ICOS+6 CD38+4 PD-1+3

CCR5+3 CD95+3 Ki-67+2 CD27+2 

(Proliferating  CD4+ effector)

3. CD45RO+7 CD4+6 ICOS+6 PD-1+5 CCR5+5

CD161+4 CD95+4 CD38+4 CD69+2 

(Activated Th17-like)

4. CD45RO+5 CD38+5 CD8+4 CD103+4

CCR5+3 PD-1+2 (CD8 Tissue resident 
memory)

1
2

3

4

Tissue homing
CCR5

CXCR3

Activated Tissue Homing T Cells are Enriched in RV+ Children 

Activation
PD-1
CD38
CD25

Proliferation
Ki-67

Tissue Residence
CD69

CD103

IL-17 Production
CD161

 In RV negative
 In RV positive



RV- (n=22) v RV+ (n=10)

BAL

1
2

3

4

T Cell Frequencies Correlate with Airway Neutrophils in RV+ Children

1 Highly Proliferating Th1-like

2 Proliferating CD4+ effector

3 Activated Th17-like

4 CD8+ Tissue-resident memory



1
2

ICOS+9 CD45RO+7 CD4+6 Ki-67+6 CD38+6 CCR5+5 CD95+5 CD27+4 PD-1+3 CD69+3

CD25+3 CXCR3+2 (Highly - proliferating Th1-like)

CD45RO+7 CD4+6 ICOS+6 CD38+4 PD-1+3 CCR5+3 CD95+3 Ki-67+2 CD27+2 

(Proliferating CD4+ effector)

1

2

Total cells
Cluster

Evidence of a Dynamic T Cell Environment



Asthma, Day 0 v 7

RV Challenge Identifies Hallmarks of Infection

Asthma (n=6) Control (n=3)



RV-Responsive T Cells Mirror Those Found in RV+ Children 

Pediatric BAL #1: ICOS+9 CD45RO+7 CD4+6 Ki-67+6 CD38+6 CCR5+5 CD95+5 CD27+4 PD-1+3 CD69+3

CD25+3 CXCR3+2 (Highly Proliferating Th1-like) 

Adult RV Challenge: Ki-67+9 ICOS+8 CD45RO+7 CD4+6 CD38+6 CCR5+5 CD95+5 CD161+3 CD27+3 PD-1+2 CXCR3+2

CD25+2 T-bet+2 TCF1+2 (Highly Proliferating and activated Th1/17-like

Percent Similarity = 89.6

* * * * * * * * *

Total cells
Cluster

CXCR3 CCR5 CD161 CD69 PD-1 ICOS CD25 CD38 CD95 Ki-67 T-bet



RV-Responsive T Cells Mirror Those Found in RV+ Children 

Adult RV Challenge: Ki-67+9 ICOS+8 CD45RO+7 CD4+6 CD38+6 CCR5+5 CD95+5 CD161+3 CD27+3 PD-1+2 CXCR3+2

CD25+2 T-bet+2 TCF1+2 (Highly Proliferating and activated Th1/17-like

Percent Similarity = 86.9

** * * * * * * *

Pediatric BAL #3: CD45RO+7 CD4+6 ICOS+6 PD-1+5 CCR5+5 CD161+4 CD95+4 CD38+4 CD69+2 

(Activated Th17-like) RMSD=86.9

Total cells
Cluster

CXCR3 CCR5 CD161 CD69 PD-1 ICOS CD25 CD38 CD95 Ki-67 T-bet



• Unsupervised machine learning tools provide a precise tool for identifying 
putative RV-specific T cells

• T cells enriched in the airways of RV+ children display RV-responsive hallmarks 

Summary



• In children with treatment-refractory wheeze, RV-responsive CD4+ T cells reside within 
the lower airways, where they are poised to exert their pathogenic function in a 
dynamic T cell environment

Conclusion
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