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Supplementary Items 
 
Supplementary Figures: 
 
Figure S1. Single-cell clustering analysis using Seurat (Related to Figure 1). 
 
Figure S2. Single-cell cluster proportions, flow cytometry gating strategy to isolate CD4+ T cells and subsets, 
and correlation of single-cell cluster proportions with clinical features (Related to Figure 2). 
 
Figure S3. Expression of differentially expressed genes in CD103+ TRM subset, and bulk RNA-seq and TCR 
analysis of sorted airway CD4+ T cells in resting condition (Related to Figure 3). 
 
Figure S4. Qualitative changes in gene expression of airway CD4+ T cell subsets in relation to disease severity 
and sex (Related to Figure 4). 
 
Figure S5. Single-cell analysis of CD4+ T cells upon stimulation (Related to Figure 5). 
 
 
Supplementary Tables: 
 
Provided as separate supplementary files:  
 
Table S1. Study design and experimental details (Excel spreadsheet) (Related to Figures 1, 2, and 5; and Figures 
S2 and S3). 
 
Table S2. Single-cell analysis (Excel spreadsheet) (Related to Figures 1-5; and Figures S1-S5). 
 
Table S3. Gene signatures (Excel spreadsheet) (Related to Figures 1 and 3-5; and Figures S1, S3, and S4). 
 
Table S4. Differential gene expression analysis in bulk populations (Excel spreadsheet) (Related to Figure 3; 
and Figures S3 and S5). 
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Figure S1. Single-cell clustering analysis using Seurat (Related to Figure 1). (A) Scatter plot represents 
cumulative standardized variance for genes (n=11,055) expressed in more than 0.1% of the CD4+ T cells 
(n=27,771) and with a UMI mean > 0.01. Genes are ranked from highest to lowest standardized variance values. 
Genes below the red dotted line were selected (n=809) as part of the highest variable genes explaining 15% of 
the cumulative standardized variance. Genes are colored based on the UMI mean expression given by Seurat. 
(B) Scatter plot represents the distribution of genes ordered based on their UMI mean expression values in 
function of their individual standardized variance values. Genes colored in red are the 809 highest variable genes 
with a UMI mean expression value > 0.01. (C) Scatter plot shows the standardized variation for first 40 principal 
components (PCs) using the 809 most variable genes. Red lines indicate the number of PCs selected for 
clustering analysis in respect of Seurat methodology. (D) Violin plots show distribution of number of UMI 
(threshold < 30,000) (top), number of genes (thresholds: lower = 200, upper = 6,000) (middle), and the 
percentage of mitochondrial genes detected (threshold < 15%) (bottom) per cell for each cluster. Colors are 
based on cluster-type. (E) Heatmap with normalized gene set enrichment scores between each cluster against 
the rest of cells for each cluster. Color scale corresponds to normalized enrichment scores for each gene list 
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 3 

(rows) and cluster (columns) (see Table S3A). Gray color indicates no statistical significance (adjusted P-value 
> 0.05). (F) GSEA for apoptosis signature in TAPOPTOSIS cluster versus all clusters (see Table S3A). An enrichment 
of more than 0.5 was threshold value of exclusion of cluster from analysis. NES, normalized enrichment score; 
q, false discovery rate. (G) Row-wise z-score-normalized mean expression (color scale) and percent of 
expressing cells (size scale) plot for a selection of canonical marker genes for TH1, TH2, and TH17 in each cluster. 
  



 4  

Non-Treg
94.1

Treg
4.30

0-10
3

10
3

10
4

10
5

Comp-APC-A :: CD127

0

-10
3

10
3

10
4

10
5

C
om

p-
F

IT
C

-A
 ::

 C
D

25
 B

B
51

5

Panel 1 unstim_PT00060DRS_Unstim#4_005.fcs
Non-TFH
18442

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5

Panel 1 unstim_PT00060DRS_Unstim#4_005.fcs
Non-TFH
18442

Single Cells
27.5

0 50K 100K 150K 200K 250K

FSC-A

0

50K

100K

150K

200K

250K

F
S

C
-W

Panel 1 unstim_PT00060DRS_Unstim#4_005.fcs
Live
101425

0 50K 100K 150K 200K 250K

0

50K

100K

150K

200K

250K

Panel 1 unstim_PT00060DRS_Unstim#4_005.fcs
Live
101425

Live
17.6

0 50K 100K 150K 200K 250K

FSC-A

0

-10
3

10
3

10
4

10
5

C
om

p-
P

I-
A

 ::
 C

D
14

Panel 1 unstim_PT00060DRS_Unstim#4_005.fcs
Ungated
5.77E5

0 50K 100K 150K 200K 250K

0

-10
3

10
3

10
4

10
5

Panel 1 unstim_PT00060DRS_Unstim#4_005.fcs
Ungated
5.77E5

PI

FSC-A

Live gate Singlet gate CD45+/CD3+ gate CD4+/CD8– gate

Surface markers / Gating strategyCell type

CD3+ CD45+CD4+ T cells

CD3+ CD45+ CD4+ GITR– CXCR5+

CD3+ CD45+ CD4+ CXCR5–CD25+ CD127–

CD3+ CD45+ CD4+ CXCR5–CD25– CD127–CD69– CD103–

CD3+ CD45+ CD4+ CXCR5–CD25– CD127–CD69+ CD103–

CD3+ CD45+ CD4+ CXCR5–CD25– CD127–CD69+ CD103+

TFH cells

TREG cells

non-TRM cells

CD103– TRM cells

CD103+ TRM cells

D

E

Lymphocytes
86.2

0 50K 100K 150K 200K 250K

FSC-A

0

50K

100K

150K

200K

250K

S
S

C
-A

Panel 1 unstim_PT00060DRS_Unstim#4_005.fcs
Single Cells
27890

0 50K 100K 150K 200K 250K

0

50K

100K

150K

200K

250K

Panel 1 unstim_PT00060DRS_Unstim#4_005.fcs
Single Cells
27890

Lymphocyte gate

-103
0

103

104

105

0 50 100 150 200 250
FSC-A
0 50 100 150 200 250

FS
C

-W

0

50

100

150

200

250

FSC-A
0 50 100 150 200 250

SS
C

-A

0

50

100

150

200

250 CD3, CD45 subset
91.6

0-10
3

10
3

10
4

10
5

Comp-APC-Cy7-A :: CD3

0

-10
3

10
3

10
4

10
5

C
om

p-
A

le
xa

 F
lu

or
 7

00
-A

 ::
 C

D
45

Panel 1 unstim_PT00060DRS_Unstim#4_005.fcs
Lymphocytes
24048

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5

Panel 1 unstim_PT00060DRS_Unstim#4_005.fcs
Lymphocytes
24048

C
D

45
 –

AF
70

0

CD3 – APC-Cy7

-103
0

103

104

105

-103 0 103 104 105

CD4+
85.9

CD8+
10.4

0-10
3

10
3

10
4

10
5

Comp-BV510-A :: CD4

0

-10
3

10
3

10
4

10
5

C
om

p-
B

V
57

0-
A

 ::
 C

D
8

Panel 1 unstim_PT00060DRS_Unstim#4_005.fcs
CD3, CD45 subset
22024

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5

Panel 1 unstim_PT00060DRS_Unstim#4_005.fcs
CD3, CD45 subset
22024

C
D

8 
–

BV
57

0

CD4 – BV510

-103
0

103

104

105

-103 0 103 104 105

Non-TFH
97.4

TFH
1.19

TFR
0.60

0-10
3

10
3

10
4

10
5

Comp-BV421-A :: CXCR5

0

-10
3

10
3

10
4

10
5

C
om

p-
B

V
71

1-
A

 ::
 G

IT
R

Panel 1 unstim_PT00060DRS_Unstim#4_005.fcs
CD4+
18927

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5

Panel 1 unstim_PT00060DRS_Unstim#4_005.fcs
CD4+
18927

G
IT

R
 –

BV
71

1

CXCR5 – BV421

-103
0

103

104

105

-103 0 103 104 105

C
D

25
 –

BB
51

5

CD127 – APC

-103
0

103

104

105

-103 0 103 104 105

Teff
5.51

TRM
70.7

TRM-like
22.1

0-10
3

10
3

10
4

10
5

Comp-PE-Cy7-A :: CD103

0

-10
3

10
3

10
4

10
5

C
om

p-
B

V
60

5-
A

 ::
 C

D
69

Panel 1 unstim_PT00060DRS_Unstim#4_005.fcs
Non-Treg
17351

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5

Panel 1 unstim_PT00060DRS_Unstim#4_005.fcs
Non-Treg
17351

non-TFH gate non-TREG gate CD69/CD103 gates

C
D

69
 –

BV
60

5

CD103 – PE-Cy7

-103
0

103

104

105

-103 0 103 104 105

0

20

40

60

80

100

Ly
m

ph
oc

yt
es

 (%
)

C
D

3+
C

D
45

+
ce

lls
 (%

)
C

D
4+

ce
lls

 (%
)

F
Mild asthma Severe asthma

0

50

100

C
el

l p
ro

po
rti

on
s 

(%
)

G

CD103+ TRM CD103– TRM non-TRM TREG TFH

Male Female

MA
Male

22%

50%

13%

TRM = 72%

SA

50%

34%

6%

TRM = 84%

MA
Female

SA
31%

44%

11%

TRM = 75%

30%

41%

13%

TRM = 70%

CD103+ TRM
CD103– TRM

non-TRM
TREG

TFH

0

C
D

10
3+

TR
M

cl
us

te
r (

%
)

100
*

MA SA

C
20

10

0

TI
FN
R

cl
us

te
r (

%
)

10

5

0TC
YC
LI
N
G

cl
us

te
r (

%
)

10

5

0

TC
TL

cl
us

te
r (

%
)

0

C
D

10
3–

TR
M

cl
us

te
r (

%
)

100
*

20

60

40

80

20

60

40

80

MA SA

A

*

*

0

20

40

60

80

100

0

20

40

60

80

100

SA
MaleFemale

MA SA MA SA
MaleFemale

MA SA MA SA
MaleFemale

MA SA MA

MA SA MA SA
Female Male

B

0

C
D

10
3+

TR
M

cl
us

te
r (

%
)

100

20

60

40

80

Female Male

5

15

Correlation summary: spearman

5

10

15

20

re
sti

ng
_C

D4_
CL0

_T
RM

SA−
M

ALE

re
sti

ng
_C

D4_
CL0

_T
RM

SA−
FEM

ALE

re
sti

ng
_C

D4_
CL1

_T
RM

M
A−

M
ALE

re
sti

ng
_C

D4_
CL1

_T
RM

M
A−

FEM
ALE

re
sti

ng
_C

D4_
CL2

_T
CM

__
no

n

TRM
−M

ALE

re
sti

ng
_C

D4_
CL2

_T
CM

__
no

n

TRM
−F

EM
ALE

re
sti

ng
_C

D4_
CL3

Tr
eg
−M

ALE

re
sti

ng
_C

D4_
CL3

Tr
eg
−F

EM
ALE

re
sti

ng
_C

D4_
CL4

TFH−
M

ALE

re
sti

ng
_C

D4_
CL4

TFH−
FEM

ALE

re
sti

ng
_C

D4_
CL5

ThI
FNr−M

ALE

re
sti

ng
_C

D4_
CL5

ThI
FNr−F

EM
ALE

re
sti

ng
_C

D4_
CL6

Acti
va

te
d−

M
ALE

re
sti

ng
_C

D4_
CL6

Acti
va

te
d−

FEM
ALE

re
sti

ng
_C

D4_
CL7

_C
ell

cy
cle
−M

ALE

re
sti

ng
_C

D4_
CL7

_C
ell

cy
cle
−F

EM
ALE

re
sti

ng
_C

D4_
CL8

CTLs
−M

ALE

re
sti

ng
_C

D4_
CL8

CTLs
−F

EM
ALE

Adapted_Asthma_Severity
Score

ACQ_6_Score

GINA_Management
Step

No_of_OCS_past_12_mths_at_NIH_EOSA
enrolment

No_of_Hospital_Admissions_past_12
mths

Pre_BD_FEV1_pred

Post_BD_FEV1
pred

Pre_BD_FVC_pred

Post_BD_FVC_pred

Pre_BD_FEV1_FVC
ratio

Post_BD_FEV1_FVC
ratio

FeNO_ppb_at_study
enrolment

Blood_Eosinophils_Count_10_9_L_at
Bronchoscopy

Blood_Eosinophils_Count_Current_10_9_L_at_enrolment_3
mths

Age_at_Bronchoscopy
yrs

Age_of_Asthma_Diagnosis
yrs

BMI_kg_m2

Correlation summary: spearman

−0.5

0

0.5

re
sti

ng
_C

D4_
CL0

_T
RM

SA−
M

ALE

re
sti

ng
_C

D4_
CL0

_T
RM

SA−
FEM

ALE

re
sti

ng
_C

D4_
CL1

_T
RM

M
A−

M
ALE

re
sti

ng
_C

D4_
CL1

_T
RM

M
A−

FEM
ALE

re
sti

ng
_C

D4_
CL2

_T
CM

__
no

n

TRM
−M

ALE

re
sti

ng
_C

D4_
CL2

_T
CM

__
no

n

TRM
−F

EM
ALE

re
sti

ng
_C

D4_
CL3

Tr
eg
−M

ALE

re
sti

ng
_C

D4_
CL3

Tr
eg
−F

EM
ALE

re
sti

ng
_C

D4_
CL4

TFH−
M

ALE

re
sti

ng
_C

D4_
CL4

TFH−
FEM

ALE

re
sti

ng
_C

D4_
CL5

ThI
FNr−M

ALE

re
sti

ng
_C

D4_
CL5

ThI
FNr−F

EM
ALE

re
sti

ng
_C

D4_
CL6

Acti
va

te
d−

M
ALE

re
sti

ng
_C

D4_
CL6

Acti
va

te
d−

FEM
ALE

re
sti

ng
_C

D4_
CL7

_C
ell

cy
cle
−M

ALE

re
sti

ng
_C

D4_
CL7

_C
ell

cy
cle
−F

EM
ALE

re
sti

ng
_C

D4_
CL8

CTLs
−M

ALE

re
sti

ng
_C

D4_
CL8

CTLs
−F

EM
ALE

Adapted_Asthma_Severity
Score

ACQ_6_Score

GINA_Management
Step

No_of_OCS_past_12_mths_at_NIH_EOSA
enrolment

No_of_Hospital_Admissions_past_12
mths

Pre_BD_FEV1_pred

Post_BD_FEV1
pred

Pre_BD_FVC_pred

Post_BD_FVC_pred

Pre_BD_FEV1_FVC
ratio

Post_BD_FEV1_FVC
ratio

FeNO_ppb_at_study
enrolment

Blood_Eosinophils_Count_10_9_L_at
Bronchoscopy

Blood_Eosinophils_Count_Current_10_9_L_at_enrolment_3
mths

Age_at_Bronchoscopy
yrs

Age_of_Asthma_Diagnosis
yrs

BMI_kg_m2

Correlation summary: spearman

−0.5

0

0.5

re
sti

ng
_C

D4_
CL0

_T
RM

SA−
M

ALE

re
sti

ng
_C

D4_
CL0

_T
RM

SA−
FEM

ALE

re
sti

ng
_C

D4_
CL1

_T
RM

M
A−

M
ALE

re
sti

ng
_C

D4_
CL1

_T
RM

M
A−

FEM
ALE

re
sti

ng
_C

D4_
CL2

_T
CM

__
no

n

TRM
−M

ALE

re
sti

ng
_C

D4_
CL2

_T
CM

__
no

n

TRM
−F

EM
ALE

re
sti

ng
_C

D4_
CL3

Tr
eg
−M

ALE

re
sti

ng
_C

D4_
CL3

Tr
eg
−F

EM
ALE

re
sti

ng
_C

D4_
CL4

TFH−
M

ALE

re
sti

ng
_C

D4_
CL4

TFH−
FEM

ALE

re
sti

ng
_C

D4_
CL5

ThI
FNr−M

ALE

re
sti

ng
_C

D4_
CL5

ThI
FNr−F

EM
ALE

re
sti

ng
_C

D4_
CL6

Acti
va

te
d−

M
ALE

re
sti

ng
_C

D4_
CL6

Acti
va

te
d−

FEM
ALE

re
sti

ng
_C

D4_
CL7

_C
ell

cy
cle
−M

ALE

re
sti

ng
_C

D4_
CL7

_C
ell

cy
cle
−F

EM
ALE

re
sti

ng
_C

D4_
CL8

CTLs
−M

ALE

re
sti

ng
_C

D4_
CL8

CTLs
−F

EM
ALE

Adapted_Asthma_Severity
Score

ACQ_6_Score

GINA_Management
Step

No_of_OCS_past_12_mths_at_NIH_EOSA
enrolment

No_of_Hospital_Admissions_past_12
mths

Pre_BD_FEV1_pred

Post_BD_FEV1
pred

Pre_BD_FVC_pred

Post_BD_FVC_pred

Pre_BD_FEV1_FVC
ratio

Post_BD_FEV1_FVC
ratio

FeNO_ppb_at_study
enrolment

Blood_Eosinophils_Count_10_9_L_at
Bronchoscopy

Blood_Eosinophils_Count_Current_10_9_L_at_enrolment_3
mths

Age_at_Bronchoscopy
yrs

Age_of_Asthma_Diagnosis
yrs

BMI_kg_m2

TCM TREG TFH TIFN
R

TCYC
LING

TCTLCD103+ TRM

Modified asthma severity score

BMI
Age of asthma diagnosis

GINA management step

Age at bronchoscopy

ACQ-6 score

Oral corticosteroid courses in past 12 months
Hospitalizations in past 12 moths

Pre-BD FEV1 pred
Post-BD FEV1 pred

Pre-BD FVC pred
Post-BD FVC pred
Pre-BD FEV1/FVC

Post-BD FEV1/FVC
FeNO

Blood eosinophils count at enrolment
Blood eosinophils count at bronchoscopy

M F M F M F M F M F M F M F M F

0.5

0

1

-0.5

-1

Correlation summary: spearman

−1

−0.5

0

0.5

1

resting_CD4_CL0_TRM
SA−MALE

resting_CD4_CL0_TRM
SA−FEMALE

resting_CD4_CL1_TRM
MA−MALE

resting_CD4_CL1_TRM
MA−FEMALE

resting_CD4_CL2_TCM__non
TRM−MALE

resting_CD4_CL2_TCM__non

TRM−FEMALE
resting_CD4_CL3

Treg−MALE
resting_CD4_CL3

Treg−FEMALE
resting_CD4_CL4

TFH−MALE
resting_CD4_CL4

TFH−FEMALE
resting_CD4_CL5

ThIFNr−MALE
resting_CD4_CL5

ThIFNr−FEMALE
resting_CD4_CL6

Activated−MALE
resting_CD4_CL6

Activated−FEMALE

resting_CD4_CL7_Cell
cycle−MALE

resting_CD4_CL7_Cell

cycle−FEMALE
resting_CD4_CL8

CTLs−MALE
resting_CD4_CL8

CTLs−FEMALE

Age_at_Bronchoscopy
yrs

BMI_kg_m2

Age_of_Asthma_Diagnosis
yrs

GINA_Management
Step

Adapted_Asthma_Severity
Score

ACQ_6_Score

No_of_OCS_past_12_mths_at_NIH_EOSA
enrolment

No_of_Hospital_Admissions_past_12
mths

Pre_BD_FEV1_pred

Post_BD_FEV1
pred

Pre_BD_FVC_pred

Post_BD_FVC_pred

Pre_BD_FEV1_FVC
ratio

Post_BD_FEV1_FVC
ratio

FeNO_ppb_at_study
enrolment

Blood_Eosinophils_Count_10_9_L_at
Bronchoscopy

Blood_Eosinophils_Count_Current_10_9_L_at_enrolment_3
mths

BAL_Live_Cell_Count_x10
6

Lymphocytes

Neutrophils

Eosinophils

Epithelial_Cells

Macrophages

0.66
(0)

0.51
(0)

−0.5
(0)

−0.51
(0)

−0.3
(0)

−0.63
(0)

−0.34
(0)

−0.67
(0)

−0.14
(0.1)

0.35
(0)

−0.35
(0)

−0.14
(0.2)

0.2
(0)

−0.018
(0.8)

0.31
(0)

0.15
(0.1)

−0.099
(0.3)

−0.13
(0.2)

0.27
(0)

0.61
(0)

−0.18
(0)

−0.58
(0)

−0.5
(0)

−0.65
(0)

−0.34
(0)

−0.56
(0)

0.04
(0.7)

0.41
(0)

−0.25
(0)

0.12
(0.2)

−0.32
(0)

0.12
(0.2)

−0.15
(0.1)

0.35
(0)

−0.051
(0.6)

−0.23
(0)

0.68
(0)

0.0091
(0.9)

−0.5
(0)

−0.34
(0)

−0.27
(0)

−0.0091
(0.9)

−0.34
(0)

−0.0091
(0.9)

−0.33
(0)

0.77
(0)

−0.29
(0)

−0.096
(0.3)

−0.0068
(0.9)

0.28
(0)

0.04
(0.7)

0.17
(0.1)

−0.29
(0)

−0.18
(0.1)

0.76
(0)

−0.35
(0)

−0.7
(0)

0.18
(0.1)

−0.63
(0)

0.21
(0)

−0.29
(0)

0.092
(0.3)

0.0046
(1)

0.087
(0.4)

−0.14
(0.1)

−0.072
(0.4)

−0.12
(0.2)

−0.51
(0)

0.13
(0.2)

−0.69
(0)

−0.16
(0.1)

0.62
(0)

0.72
(0)

−0.42
(0)

−0.61
(0)

0.36
(0)

−0.58
(0)

0.34
(0)

−0.3
(0)

0.11
(0.3)

0.033
(0.7)

0.064
(0.5)

−0.26
(0)

−0.23
(0)

−0.15
(0.1)

−0.51
(0)

0.078
(0.4)

−0.7
(0)

−0.29
(0)

0.79
(0)

0.24
(0)

−0.7
(0)

−0.22
(0)

0.58
(0)

−0.28
(0)

0.58
(0)

0.064
(0.5)

0.36
(0)

0.3
(0)

0
(1)

0.0066
(0.9)

0.068
(0.5)

−0.1
(0.3)

−0.66
(0)

0.0044
(1)

−0.81
(0)

−0.51
(0)

0.82
(0)

0.81
(0)

−0.27
(0)

−0.67
(0)

0.4
(0)

−0.8
(0)

0.42
(0)

−0.57
(0)

0.12
(0.2)

−0.26
(0)

−0.047
(0.6)

−0.36
(0)

−0.29
(0)

−0.099
(0.3)

−0.29
(0)

−0.09
(0.3)

−0.54
(0)

−0.09
(0.3)

0.71
(0)

0.45
(0)

−0.29
(0)

−0.45
(0)

0.1
(0.3)

−0.38
(0)

0.46
(0)

−0.24
(0)

0.37
(0)

−0.38
(0)

−0.17
(0.1)

−0.31
(0)

−0.42
(0)

−0.32
(0)

−0.099
(0.3)

−0.17
(0.1)

−0.3
(0)

0.034
(0.7)

0.26
(0)

−0.39
(0)

−0.2
(0)

0.47
(0)

0.31
(0)

0.44
(0)

0.14
(0.2)

0.37
(0)

0.27
(0)

0.38
(0)

0.18
(0.1)

−0.037
(0.7)

0.064
(0.5)

−0.2
(0)

0.14
(0.1)

0.0022
(1)

0.3
(0)

−0.2
(0)

0.036
(0.7)

−0.45
(0)

−0.16
(0.1)

0.5
(0)

0.34
(0)

0.52
(0)

0.055
(0.6)

0.45
(0)

0.13
(0.2)

0.49
(0)

0.15
(0.1)

0.059
(0.5)

0.11
(0.2)

−0.17
(0.1)

0.018
(0.8)

0.033
(0.7)

0.23
(0)

−0.14
(0.1)

0.05
(0.6)

−0.049
(0.6)

−0.032
(0.7)

0.13
(0.2)

0.15
(0.1)

0.31
(0)

−0.0091
(0.9)

0.22
(0)

0.15
(0.1)

0.37
(0)

0.28
(0)

−0.14
(0.1)

−0.11
(0.3)

−0.19
(0)

0.35
(0)

0.18
(0.1)

0.36
(0)

0.15
(0.1)

−0.055
(0.6)

−0.0066
(0.9)

−0.25
(0)

0.099
(0.3)

0.24
(0)

0.28
(0)

0.055
(0.6)

0.2
(0)

0.091
(0.3)

0.36
(0)

0.26
(0)

−0.13
(0.2)

0.091
(0.3)

−0.24
(0)

0.068
(0.5)

0.16
(0.1)

−0.091
(0.3)

0.22
(0)

0.26
(0)

−0.73
(0)

−0.068
(0.5)

0.66
(0)

0.23
(0)

0.48
(0)

0.16
(0.1)

0.47
(0)

0.073
(0.4)

0.13
(0.2)

0.33
(0)

0.28
(0)

−0.27
(0)

−0.15
(0.1)

0.25
(0)

−0.28
(0)

0.35
(0)

−0.24
(0)

0.059
(0.5)

−0.79
(0)

−0.12
(0.2)

0.69
(0)

0.42
(0)

0.58
(0)

0.21
(0)

0.59
(0)

0.23
(0)

0.25
(0)

0.1
(0.3)

0.37
(0)

−0.36
(0)

−0.13
(0.2)

−0.034
(0.7)

−0.24
(0)

0.38
(0)

−0.15
(0.1)

0.018
(0.8)

−0.32
(0)

−0.31
(0)

0.43
(0)

0.67
(0)

0.21
(0)

0.2
(0)

0.26
(0)

−0.0046
(1)

0.56
(0)

0.064
(0.5)

−0.079
(0.4)

−0.018
(0.8)

−0.37
(0)

−0.31
(0)

−0.25
(0)

−0.19
(0)

−0.092
(0.3)

0.66
(0)

0.23
(0)

0.26
(0)

−0.17
(0.1)

−0.34
(0)

−0.3
(0)

−0.019
(0.8)

−0.62
(0)

−0.077
(0.4)

−0.54
(0)

0.11
(0.3)

−0.34
(0)

0.048
(0.6)

0.1
(0.3)

0.23
(0)

−0.16
(0.1)

−0.13
(0.2)

−0.52
(0)

−0.4
(0)

0.74
(0)

−0.051
(0.6)

−0.66
(0)

0.23
(0)

−0.45
(0)

0.025
(0.8)

−0.37
(0)

−0.15
(0.1)

−0.24
(0)

0.31
(0)

−0.27
(0)

−0.24
(0)

−0.13
(0.2)

−0.34
(0)

0.068
(0.5)

−0.39
(0)

−0.1
(0.3)

0.4
(0)

−0.32
(0)

0.35
(0)

0.25
(0)

−0.12
(0.2)

0.3
(0)

−0.25
(0)

0.46
(0)

−0.13
(0.2)

0.56
(0)

−0.26
(0)

0.42
(0)

−0.0091
(0.9)

−0.28
(0)

0.41
(0)

−0.015
(0.9)

0.42
(0)

−0.086
(0.4)

−0.76
(0)

0.31
(0)

0.56
(0)

−0.36
(0)

−0.69
(0)

−0.21
(0)

−0.52
(0)

−0.45
(0)

−0.26
(0)

−0.33
(0)

−0.091
(0.3)

0.022
(0.8)

0.26
(0)

0.051
(0.6)

0.38
(0)

−0.096
(0.3)

0.57
(0)

−0.085
(0.4)

−0.76
(0)

0.33
(0)

−0.082
(0.4)

−0.19
(0)

−0.21
(0)

−0.16
(0.1)

0.014
(0.9)

−0.64
(0)

−0.14
(0.1)

−0.21
(0)

0.25
(0)

−0.42
(0)

−0.091
(0.3)

0.023
(0.8)

−0.25
(0)

−0.11
(0.3)

−0.48
(0)

0.1
(0.3)

0.13
(0.2)

0.3
(0)

0.11
(0.2)

−0.12
(0.2)

−0.17
(0.1)

0.05
(0.6)

0.1
(0.3)

−0.51
(0)

−0.12
(0.2)

−0.24
(0)

0.12
(0.2)

−0.45
(0)

−0.037
(0.7)

−0.14
(0.1)

0.17
(0.1)

−0.19
(0)

−0.32
(0)

0.15
(0.1)

−0.42
(0)

0.58
(0)

−0.39
(0)

−0.4
(0)

0.15
(0.1)

−0.29
(0)

0.47
(0)

−0.34
(0)

0.13
(0.2)

−0.36
(0)

0.18
(0.1)

−0.19
(0)

0.055
(0.6)

−0.41
(0)

−0.24
(0)

−0.32
(0)

−0.75
(0)

0.11
(0.2)

0.61
(0)

−0.61
(0)

−0.11
(0.3)

0.53
(0)

0.48
(0)

0.32
(0)

0.12
(0.2)

0.64
(0)

0.27
(0)

0.48
(0)

−0.49
(0)

0.21
(0)

0.091
(0.3)

0.18
(0.1)

0.091
(0.3)

0.19
(0)

0.24
(0)

0.071
(0.5)

−0.3
(0)

CD103– TRM

Spearman
index

not
significant

Correlation summary: spearman

5

10

15

20

re
sti

ng
_C

D4_
CL0

_T
RM

SA−
M

ALE

re
sti

ng
_C

D4_
CL0

_T
RM

SA−
FEM

ALE

re
sti

ng
_C

D4_
CL1

_T
RM

M
A−

M
ALE

re
sti

ng
_C

D4_
CL1

_T
RM

M
A−

FEM
ALE

re
sti

ng
_C

D4_
CL2

_T
CM

__
no

n

TRM
−M

ALE

re
sti

ng
_C

D4_
CL2

_T
CM

__
no

n

TRM
−F

EM
ALE

re
sti

ng
_C

D4_
CL3

Tr
eg
−M

ALE

re
sti

ng
_C

D4_
CL3

Tr
eg
−F

EM
ALE

re
sti

ng
_C

D4_
CL4

TFH−
M

ALE

re
sti

ng
_C

D4_
CL4

TFH−
FEM

ALE

re
sti

ng
_C

D4_
CL5

ThI
FNr−M

ALE

re
sti

ng
_C

D4_
CL5

ThI
FNr−F

EM
ALE

re
sti

ng
_C

D4_
CL6

Acti
va

te
d−

M
ALE

re
sti

ng
_C

D4_
CL6

Acti
va

te
d−

FEM
ALE

re
sti

ng
_C

D4_
CL7

_C
ell

cy
cle
−M

ALE

re
sti

ng
_C

D4_
CL7

_C
ell

cy
cle
−F

EM
ALE

re
sti

ng
_C

D4_
CL8

CTLs
−M

ALE

re
sti

ng
_C

D4_
CL8

CTLs
−F

EM
ALE

Adapted_Asthma_Severity
Score

ACQ_6_Score

GINA_Management
Step

No_of_OCS_past_12_mths_at_NIH_EOSA
enrolment

No_of_Hospital_Admissions_past_12
mths

Pre_BD_FEV1_pred

Post_BD_FEV1
pred

Pre_BD_FVC_pred

Post_BD_FVC_pred

Pre_BD_FEV1_FVC
ratio

Post_BD_FEV1_FVC
ratio

FeNO_ppb_at_study
enrolment

Blood_Eosinophils_Count_10_9_L_at
Bronchoscopy

Blood_Eosinophils_Count_Current_10_9_L_at_enrolment_3
mths

Age_at_Bronchoscopy
yrs

Age_of_Asthma_Diagnosis
yrs

BMI_kg_m2

TCM TREG TFH TIFN
R

TCYC
LING

TCTLCD103+ TRM

M F M F M F M F M F M F M F M F

CD103– TRM

Correlation summary: spearman

5

10

15

20

resting_CD4_CL0_TRM
SA−MALE

resting_CD4_CL0_TRM
SA−FEMALE

resting_CD4_CL1_TRM
MA−MALE

resting_CD4_CL1_TRM
MA−FEMALE

resting_CD4_CL2_TCM__non
TRM−MALE

resting_CD4_CL2_TCM__non
TRM−FEMALE

resting_CD4_CL3
Treg−MALE

resting_CD4_CL3
Treg−FEMALE

resting_CD4_CL4
TFH−MALE

resting_CD4_CL4
TFH−FEMALE

resting_CD4_CL5
ThIFNr−MALE

resting_CD4_CL5

ThIFNr−FEMALE
resting_CD4_CL6

Activated−MALE
resting_CD4_CL6

Activated−FEMALE

resting_CD4_CL7_Cell
cycle−MALE

resting_CD4_CL7_Cell
cycle−FEMALE

resting_CD4_CL8
CTLs−MALE

resting_CD4_CL8
CTLs−FEMALE

Adapted_Asthma_Severity
Score

ACQ_6_Score

GINA_Management
Step

No_of_OCS_past_12_mths_at_NIH_EOSA
enrolment

No_of_Hospital_Admissions_past_12
mths

Pre_BD_FEV1_pred

Post_BD_FEV1
pred

Pre_BD_FVC_pred

Post_BD_FVC_pred

Pre_BD_FEV1_FVC
ratio

Post_BD_FEV1_FVC
ratio

FeNO_ppb_at_study
enrolment

Blood_Eosinophils_Count_10_9_L_at
Bronchoscopy

Blood_Eosinophils_Count_Current_10_9_L_at_enrolment_3
mths

Age_at_Bronchoscopy
yrs

Age_of_Asthma_Diagnosis
yrs

BMI_kg_m2

20

15

10

5

Significance
[-log10(adjusted
p-value)]

Correlation Significance

D
em

og
ra

ph
ic

s
Lu

ng
 fu

nc
tio

n

H

15 15

0C
D

10
3+

TR
M

cl
us

te
r (

%
)

100

Age at bronchoscopy (yrs)

Male Female
rs=0.7
p=0.01

rs=0.5
p=0.1

0 40 80 0 40 80 0 40 80

Male
rs=0.7
p=0.01

0 40 80

Female
rs=0.1
p=0.7

Age of asthma diagnosis (yrs)

20

60

40

80

Male MA Male SA
Female MA Female SA

Male Female

0

Po
st

-B
D

 F
EV

1/
FV

C
 [1

00
 -

%
]

40

20

60

TREG cluster (%)

0 2 6 8 104 0 10 3020 40

rs=0.5
p=0.06

rs=0.3
p=0.4

0

20

C
D

10
3+

TR
M

cl
us

te
r (

%
)

60

100

40

80

TREG cluster (%)

0 2 6 8 104

rs=0.7
p=0.01

Male Female

0 10 3020 40

rs=0.6
p=0.05

I J



 5 

Figure S2. Single-cell cluster proportions, flow cytometry gating strategy to isolate CD4+ T cells and 
subsets, and correlation of single-cell cluster proportions with clinical features (Related to Figure 2). (A) 
Dot plots show proportions of CD103+ TRM (left) and CD103– TRM (right) cluster cells for each donor separated in 
mild and severe asthma groups (*, P < 0.05; Mann-Whitney U test). (B) Dot plot shows proportions of CD103+ 
TRM cluster cells for each donor separated by sex (Mann-Whitney U test). (C) Dot plots show the proportions of 
TIFNR, TCYCLING, and TCTL cluster cells for each donor, grouped per disease severity and sex (Mann-Whitney U 
test). (D) Flow cytometry gating strategy to sort live (Propidium iodide (PI), singlets (Width vs Area forward scatter 
(FSC)), lymphocyte size (Side scatter vs Forward scatter), CD3+CD45+, CD4+CD8–, CXCR5–, CD25–CD127+, 
CD69+/–CD103+/–. (E) Dot plots showing percentage of lymphocytes, CD3+CD45+, and CD4+ T cell subsets per 
patient distributed between sex and disease groups (*, P < 0.05; Mann-Whitney U test). (A, B, C, E) Each dot 
represents data from a single patient, bars represent the mean, and t-lines represent SEM. (F) Normalized 
stacked bar charts represent proportions of the different CD4+ T cell subsets based on cell surface marker 
expression per donor grouped as mild and severe asthma. Sex is indicated on top of each bar (triangle=male, 
circle=female). Colors correspond to cell subset type. (G) Pie charts represent average proportions of CD4+ T 
cell subsets in mild and severe asthma patients separated by sex (MA=mild asthma, SA=severe asthma). Colors 
correspond to cell subset type. (H) Heatmap shows Spearman correlation indices calculated between cluster 
proportions separated by sex (columns) with clinical features (rows). Color code is based on correlation 
coefficient r (left) and the adjusted P-value (right), which were computed using Spearman correlation (Table 
S1E). (I) Correlation scatter plots between proportions of CD103+ TRM cluster and proportions of TREG cluster (left) 
as well as proportions of TREG cluster and post-BD FEV1/FVC (right), for each patient in males and females 
separately. (J) Correlation scatter plots between proportions of CD103+ TRM cluster for each donor and specific 
clinical features (age at bronchoscopy and age of asthma diagnosis) in males and females separately. (I-J) Dots 
shaped based on patient sex, and colored based on disease severity status. Correlation coefficient r and exact 
P value were computed using Spearman correlation (Table S1E). 
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 7 

Figure S3. Expression of differentially expressed genes in CD103+ TRM subset, and bulk RNA-seq and 
TCR analysis of sorted airway CD4+ T cells in resting condition (Related to Figure 3). (A) Volcano plot shows 
false discovery rate (FDR) (-log10 adjusted P-value) and log2 (fold change) in expression for genes differentially 
expressed in CD103+ TRM versus CD103– TRM clusters using treatment as covariate. Dots are colored according 
to the mean of expression (log2) and sized based on the difference in the percentage of cells expressing the 
given gene, both derived from the group in which the gene is up-regulated. Gray dotted lines represent the 
statistical threshold values: log2(fold change) > 0.25 and -log10(FDR > 1.3 (adjusted P-value < 0.05). (B) Scatter 
plot shows the log2 (fold change) in expression for genes differentially expressed in CD103+ TRM versus CD103– 
TRM clusters using sex (x-axis) or treatment (y-axis) as covariate (Spearman correlation coefficient R and P value 
were computed). (C) Venn diagram shows overlap between differentially expressed genes in CD103+ TRM versus 
CD103– TRM clusters when using treatment (top) or sex (bottom) as covariate. Example genes are listed on the 
right. (D) Ingenuity pathway analysis (IPA) network of cytotoxicity-linked genes with increased expression 
(adjusted P-value < 0.01 and log2 (fold change) > 0.5) in CD103+ TRM cluster compared to CD103– TRM cluster. 
Arrows represent type of interaction between molecules and network biology, molecules are colored based on 
their relative expression, and shaped based on molecule function. (E, F) Volcano plots show false discovery rate 
(FDR) (-log10 adjusted P-value) and log2 (fold change) in expression for genes differentially expressed in CD103+ 
TRM of patients on oral corticosteroids (OCS) versus off OCS (No OCS) (E) or on biologics (Biologics) versus off 
biologics (No Biologics) (F) using sex as covariate. Dots are colored according to the mean of expression (log2) 
and sized based on the difference in the percentage of cells expressing the given gene, both derived from the 
group in which the gene is up-regulated. Gray dotted lines represent the statistical threshold values: log2(fold 
change) > 0.25 and -log10(FDR > 1.3 (adjusted P-value < 0.05). (G) Heatmap of sorted bulk RNA-seq samples 
shows row-wise z-scored expression of 210 differentially expressed genes between CD103+ TRM, CD103– TRM, 
and non-TRM subsets. Adjusted P-value <0.05 and log2 (fold change) >1. (H) Dot plots show normalized 
expression for example genes differentially up-regulated in CD103+ TRM cells linked to tissue residency, 
cytotoxicity, and inflammation (****, P < 0.0001; Kruskal-Wallis one-way test followed by Dunn’s post-hoc test). 
(I) Dot plots show proportions of GZMB+ cells from total CD4+ T cells per patient distributed between sex (shapes) 
and disease (color) groups (left) and in healthy subjects (from published datasets)[S1-S4] (right) (*, P < 0.05; Mann-
Whitney U test). (J) Dot plots show concentration of GZMB, GZMA, CCL3, and CCL4 proteins measured in BAL 
supernatants using multiplex ELISA for each donor separated by disease (Mann-Whitney U test). (H-J) Each dot 
represents data from a single subject, bars represent the mean, and t-lines represent SEM. (K) Single-cell 
pseudotime trajectory analysis of airway CD4+ TCM and TRM cell subsets. Trajectory constructed using the 
Monocle3 algorithm. (L) Bar chart shows the proportion of TCR clones per donor (donor contribution) separated 
by disease (top) and the TCR clone size specific or shared (connecting black dotted line) between bulk samples 
from CD103+ TRM, CD103– TRM, and non-TRM cells (bottom). Total number of clones in each sample group (left 
bottom corner) is shown. 
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Figure S4. Qualitative changes in gene expression of airway CD4+ T cell subsets in relation to disease 
severity and sex (Related to Figure 4). (A) Crater plots show log2 (fold change) of gene expression between 
mild and severe asthma in male (x-axis) and female (y-axis) patients in each cluster. Dotted lines indicate the 
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statistical threshold values of fold change for gene filtering. (B, C) (Left) GSEA shows enrichment of genes linked 
to cytotoxicity (B) or TCR signaling (C) in CD103+ TRM cluster when comparing severe asthma (SA) versus mild 
asthma (MA) (top), male versus female (middle), and male versus female within severe asthma (bottom). NES, 
normalized enrichment score; q, false discovery rate. On the right, GSVA shows cytotoxicity (B) or TCR signaling 
(C) enrichment scores per donor for the corresponding comparisons mentioned here above (Mann-Whitney U 
test). Gene lists in Table S3A. Each dot represents data from a single patient, bars represent the mean, and t-
lines represent SEM. 
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Figure S5. Single-cell analysis of CD4+ T cells upon stimulation (Related to Figure 5). (A) Violin plots show 
distribution of single-cell dataset passing quality checks: number of UMI per cell (threshold = 30,000) (left), 
number of genes per cell (thresholds: lower = 200, upper = 6,000) (middle), and percentage of mitochondrial 
genes per cell (< 15 %) (right). (B) Plot shows row-wise z-score-normalized mean expression (color scale) and 
percent of expressing cells (size scale) for indicated genes in resting and stimulation conditions per disease. (C) 
Dot plot shows proportions of GZMB+ cells from total stimulated CD4+ T cells per patient distributed between 
disease (color) groups (Mann-Whitney U test). (D) Volcano plot shows statistical significance [-log10 (adjusted P 
value)] in function of the fold change (log2) in expression between severe versus mild asthma in GZMB-
expressing cells after stimulation. (E) Volcano plot shows statistical significance (-log10 adjusted P value) in 
function of the log2-fold change in expression for differentially expressed genes when comparing expression 
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between bulk RNA-seq stimulation versus resting within the CD103+ TRM cells. Equal numbers of cells were 
sampled in each group. (D, E) Dots are colored according to the average of expression (log2) and sized on the 
basis of the fraction of cells expressing the given gene, both derived from the group in which the gene is up-
regulated. Gray dotted lines represent the threshold value for fold change [y-axis, log2(|fold change|) >1] and 
significance [x-axis, -log10(adjusted P value) >2]. FDR, false discovery rate. (F) Dot plots of genes differentially 
upregulated in stimulated bulk CD103+ TRM cells (Mann-Whitney U test). (C, F) Each dot represents data from a 
single patient, bars represent the mean, and t-lines represent SEM. 
  



 12 

REFERENCES 

S1. Liao, M., Liu, Y., Yuan, J., Wen, Y., Xu, G., Zhao, J., Cheng, L., Li, J., Wang, X., Wang, F., et al. (2020). 
Single-cell landscape of bronchoalveolar immune cells in patients with COVID-19. Nature Medicine 26, 
842-844. 10.1038/s41591-020-0901-9. 

S2. Grant, R.A., Morales-Nebreda, L., Markov, N.S., Swaminathan, S., Querrey, M., Guzman, E.R., Abbott, 
D.A., Donnelly, H.K., Donayre, A., Goldberg, I.A., et al. (2021). Circuits between infected macrophages 
and T cells in SARS-CoV-2 pneumonia. Nature 590, 635-641. 10.1038/s41586-020-03148-w. 

S3. Morse, C., Tabib, T., Sembrat, J., Buschur, K.L., Bittar, H.T., Valenzi, E., Jiang, Y., Kass, D.J., Gibson, 
K., Chen, W., et al. (2019). Proliferating SPP1/MERTK-expressing macrophages in idiopathic pulmonary 
fibrosis. Eur Respir J 54. 10.1183/13993003.02441-2018. 

S4. Mould, K.J., Moore, C.M., McManus, S.A., McCubbrey, A.L., McClendon, J.D., Griesmer, C.L., Henson, 
P.M., and Janssen, W.J. (2021). Airspace Macrophages and Monocytes Exist in Transcriptionally Distinct 
Subsets in Healthy Adults. Am J Respir Crit Care Med 203, 946-956. 10.1164/rccm.202005-1989OC. 

 


