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Supplementary Fig. 1 | Gene programs (GPs) upregulated by IFN-γ, IL-18, IL-33, IL-36α, IL-2, IL-4, IL-7, IL-15, IL-3, GM-CSF, and TNF-
α across cell types. 
See next page for caption. 
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Supplementary Fig. 1 | Gene programs (GPs) upregulated by IFN-γ, IL-18, IL-33, IL-36α, IL-2, IL-4, IL-7, IL-15, 
IL-3, GM-CSF, and TNF-α across cell types. 
 
a-k, Upregulated GPs following cytokine treatment with respect to PBS controls for a, IFN-γ, b, IL-18, c, IL-33, d, IL-
36α, e, IL-2, f, IL-4, g, IL-7, h, IL-15, i, IL-3, j, GM-CSF, and k, TNF-α. GPs that are significantly upregulated between 
cytokine and PBS treatment (FDR < 0.01 and effect size > 1) in any cell type are shown in the figure. Significant GPs 
(FDR < 0.05 and effect size > 0) for each cell type are represented as circles, with circle size indicating statistical 
significance and color representing effect size (capped at 10). The top-weighted genes in each upregulated GP, which are 
co-expressed genes that may be related to cell type identity or cellular response to cytokines, are shown on the right in 
blue. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



 

 6 

0.0 0.5 1.0

Correlation

Subcluster
S01
S02
S03
S04
S05
S06
S07
S08
S09
S10

Il7
r

Kl
f2

Kl
f6

S1
pr
1

Ts
c2
2d
3

C
rlf
3

Ac
tn
1

Fo
xp
1

Ju
n

Zf
p3
6l
2

La
rs
2

U
ba
52

R
na
se
t2
a

R
na
se
t2
b

W
dr
89

R
as
gr
p2

Fl
na

Sm
c4

C
d2
8

R
gs
10

Ift
80

M
xd
4

C
hc
hd
10

Ig
kc

Sm
c6

C
rip
1

Ig
fb
p4

D
tx
1

Ta
gl
n2

Em
p3

C
ot
l1

Va
sp

Vi
m

Pp
p1
r1
4b

Ifi
t1

Is
g1
5

Ifi
t3

Ifi
27
l2
a

R
tp
4

Sl
fn
5

Bs
t2

Is
g2
0

Irf
7

Ifi
20
3

Ig
tp

Iig
p1

G
bp
2

St
at
1

G
bp
4

G
bp
7

Ifi
47

Irg
m
1

Tg
tp
1

G
bp
8

Tn
frs
f9

H
iv
ep
3

Tn
frs
f4

Pt
m
a

C
d8
2

G
ad
d4
5b

M
ir1
55
hg

Ei
f5
a

Pd
cd
1l
g2

N
r4
a3

Ifi
tm
3

Ph
f1
1b

R
sa
d2

U
sp
18

Ifi
t3
b

So
cs
3

Bc
l3

G
ad
d4
5g

N
dr
g3

M
xd
1

Ly
6a

Ar
id
5b

Et
v6

Sb
no
2

Bc
l2

Lt
a

C
dk
6

Sr
m

So
cs
1

C
is
h

M
th
fd
2

R
ex
o2

Ph
gd
h

Ei
f2
s2

S10
S09
S08
S07
S06
S05
S04
S03
S02
S01

Most highly expressed genes in each subcluster

Su
bc

lu
st

er

-2
-1
0
1
2

Scaled
average
expression

Percent
expressed

0
50
100

0.00

0.25

0.50

0.75

1.00

IL
-1
�

IL
-1
�

IL
-1

R
a

IL
-1

8
IL

-3
3

IL
-3

6�
IL

-3
6R

a
IL

-2
IL

-4
IL

-1
3

IL
-7

TS
LP IL
-9

IL
-1

5
IL

-2
1

IL
-3

IL
-5

G
M

-C
SF IL
-6

IL
-1

1
IL

-2
7

IL
-3

0
IL

-3
1

LI
F

O
SM

C
T-

1
N

P
IL

-1
2

IL
-2

3
IL

-Y
IL

-1
0

IL
-1

9
IL

-2
0

IL
-2

2
IL

-2
4

IL
-1

7A
IL

-1
7B

IL
-1

7C
IL

-1
7D

IL
-1

7E
IL

-1
7F

IF
N

-�
1

IF
N

-�
IF

N
-�

IF
N

-�
IF

N
-�

IF
N

-�
2

LT
-�

1/
�2

LT
-�

2/
�1

TN
F-
�

O
X4

0L
C

D
40

L
Fa

sL
C

D
27

L
C

D
30

L
4-

1B
BL

TR
AI

L
R

AN
KL

TW
EA

K
AP

R
IL

BA
FF

LI
G

H
T

TL
1A

G
IT

R
L

C
3a

C
5a

FL
T3

L
IL

-3
4

M
-C

SF
G

-C
SF

SC
F

EG
F

VE
G

F
FG

F-
�

H
G

F
IG

F-
1

TG
F-
�1

G
D

N
F

PS
PN PR

L
Le

pt
in

Ad
ip

oQ
AD

SF
N

og
gi

n
D

ec
or

in
TP

O
PB

S

Su
bc

lu
st

er
ce

ll 
fra

ct
io

n

Cytokine stimulation

S10
S09
S08
S07
S06
S05
S04
S03
S02
S01

IL
-1
�

IL
-1
�

IL
-1

R
a

IL
-1

8
IL

-3
3

IL
-3

6�
IL

-3
6R

a
IL

-2
IL

-4
IL

-1
3

IL
-7

TS
LP IL
-9

IL
-1

5
IL

-2
1

IL
-3

IL
-5

G
M

-C
SF IL
-6

IL
-1

1
IL

-2
7

IL
-3

0
IL

-3
1

LI
F

O
SM

C
T-

1
N

P
IL

-1
2

IL
-2

3
IL

-Y
IL

-1
0

IL
-1

9
IL

-2
0

IL
-2

2
IL

-2
4

IL
-1

7A
IL

-1
7B

IL
-1

7C
IL

-1
7D

IL
-1

7E
IL

-1
7F

IF
N

-�
1

IF
N

-�
IF

N
-�

IF
N

-�
IF

N
-�

IF
N

-�
2

LT
-�

1/
�2

LT
-�

2/
�1

TN
F-
�

O
X4

0L
C

D
40

L
Fa

sL
C

D
27

L
C

D
30

L
4-

1B
BL

TR
AI

L
R

AN
KL

TW
EA

K
AP

R
IL

BA
FF

LI
G

H
T

TL
1A

G
IT

R
L

C
3a

C
5a

FL
T3

L
IL

-3
4

M
-C

SF
G

-C
SF

SC
F

EG
F

VE
G

F
FG

F-
�

H
G

F
IG

F-
1

TG
F-
�1

G
D

N
F

PS
PN PR

L
Le

pt
in

Ad
ip

oQ
AD

SF
N

og
gi

n
D

ec
or

in
TP

O
PB

S

Su
bc

lu
st

er
ov

er
-re

pr
es

en
ta

tio
n

Rexo2
Socs1

Lta
Srm
Bcl2
Set
Ncl

Cd82
Eif5a
Ptma
Ifngr1
Mxd1
Ly6a
Bcl3

Ndrg3
Igfbp4
Iigp1
Gbp2
Ifi47
Stat1
Igtp
Slfn5
Ifit3
Ifit1

Isg15
Ifi27l2a

IL
-1
�

IL
-1
�

IL
-1

R
a

IL
-1

8
IL

-3
3

IL
-3

6�
IL

-3
6R

a
IL

-2
IL

-4
IL

-1
3

IL
-7

TS
LP IL
-9

IL
-1

5
IL

-2
1

IL
-3

IL
-5

G
M

-C
SF IL
-6

IL
-1

1
IL

-2
7

IL
-3

0
IL

-3
1

LI
F

O
SM

C
T-

1
N

P
IL

-1
2

IL
-2

3
IL

-Y
IL

-1
0

IL
-1

9
IL

-2
0

IL
-2

2
IL

-2
4

IL
-1

7A
IL

-1
7B

IL
-1

7C
IL

-1
7D

IL
-1

7E
IL

-1
7F

IF
N

-�
1

IF
N

-�
IF

N
-�

IF
N

-�
IF

N
-�

IF
N

-�
2

LT
-�

1/
�2

LT
-�

2/
�1

TN
F-
�

O
X4

0L
C

D
40

L
Fa

sL
C

D
27

L
C

D
30

L
4-

1B
BL

TR
AI

L
R

AN
KL

TW
EA

K
AP

R
IL

BA
FF

LI
G

H
T

TL
1A

G
IT

R
L

C
3a

C
5a

FL
T3

L
IL

-3
4

M
-C

SF
G

-C
SF

SC
F

EG
F

VE
G

F
FG

F-
�

H
G

F
IG

F-
1

TG
F-
�1

G
D

N
F

PS
PN PR

L
Le

pt
in

Ad
ip

oQ
AD

SF
N

og
gi

n
D

ec
or

in
TP

O
PB

S

Ex
pr

es
si

on
 o

f
se

le
ct

ed
 m

ar
ke

r g
en

es

GP10
GP09
GP08
GP07
GP06
GP05
GP04
GP03
GP02
GP01

IL
-1
�

IL
-1
�

IL
-1

R
a

IL
-1

8
IL

-3
3

IL
-3

6�
IL

-3
6R

a
IL

-2
IL

-4
IL

-1
3

IL
-7

TS
LP IL
-9

IL
-1

5
IL

-2
1

IL
-3

IL
-5

G
M

-C
SF IL
-6

IL
-1

1
IL

-2
7

IL
-3

0
IL

-3
1

LI
F

O
SM

C
T-

1
N

P
IL

-1
2

IL
-2

3
IL

-Y
IL

-1
0

IL
-1

9
IL

-2
0

IL
-2

2
IL

-2
4

IL
-1

7A
IL

-1
7B

IL
-1

7C
IL

-1
7D

IL
-1

7E
IL

-1
7F

IF
N

-�
1

IF
N

-�
IF

N
-�

IF
N

-�
IF

N
-�

IF
N

-�
2

LT
-�

1/
�2

LT
-�

2/
�1

TN
F-
�

O
X4

0L
C

D
40

L
Fa

sL
C

D
27

L
C

D
30

L
4-

1B
BL

TR
AI

L
R

AN
KL

TW
EA

K
AP

R
IL

BA
FF

LI
G

H
T

TL
1A

G
IT

R
L

C
3a

C
5a

FL
T3

L
IL

-3
4

M
-C

SF
G

-C
SF

SC
F

EG
F

VE
G

F
FG

F-
�

H
G

F
IG

F-
1

TG
F-
�1

G
D

N
F

PS
PN PR

L
Le

pt
in

Ad
ip

oQ
AD

SF
N

og
gi

n
D

ec
or

in
TP

O
PB

S

En
ric

hm
en

t o
f

C
D

4+
 T

 c
el

l g
en

e 
pr

og
ra

m
s

P  < 0.01

� log10P

0
50
100

-1.0

-0.5

0.0

0.5

1.0

Scaled
relative
expression
to PBS

� log10P

0
40
80

0
1
2
3
4

Effect size

H3f3b
Eif1

Cd52
Psme1
H2-D1
Psmb8
Stat1
H2-K1

Ltb
Cyba
Btg1
B2m
Ly6a
Xist
Ly6e

0.0 0.7
Weight

GP01

Isg20
Psmb8
Ifi47
Ifit3
Ifit1

Ms4a4b
Mndal
Ly6a
Stat1

Samhd1
Slfn5
Ifi203
Bst2
Isg15

Ifi27l2a

0.0 0.8
Weight

GP02

Eif1
Sh3bgrl3

H3f3b
Pfn1

Uba52
Emp3
H2-D1
Arhgdib

Myl6
H2-K1
Coro1a
Lars2
Trbc2
Xist

Cd52

0.0 0.5
Weight

GP03

Cd3g
Fxyd5
Cd52
Ly6e
B2m

H2-D1
Ms4a6b
Ms4a4b
Trbc2
Dapl1
Shisa5
Npm1
H2-K1

Ltb
Il7r

0.0 0.8
Weight

GP04

Prrc2c
Trbc2
H3f3b
Satb1
Shisa5
H2-D1

Ltb
Eif1

Myh9
Pfn1
Cd52
B2m

H2-K1
Btg1
Ptprc

0.0 0.7
Weight

GP05

Emp3
Cd3g
Limd2

Arhgdib
Rac2
Cnn2
Cotl1
H2-K1
Myl6
Crip1

Sh3bgrl3
Trbc2
Pfn1

Coro1a
Cd52

0.0 0.8
Weight

GP06

Ranbp1
Eif1

Anp32b
Eif2s2

Ppp1r14b
Atp5g1
Pfn1
Ran
Mif
Set

Nme1
Eif5a
Eif4a1

Ncl
Npm1

0.0 0.5
Weight

GP07

Arhgef1
Tcf7

H3f3b
Cd3g
Slfn2
Foxp1
Bcl11b
Btg1
Ets1
Satb1
Trbc2

Gimap6
Klf2

Ms4a4b
Xist

0.0 0.6
Weight

GP08

Rac2
B2m
Myl6

Shisa5
Arhgdib
Limd2

Sh3bgrl3
Fxyd5
Cd3g
H2-D1
Pfn1

Coro1a
H2-K1
Cd52
Trbc1

0.0 2.8
Weight

GP09

Txk
Il7r

Emp3
Selplg
S1pr1
Lef1

Atp1b3
Ccnd2
Cytip
Vim
Arl4c
Bcl2
Crip1
Klf2

Igfbp4

0.0 1.2
Weight

GP10

S0
8

S0
7

S1
0

S0
9

S0
5

S0
6

S0
2

S0
4

S0
1

S0
3

GP02
GP07
GP06
GP04
GP08
GP03
GP09
GP10
GP01
GP05

CD4+ T cell
a b c

d e

f

g

h

i

j k

To
p 

ge
ne

s 
in

 G
P

S0
8

S0
7

S1
0

S0
9

S0
5

S0
6

S0
2

S0
4

S0
1

S0
3

GP02
GP07
GP06
GP04
GP08
GP03
GP09
GP10
GP01
GP05 1

2

3

4

Pol. Cytokine 
drivers Top marker genes

        T4-a IFN-α1,-β,-ε,-κ Ifi27l2a, Isg15, Ifit1, Ifit3, 
Slfn5

        T4-b IFN-γ; 
IL-2,-12,-15,-18

Igtp, Stat1, Ifi47, Gbp2, 
Iigp1

        T4-c IL-1α,-1β Igfbp4, Ndrg3, Bcl3, Ly6a, 
Mxd1, Ifngr1

        T4-e IL-36α; TL1A Ptma, Eif5a, Cd82, Ncl, 
Set

        T4-f IL-4,-7; TSLP Bcl2, Srm, Lta, Socs1, 
Rexo2

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Fig. 2 | CD4+ T cell responses to cytokines: polarization states, subclusters, marker gene expression, and gene programs.  
See next page for caption.   
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Supplementary Fig. 2 | CD4+ T cell responses to cytokines: polarization states, subclusters, marker gene 
expression, and gene programs. 
 
a, Top, UMAP visualization of CD4+ T cells for all cytokines, colored by polarization states; bottom, table with cell type 
polarization states (left column), single cytokine drivers (middle column), and top marker genes (right column); 
reproduced from Fig. 3 for ease of reference. b, Pairwise Pearson correlation coefficients between polarization states. c, 
UMAP visualization of CD4+ T cells shown independently for each cytokine treatment, colored by cytokine treatment 
(blue) or PBS treatment control (gray). d, UMAP visualization of CD4+ T cells for all cytokine or PBS treatment; cells 
colored for CD4+ T cell Louvain subclusters. e, Top overexpressed genes in each Louvain subcluster in d; color, column-
scaled average expression; size of circle, percentage of cells in the subcluster expressing each gene. f-i, CD4+ T cell 
responses to each cytokine stimulation. f, Fraction of cells per subcluster in each cytokine treatment. Colors represent 
subclusters defined in d. g, Enrichment of each subcluster in each cytokine treatment; size of circle, Bonferroni-adjusted 
P-value of hypergeometric test relative to PBS; black fills, P < 0.01. h, Row-normalized relative expression of 
representative marker genes of each polarization state in cytokine-treated vs. PBS-treated cells. i, Enrichment of CD4+ T 
cell gene programs obtained from NMF analysis of all CD4+ T cells in cytokine-treated cells relative to PBS-treated cells; 
size of circle, FDR-adjusted P-value from two-sided Wilcoxon rank-sum test; shade, effect size representing the mean 
difference in gene program weight. j, Top weighted genes in each gene program in i. k, Average gene program weight in 
each subcluster. Rows and columns were hierarchically clustered using the complete-linkage method on Euclidean 
distances.  
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Supplementary Fig. 3 | CD8+ T cell responses to cytokines: polarization states, subclusters, marker gene expression, and gene programs.  
See next page for caption.   
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Supplementary Fig. 3 | CD8+ T cell responses to cytokines: polarization states, subclusters, marker gene 
expression, and gene programs. 
 
a, Top, UMAP visualization of CD8+ T cells for all cytokines, colored by polarization states; bottom, table with cell type 
polarization states (left column), single cytokine drivers (middle column), and top marker genes (right column); 
reproduced from Fig. 3 for ease of reference. b, Pairwise Pearson correlation coefficients between polarization states. c, 
UMAP visualization of CD8+ T cells shown independently for each cytokine treatment, colored by cytokine treatment 
(blue) or PBS treatment control (gray). d, UMAP visualization of CD8+ T cells for all cytokine or PBS treatment; cells 
colored for CD8+ T cell Louvain subclusters. e, Top overexpressed genes in each Louvain subcluster in d; color, column-
scaled average expression; size of circle, percentage of cells in the subcluster expressing each gene. f-i, CD8+ T cell 
responses to each cytokine stimulation. f, Fraction of cells per subcluster in each cytokine treatment. Colors represent 
subclusters defined in d. g, Enrichment of each subcluster in each cytokine treatment; size of circle, Bonferroni-adjusted 
P-value of hypergeometric test relative to PBS; black fills, P < 0.01. h, Row-normalized relative expression of 
representative marker genes of each polarization state in cytokine-treated vs. PBS-treated cells. i, Enrichment of CD8+ T 
cell gene programs obtained from NMF analysis of all CD8+ T cells in cytokine-treated cells relative to PBS-treated cells; 
size of circle, FDR-adjusted P-value from two-sided Wilcoxon rank-sum test; shade, effect size representing the mean 
difference in gene program weight. j, Top weighted genes in each gene program in i. k, Average gene program weight in 
each subcluster. Rows and columns were hierarchically clustered using the complete-linkage method on Euclidean 
distances.  
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Supplementary Fig. 4 | γδ T cell responses to cytokines: polarization states, subclusters, marker gene expression, and gene programs.  
See next page for caption.   
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Supplementary Fig. 4 | γδ T cell responses to cytokines: polarization states, subclusters, marker gene expression, 
and gene programs. 
 
a, Top, UMAP visualization of γδ T cells for all cytokines, colored by polarization states; bottom, table with cell type 
polarization states (left column), single cytokine drivers (middle column), and top marker genes (right column); 
reproduced from Fig. 3 for ease of reference. b, Pairwise Pearson correlation coefficients between polarization states. c, 
UMAP visualization of γδ T cells shown independently for each cytokine treatment, colored by cytokine treatment (blue) 
or PBS treatment control (gray). d, UMAP visualization of γδ T cells for all cytokine or PBS treatment; cells colored for 
γδ T cell Louvain subclusters. e, Top overexpressed genes in each Louvain subcluster in d; color, column-scaled average 
expression; size of circle, percentage of cells in the subcluster expressing each gene. f-i, γδ T cell responses to each 
cytokine stimulation. f, Fraction of cells per subcluster in each cytokine treatment. Colors represent subclusters defined in 
d. g, Enrichment of each subcluster in each cytokine treatment; size of circle, Bonferroni-adjusted P-value of 
hypergeometric test relative to PBS; black fills, P < 0.01. h, Row-normalized relative expression of representative marker 
genes of each polarization state in cytokine-treated vs. PBS-treated cells. i, Enrichment of γδ T cell gene programs 
obtained from NMF analysis of all γδ T cell in cytokine-treated cells relative to PBS-treated cells; size of circle, FDR-
adjusted P-value from two-sided Wilcoxon rank-sum test; shade, effect size representing the mean difference in gene 
program weight. j, Top weighted genes in each gene program in i. k, Average gene program weight in each subcluster. 
Rows and columns were hierarchically clustered using the complete-linkage method on Euclidean distances.    
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Supplementary Fig. 5 | Treg responses to cytokines: polarization states, subclusters, marker gene expression, and gene programs.  
See next page for caption. 
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Supplementary Fig. 5 | Treg responses to cytokines: polarization states, subclusters, marker gene expression, and 
gene programs. 
 
a, Top, UMAP visualization of Tregs for all cytokines, colored by polarization states; bottom, table with cell type 
polarization states (left column), single cytokine drivers (middle column), and top marker genes (right column); 
reproduced from Fig. 3 for ease of reference. b, Pairwise Pearson correlation coefficients between polarization states. c, 
UMAP visualization of Tregs shown independently for each cytokine treatment, colored by cytokine treatment (blue) or 
PBS treatment control (gray). d, UMAP visualization of Tregs for all cytokine or PBS treatment; cells colored for Treg 
Louvain subclusters. e, Top overexpressed genes in each Louvain subcluster in d; color, column-scaled average 
expression; size of circle, percentage of cells in the subcluster expressing each gene. f-i, Treg responses to each cytokine 
stimulation. f, Fraction of cells per subcluster in each cytokine treatment. Colors represent subclusters defined in d. g, 
Enrichment of each subcluster in each cytokine treatment; size of circle, Bonferroni-adjusted P-value of hypergeometric 
test relative to PBS; black fills, P < 0.01. h, Row-normalized relative expression of representative marker genes of each 
polarization state in cytokine-treated vs. PBS-treated cells. i, Enrichment of Treg gene programs obtained from NMF 
analysis of all Tregs in cytokine-treated cells relative to PBS-treated cells; size of circle, FDR-adjusted P-value from two-
sided Wilcoxon rank-sum test; shade, effect size representing the mean difference in gene program weight. j, Top 
weighted genes in each gene program in i. k, Average gene program weight in each subcluster. Rows and columns were 
hierarchically clustered using the complete-linkage method on Euclidean distances.     
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Supplementary Fig. 6 | pDC responses to cytokines: polarization states, subclusters, marker gene expression, and gene programs.  
See next page for caption. 
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Supplementary Fig. 6 | pDC responses to cytokines: polarization states, subclusters, marker gene expression, and 
gene programs. 
 
a, Top, UMAP visualization of pDCs for all cytokines, colored by polarization states; bottom, table with cell type 
polarization states (left column), single cytokine drivers (middle column), and top marker genes (right column); 
reproduced from Fig. 3 for ease of reference. b, Pairwise Pearson correlation coefficients between polarization states. c, 
UMAP visualization of pDCs shown independently for each cytokine treatment, colored by cytokine treatment (blue) or 
PBS treatment control (gray). d, UMAP visualization of pDCs for all cytokine or PBS treatment; cells colored for pDC 
Louvain subclusters. e, Top overexpressed genes in each Louvain subcluster in d; color, column-scaled average 
expression; size of circle, percentage of cells in the subcluster expressing each gene. f-i, pDC responses to each cytokine 
stimulation. f, Fraction of cells per subcluster in each cytokine treatment. Colors represent subclusters defined in d. g, 
Enrichment of each subcluster in each cytokine treatment; size of circle, Bonferroni-adjusted P-value of hypergeometric 
test relative to PBS; black fills, P < 0.01. h, Row-normalized relative expression of representative marker genes of each 
polarization state in cytokine-treated vs. PBS-treated cells. i, Enrichment of pDC gene programs obtained from NMF 
analysis of all pDCs in cytokine-treated cells relative to PBS-treated cells; size of circle, FDR-adjusted P-value from two-
sided Wilcoxon rank-sum test; shade, effect size representing the mean difference in gene program weight. j, Top 
weighted genes in each gene program in i. k, Average gene program weight in each subcluster. Rows and columns were 
hierarchically clustered using the complete-linkage method on Euclidean distances.   
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Supplementary Fig. 7 | cDC2 responses to cytokines: polarization states, subclusters, marker gene expression, and gene programs.  
See next page for caption. 
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Supplementary Fig. 7 | cDC2 responses to cytokines: polarization states, subclusters, marker gene expression, and 
gene programs. 
 
a, Top, UMAP visualization of cDC2 cells for all cytokines, colored by polarization states; bottom, table with cell type 
polarization states (left column), single cytokine drivers (middle column), and top marker genes (right column); 
reproduced from Fig. 3 for ease of reference. b, Pairwise Pearson correlation coefficients between polarization states. c, 
UMAP visualization of cDC2 cells shown independently for each cytokine treatment, colored by cytokine treatment 
(blue) or PBS treatment control (gray). d, UMAP visualization of cDC2 cells for all cytokine or PBS treatment; cells 
colored for cDC2 Louvain subclusters. e, Top overexpressed genes in each Louvain subcluster in d; color, column-scaled 
average expression; size of circle, percentage of cells in the subcluster expressing each gene. f-i, cDC2 responses to each 
cytokine stimulation. f, Fraction of cells per subcluster in each cytokine treatment. Colors represent subclusters defined in 
d. g, Enrichment of each subcluster in each cytokine treatment; size of circle, Bonferroni-adjusted P-value of 
hypergeometric test relative to PBS; black fills, P < 0.01. h, Row-normalized relative expression of representative marker 
genes of each polarization state in cytokine-treated vs. PBS-treated cells. i, Enrichment of cDC2 gene programs obtained 
from NMF analysis of all cDC2 cells in cytokine-treated cells relative to PBS-treated cells; size of circle, FDR-adjusted P-
value from two-sided Wilcoxon rank-sum test; shade, effect size representing the mean difference in gene program 
weight. j, Top weighted genes in each gene program in i. k, Average gene program weight in each subcluster. Rows and 
columns were hierarchically clustered using the complete-linkage method on Euclidean distances.   
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Supplementary Fig. 8 | MigDC responses to cytokines: polarization states, subclusters, marker gene expression, and gene programs.  
See next page for caption. 
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Supplementary Fig. 8 | MigDC responses to cytokines: polarization states, subclusters, marker gene expression, 
and gene programs. 
 
a, Top, UMAP visualization of MigDCs for all cytokines, colored by polarization states; bottom, table with cell type 
polarization states (left column), single cytokine drivers (middle column), and top marker genes (right column); 
reproduced from Fig. 3 for ease of reference. b, Pairwise Pearson correlation coefficients between polarization states. c, 
UMAP visualization of MigDCs shown independently for each cytokine treatment, colored by cytokine treatment (blue) 
or PBS treatment control (gray). d, UMAP visualization of MigDCs for all cytokine or PBS treatment; cells colored for 
MigDC Louvain subclusters. e, Top overexpressed genes in each Louvain subcluster in d; color, column-scaled average 
expression; size of circle, percentage of cells in the subcluster expressing each gene. f-i, MigDC responses to each 
cytokine stimulation. f, Fraction of cells per subcluster in each cytokine treatment. Colors represent subclusters defined in 
d. g, Enrichment of each subcluster in each cytokine treatment; size of circle, Bonferroni-adjusted P-value of 
hypergeometric test relative to PBS; black fills, P < 0.01. h, Row-normalized relative expression of representative marker 
genes of each polarization state in cytokine-treated vs. PBS-treated cells. i, Enrichment of MigDC gene programs obtained 
from NMF analysis of all MigDCs in cytokine-treated cells relative to PBS-treated cells; size of circle, FDR-adjusted P-
value from two-sided Wilcoxon rank-sum test; shade, effect size representing the mean difference in gene program 
weight. j, Top weighted genes in each gene program in i. k, Average gene program weight in each subcluster. Rows and 
columns were hierarchically clustered using the complete-linkage method on Euclidean distances.    
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Supplementary Fig. 9 | Langerhans cell responses to cytokines: polarization states, subclusters, marker gene expression, and gene programs.  
See next page for caption. 



 

 21 

Supplementary Fig. 9 | Langerhans cell responses to cytokines: polarization states, subclusters, marker gene 
expression, and gene programs. 
 
a, Top, UMAP visualization of Langerhans cells for all cytokines, colored by polarization states; bottom, table with cell 
type polarization states (left column), single cytokine drivers (middle column), and top marker genes (right column); 
reproduced from Fig. 3 for ease of reference. b, Pairwise Pearson correlation coefficients between polarization states. c, 
UMAP visualization of Langerhans cells shown independently for each cytokine treatment, colored by cytokine treatment 
(blue) or PBS treatment control (gray). d, UMAP visualization of Langerhans cells for all cytokine or PBS treatment; cells 
colored for Langerhans cell Louvain subclusters. e, Top overexpressed genes in each Louvain subcluster in d; color, 
column-scaled average expression; size of circle, percentage of cells in the subcluster expressing each gene. f-i, 
Langerhans cell responses to each cytokine stimulation. f, Fraction of cells per subcluster in each cytokine treatment. 
Colors represent subclusters defined in d. g, Enrichment of each subcluster in each cytokine treatment; size of circle, 
Bonferroni-adjusted P-value of hypergeometric test relative to PBS; black fills, P < 0.01. h, Row-normalized relative 
expression of representative marker genes of each polarization state in cytokine-treated vs. PBS-treated cells. i, 
Enrichment of Langerhans cell gene programs obtained from NMF analysis of all Langerhans cells in cytokine-treated 
cells relative to PBS-treated cells; size of circle, FDR-adjusted P-value from two-sided Wilcoxon rank-sum test; shade, 
effect size representing the mean difference in gene program weight. j, Top weighted genes in each gene program in i. k, 
Average gene program weight in each subcluster. Rows and columns were hierarchically clustered using the complete-
linkage method on Euclidean distances.   
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Supplementary Fig. 10 | Monocyte responses to cytokines: polarization states, subclusters, marker gene expression, and gene programs.  
See next page for caption. 
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Supplementary Fig. 10 | Monocyte responses to cytokines: polarization states, subclusters, marker gene expression, 
and gene programs. 
 
a, Top, UMAP visualization of monocytes for all cytokines, colored by polarization states; bottom, table with cell type 
polarization states (left column), single cytokine drivers (middle column), and top marker genes (right column); 
reproduced from Fig. 3 for ease of reference. b, Pairwise Pearson correlation coefficients between polarization states. c, 
UMAP visualization of monocytes shown independently for each cytokine treatment, colored by cytokine treatment (blue) 
or PBS treatment control (gray). d, UMAP visualization of monocytes for all cytokine or PBS treatment; cells colored for 
monocyte Louvain subclusters. e, Top overexpressed genes in each Louvain subcluster in d; color, column-scaled average 
expression; size of circle, percentage of cells in the subcluster expressing each gene. f-i, Monocyte responses to each 
cytokine stimulation. f, Fraction of cells per subcluster in each cytokine treatment. Colors represent subclusters defined in 
d. g, Enrichment of each subcluster in each cytokine treatment; size of circle, Bonferroni-adjusted P-value of 
hypergeometric test relative to PBS; black fills, P < 0.01. h, Row-normalized relative expression of representative marker 
genes of each polarization state in cytokine-treated vs. PBS-treated cells. i, Enrichment of monocyte gene programs 
obtained from NMF analysis of all monocytes in cytokine-treated cells relative to PBS-treated cells; size of circle, FDR-
adjusted P-value from two-sided Wilcoxon rank-sum test; shade, effect size representing the mean difference in gene 
program weight. j, Top weighted genes in each gene program in i. k, Average gene program weight in each subcluster. 
Rows and columns were hierarchically clustered using the complete-linkage method on Euclidean distances.  
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Supplementary Fig. 11 | Neutrophil responses to cytokines: polarization states, subclusters, marker gene expression, and gene programs.  
See next page for caption. 
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Supplementary Fig. 11 | Neutrophil responses to cytokines: polarization states, subclusters, marker gene 
expression, and gene programs. 
 
a, Top, UMAP visualization of neutrophils for all cytokines, colored by polarization states; bottom, table with cell type 
polarization states (left column), single cytokine drivers (middle column), and top marker genes (right column); 
reproduced from Fig. 3 for ease of reference. b, Pairwise Pearson correlation coefficients between polarization states. c, 
UMAP visualization of neutrophils shown independently for each cytokine treatment, colored by cytokine treatment 
(blue) or PBS treatment control (gray). d, UMAP visualization of neutrophils for all cytokine or PBS treatment; cells 
colored for neutrophil Louvain subclusters. e, Top overexpressed genes in each Louvain subcluster in d; color, column-
scaled average expression; size of circle, percentage of cells in the subcluster expressing each gene. f-i, Neutrophil 
responses to each cytokine stimulation. f, Fraction of cells per subcluster in each cytokine treatment. Colors represent 
subclusters defined in d. g, Enrichment of each subcluster in each cytokine treatment; size of circle, Bonferroni-adjusted 
P-value of hypergeometric test relative to PBS; black fills, P < 0.01. h, Row-normalized relative expression of 
representative marker genes of each polarization state in cytokine-treated vs. PBS-treated cells. i, Enrichment of 
neutrophil gene programs obtained from NMF analysis of all neutrophils in cytokine-treated cells relative to PBS-treated 
cells; size of circle, FDR-adjusted P-value from two-sided Wilcoxon rank-sum test; shade, effect size representing the 
mean difference in gene program weight. j, Top weighted genes in each gene program in i. k, Average gene program 
weight in each subcluster. Rows and columns were hierarchically clustered using the complete-linkage method on 
Euclidean distances.   
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Supplementary Fig. 12 | Further characterization of IL-18 induced NK-f polarization state and IL-1α/β induced NK-c polarization state in 
NK cells. 
See next page for caption. 
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Supplementary Fig. 12 | Further characterization of IL-18 induced NK-f polarization state and IL-1α/β induced 
NK-c polarization state in NK cells. 
 
a-f, NK-f polarization state induced by IL-18. a, UMAP visualization of NK cells for all cytokine or PBS treatment, 
colored by IL-18 treatment. Reproduced from Extended Data Fig. 6c IL-18 subpanel. b, Top IL-18 regulated genes in 
NK cells (log2FC > 1.1 and FDR-adjusted P < 0.01, two-sided Wilcoxon rank-sum test), colored by mean log2FC in 
expression relative to PBS treatment. Major cytokines inducing other NK cell polarization states are shown for 
comparison for IL-18-regulated genes. 3 independent mice for each cytokine treatment are shown in adjacent columns. c, 
Violin plot showing expression of selected IL-18 regulated genes in NK cells in response to each of the 86 cytokines. IL-
18 treated cells are colored in cyan. d, Biological processes enriched in NK cells stimulated with IL-18 compared to PBS. 
Other cytokines shown as a comparison as in b. Shade represents normalized enrichment score (NES); size represents 
FDR-adjusted P-value. e, Violin plot showing expression of IL-18 regulated genes in 3 independent mice treated with IL-
18 or in 14 independent mice treated with PBS; dotted line, median expression in PBS-treated cells. f, Violin plot showing 
expression of genes encoding IL-18 receptors in NK cells, for all cells treated with any cytokine or with PBS only. g-j, 
NK-c polarization state induced by IL-1α/β. g, UMAP visualization of NK cells for all cytokine or PBS treatment, colored 
by IL-1α/β treatment. h, Violin plot showing expression of IL-1α/β-regulated Ifngr1 expression in NK cells in each 
cytokine treatment; dotted line, median expression of PBS-treated cells; reproduced from Fig. 3p Ifngr1 panel for ease of 
reference. i, Violin plot showing expression of Ifngr1 in 6 independent mice treated with IL-1α/β or in 14 independent 
mice treated with PBS; dotted line, median expression of PBS-treated cells. j, Violin plot showing expression of genes 
encoding IL-1α/β receptors and related receptors in NK cells; shown for all cells treated with any cytokine or with PBS 
only.  
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Supplementary Fig. 13 | Cell type properties in the cell-cell interactome. 
 
Properties of Extended Data Fig. 11. For each cell type (a circle), showing the number of cytokines expressed and the total 
number of cell types targeted through any cytokine. Size of the circle is proportional to the number of paths in the cell-cell 
interactome. 
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Supplementary Fig. 14 | Additional IREA software output on human COVID-19 blood samples. 

 
a-b. IREA analysis on peripheral blood cells collected from severe COVID-19 patients relative to healthy volunteers. 
IREA compass plots showing enrichment scores for each of 86 cytokines in CD8+ T cells and CD4+ T cells in ventilated 
COVID-19 patients relative to healthy controls. Bar length represents enrichment score, shade represents FDR adjusted P-
value (two-sided Wilcoxon rank-sum test), with darker colors representing more significant enrichment (red: enriched in 
ventilated COVID-19 patients, blue: enriched in healthy control). Cytokines with receptors expressed are indicated by 
black filled boxes.   
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