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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. 
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Supplementary Fig. 2 | CD4+ T cell responses to cytokines: polarization states, subclusters, marker gene expression, and gene programs.  
See next page for caption.   



 

 7 

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. 



 

 19 

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. 
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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.  



 

 24 

0.0 0.5 1.0

Correlation

Subcluster
S01
S02
S03
S04
S05
S06
S07
S08
S09
S10
S11

Ls
t1

C
le
c4
n

Ty
ro
bp

Pm
ai
p1

G
ng
t2

Pf
n1

C
st
3

C
d5
2

Fa
m
10
5a

Ifi
tm
2

S1
00
a8

S1
00
a9

R
et
nl
g

Ly
z2

An
xa
1

M
m
p9

M
m
p8

M
tu
s1

H
p

G
da

C
xc
l3

C
d1
77

C
is
h

C
xc
l2

Ie
r3

Sr
gn

C
cl
6

C
d1
4

Fc
gr
2b

R
na
se
l

Fa
u

U
bb

Fx
yd
5

Ta
ld
o1

Se
ph
s2

Yp
el
3

Ft
l1

C
sf
3r

H
is
t1
h4
i

St
8s
ia
4

M
sr
b1

Fo
s

N
ea
t1

Ju
nb

R
gs
2

Tr
im
65

G
bp
5

Ifi
47

G
bp
2

H
er
c6

Ifi
t3

Ifi
t3
b

Ifi
t1

Ifi
t2

C
xc
l1
0

Is
g1
5

C
am

p
N
gp

Lt
f

C
hi
l3

Ad
pg
k

Itg
b2
l

Se
rp
in
b1
a

Pr
ok
2

Ifi
tm
6

Ik
bk
e

So
d2

G
pr
84

Ic
am

1
M
ar
ck
sl
1

Tr
em

l4
Tn
f

C
cl
3

M
ap
ka
pk
2

Se
m
a4
d

Ly
z1

Il2
2r
a2

St
om

l1
M
cu
b

G
pm

6b
R
ad
51
b

M
ra
s

R
nd
3

En
pp
1

Ts
hz
1

H
be
gf

C
ar
4

Ff
ar
2

St
7

F2
rl2

N
tm
t1

Sd
ad
1

Is
g2
0l
2

R
ab
15

Ig
hd

Sc
d1

Ig
lc
2

Ba
nk
1

H
2-
O
b

C
d1
80

Fc
m
r

C
d7
9a

M
s4
a1

Ly
6d

S11
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

S11
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

F2rl2
Car4
Ffar2
Sdad1
Hbegf
Ccl3

Mapkapk2
Marcksl1

Ikbke
Sod2
Srgn
Ier3
Cish
Cxcl2
Cxcl3
Isg15
Gbp5
Herc6
Ifi47
Gbp2

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

N
eu

tro
ph

il 
ge

ne
 p

ro
gr

am
s

P  < 0.01

� log10P

0
10
20

-1.0

-0.5

0.0

0.5

1.0

Scaled
relative
expression
to PBS

� log10P

0
10
20

0
1
2
3
4

Effect size

H2-D1
Cd52
Ubb
Lyz2
Fau

Msrb1
Ftl1
Ccl6

S100a11
Slpi

Tyrobp
S100a6
Retnlg
S100a8
S100a9

0.0 1.4
Weight

GP01

Cxcr2
Gda

Tyrobp
S100a11

Lcn2
Ifitm1
Ifitm2

S100a6
Srgn
Fth1

Retnlg
Lrg1

Wfdc17
S100a8
S100a9

0.0 1.4
Weight

GP02

Gsr
Rnf149
Ddx5

Kctd12
Iqgap1
Gda
Csf3r
Picalm
Stk17b
Ptprc

Marcks
Cd44

Tnfaip2
Neat1
Il1b

0.0 0.6
Weight

GP03

Cd24a
Eif5a
Fcgr3
Plaur
Cd14
Cd9
Ccr1
Il1r2
Srgn
Xbp1
Ier3

Cxcl3
Ccl6
Fth1
Cxcl2

0.0 0.8
Weight

GP04

Uqcrh
Calm1
Eef2

S100a8
Ptma
Naca

Tmsb10
Eef1b2

Ftl1
Fau
Fth1
Cd74
Ppia

Rack1
Eef1a1

0.0 0.6
Weight

GP05

Fcer1g
S100a11
S100a6

Lst1
Ftl1
Pfn1
Eif1

Fxyd5
Fth1
Ifitm2
Cd52
Il1b
Srgn
Cd9

Tyrobp

0.0 0.6
Weight

GP06

Oas3
Samhd1

Isg20
Ifit3

Stat1
Ifi204
Ifi47
Slfn4
Oasl2
Ifit1

Slfn5
Ifitm3
Gbp2
Isg15
Rsad2

0.0 0.9
Weight

GP07

H3f3b
Cxcr2
Cst3
Cd52
Ftl1

Fcer1g
Slpi

Msrb1
Fau

Csf3r
Ifitm2
Il1b

Tyrobp
Lst1
Fth1

0.0 0.7
Weight

GP08

Anxa1
Prdx5
Mmp9

Arhgdib
Camp

Pglyrp1
Lyz2
Ifitm6
Mmp8
Wfdc21

Ngp
Retnlg
Lcn2

S100a9
S100a8

0.0 0.9
Weight

GP09

Ccl3
S100a8
Bcl2a1b
Tnfaip2
Srgn

S100a9
Prdx5
Il1rn
Sod2
Acod1
Lcn2
Il1b

Marcksl1
Cxcl2
Fth1

0.0 0.7
Weight

GP10

S0
8

S0
7

S0
1

S1
0

S0
9

S1
1

S0
2

S0
4

S0
5

S0
3

S0
6

GP10
GP09
GP05
GP06
GP08
GP01
GP03
GP07
GP02
GP04

Neutrophil
a b c

d e

f

g

h

i

j k

To
p 

ge
ne

s 
in

 G
P

S0
8

S0
7

S0
1

S1
0

S0
9

S1
1

S0
2

S0
4

S0
5

S0
3

S0
6

GP10
GP09
GP05
GP06
GP08
GP01
GP03
GP07
GP02
GP04

1

2

3

4

Pol. Cytokine 
drivers Top marker genes

       Neu-a IFN-α1,-β,-γ Gbp2, Ifi47, Herc6, Gbp5, 
Isg15

       Neu-c IL-1α,-1β Cxcl3, Cxcl2, Cish, Ier3, 
Srgn

       Neu-d TNF-α Sod2, Ikbke, Marcksl1, 
Mapkapk2, Ccl3

       Neu-e GM-CSF Hbegf, Sdad1, Ffar2, Car4, 
F2rl2

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
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.   



 

 26 

Gadd45g
Pim1
U2af1

Hnrnpab
Ptma
Cct7
Srsf2
Hspa5
Cycs

Psme2
Snrpd1
Slc25a5

Ppa1
Cct3

Hspa8
Hsp90aa1

Eif4a1
Hsp90ab1

Ran
Hspd1
Ranbp1
Hspe1
Eif5a
Xcl1
Ncl

Pam16
Mat2a
Cacybp
Snrpf
Nop58
Cct8

Tomm20
G3bp1
Serbp1
Rps27l
Hnrnpdl
Larp1
Pgk1
Rrp1b
Uchl3
Mtdh
Strap
Phb

Fam162a
Ftsj3
Mettl1
Txnl4a
Rpl7l1

Hnrnpa0
Ddx18
Pgam1
Pebp1
Wdr43
Snrpd3
Gspt1

Tomm40
Impdh2
Snrpa1

Timm8a1
Ssb

Nsun2
Eif2s1
Eef1e1
Hdgf

Mybbp1a
Bzw2
Ybx3
Bola2
Rsl1d1
Dkc1
Ddx21
Odc1
Ybx1
Nolc1

Ebna1bp2
Mrto4
Prmt1
Atp5g1

Fbl
Pa2g4
Nop10

Set
Nop56
Npm3
Srm
Nhp2
Gnl3
Mif

C1qbp
Nme1
Snu13

Ppp1r14b
Npm1

Psmd12
Icam1

Chchd4
Bccip
Rcc2
Eif3j1
Phgdh
Nop16
Zfp593
Rrp15

Timm17a
Timm10

Gar1
Erh

Noc2l
Lyar
Ldha
Polr2f
Serp1

Tomm5
Tnfrsf9
Tagap
Cks2

Ccdc184
Rars
Mbd3

Kdm2b
Mir155hg
Gpatch4

Brix1
Nop14
Rcl1

Kdm6b
Tma16

Tmem147
Glrx5

Sdhaf1
Ndufaf4
Fkbp4
Tbl1x
Bcl2l1
Wdr12
Crtam

Kit
Skp1a
Pou2f2

Myc
Cd83
Sms
Cyba
Utf1

Rilpl2
Dctpp1
Nfkbia
Cd82
Apex1
Nfkb1
Tcf7
Csf2

Cdc37
Edf1
Traf1

Gadd45b
Batf

IFN
-�1

IFN
-�

IL-
12

IL-
15

IL-
18

IL-
1�

IL-
1�

-3
-2
-1
0
1
2
3

Relative
expression
to PBS
(log2FC)

a

f

IL-18 induced NK cell state

b

g

IL-1α/β treated NK cells 
Other NK cells

IL-1α/β induced NK cell state i j

e

All PBS only

Il1
r1
Il1
r2
Il1
rl1
Il1
rl2
Il1
rap

Il1
rap
l1

Il1
rap
l2
Il1
r1
Il1
r2
Il1
rl1
Il1
rl2
Il1
rap

Il1
rap
l1

Il1
rap
l2

0

1

2

Expression of IL-1α/β receptor genes 
(and related genes) in NK cells

IL-18 treated NK cells 
Other NK cells

Ifngr1

IL-1�
(n=3)

IL-1�
(n=3)

PBS
(n=14)

0

3

Mouse
IL-1�_rep1
IL-1�_rep2
IL-1�_rep3

IL-1�_rep1
IL-1�_rep2
IL-1�_rep3

Ifngr1 expression in independent mice

Top IL-18 induced DEGs in NK cells

Cytokine treatment

RIBONUCLEOPROTEIN_COMPLEX_BIOGENESIS
RIBOSOME_BIOGENESIS

RRNA_METABOLIC_PROCESS
NCRNA_PROCESSING

NCRNA_METABOLIC_PROCESS
PROTEIN_FOLDING

RIBOSOMAL_LARGE_SUBUNIT_BIOGENESIS
RIBONUCLEOPROTEIN_COMPLEX_SUBUNIT_ORGANIZATION

SPERM_EGG_RECOGNITION
BINDING_OF_SPERM_TO_ZONA_PELLUCIDA

RNA_SPLICING_VIA_TRANSESTERIFICATION_REACTIONS
RNA_PROCESSING

RNA_LOCALIZATION
RNA_MODIFICATION

CYTOPLASMIC_TRANSLATION
MRNA_PROCESSING

CHAPERONE_MEDIATED_PROTEIN_FOLDING
FERTILIZATION

TRNA_METABOLIC_PROCESS
MITOCHONDRIAL_GENE_EXPRESSION

OXIDATIVE_PHOSPHORYLATION
RNA_EXPORT_FROM_NUCLEUS

AEROBIC_RESPIRATION
SINGLE_FERTILIZATION

TRNA_PROCESSING
RNA_SPLICING

PEPTIDE_BIOSYNTHETIC_PROCESS
ESTABLISHMENT_OF_RNA_LOCALIZATION

MRNA_METABOLIC_PROCESS
CELLULAR_RESPIRATION

ELECTRON_TRANSPORT_CHAIN
REGULATION_OF_FLAGELLATED_SPERM_MOTILITY

AMIDE_BIOSYNTHETIC_PROCESS
ATP_METABOLIC_PROCESS

NUCLEOBASE_CONTAINING_COMPOUND_TRANSPORT
ESTABLISHMENT_OF_PROTEIN_LOCALIZATION_TO_ORGANELLE

PROTEIN_IMPORT
NUCLEOSIDE_PHOSPHATE_BIOSYNTHETIC_PROCESS

PEPTIDE_METABOLIC_PROCESS
ENERGY_DERIVATION_BY_OXIDATION_OF_ORGANIC_COMPOUNDS

GENERATION_OF_PRECURSOR_METABOLITES_AND_ENERGY
POSTTRANSCRIPTIONAL_REGULATION_OF_GENE_EXPRESSION

MITOCHONDRION_ORGANIZATION
REGULATION_OF_CELLULAR_MACROMOLECULE_BIOSYNTHETIC_PROCESS

PROTEIN_LOCALIZATION_TO_ORGANELLE

IL-
18

IL-
15

IL-
12

IFN-�1
IFN-�

IL-
1�

IL-
1�

Cytokine treatment

D
es

cr
ip

tio
n

0.5 1.0 1.5
NES � log10P 1.1 1.3 1.5

RIBONUCLEOPROTEIN_COMPLEX_BIOGENESIS
RIBOSOME_BIOGENESIS

RRNA_METABOLIC_PROCESS
NCRNA_PROCESSING

NCRNA_METABOLIC_PROCESS
PROTEIN_FOLDING

RIBOSOMAL_LARGE_SUBUNIT_BIOGENESIS
RIBONUCLEOPROTEIN_COMPLEX_SUBUNIT_ORGANIZATION

SPERM_EGG_RECOGNITION
BINDING_OF_SPERM_TO_ZONA_PELLUCIDA

RNA_SPLICING_VIA_TRANSESTERIFICATION_REACTIONS
RNA_PROCESSING

RNA_LOCALIZATION
RNA_MODIFICATION

CYTOPLASMIC_TRANSLATION
MRNA_PROCESSING

CHAPERONE_MEDIATED_PROTEIN_FOLDING
FERTILIZATION

TRNA_METABOLIC_PROCESS
MITOCHONDRIAL_GENE_EXPRESSION

OXIDATIVE_PHOSPHORYLATION
RNA_EXPORT_FROM_NUCLEUS

AEROBIC_RESPIRATION
SINGLE_FERTILIZATION

TRNA_PROCESSING
RNA_SPLICING

PEPTIDE_BIOSYNTHETIC_PROCESS
ESTABLISHMENT_OF_RNA_LOCALIZATION

MRNA_METABOLIC_PROCESS
CELLULAR_RESPIRATION

ELECTRON_TRANSPORT_CHAIN
REGULATION_OF_FLAGELLATED_SPERM_MOTILITY

AMIDE_BIOSYNTHETIC_PROCESS
ATP_METABOLIC_PROCESS

NUCLEOBASE_CONTAINING_COMPOUND_TRANSPORT
ESTABLISHMENT_OF_PROTEIN_LOCALIZATION_TO_ORGANELLE

PROTEIN_IMPORT
NUCLEOSIDE_PHOSPHATE_BIOSYNTHETIC_PROCESS

PEPTIDE_METABOLIC_PROCESS
ENERGY_DERIVATION_BY_OXIDATION_OF_ORGANIC_COMPOUNDS

GENERATION_OF_PRECURSOR_METABOLITES_AND_ENERGY
POSTTRANSCRIPTIONAL_REGULATION_OF_GENE_EXPRESSION

MITOCHONDRION_ORGANIZATION
REGULATION_OF_CELLULAR_MACROMOLECULE_BIOSYNTHETIC_PROCESS

PROTEIN_LOCALIZATION_TO_ORGANELLE

IL-
18

IL-
15

IL-
12

IFN-�1
IFN-�

IL-
1�

IL-
1�

Cytokine treatment

D
es

cr
ip

tio
n

Biological processes enriched for IL-18 stimulated NK cells

All PBS only

Il18r1 Il18rap Il18r1 Il18rap
0

3

Expression of IL-18 receptor genes 
in NK cells

Expression in independent mice

Csf2 

Batf 

Myc 

Xcl1 

Kit 

Gzmb

Ifngr1 expression in NK cells in each cytokine treatmenth

Expression of selected IL-18 regulated genes in NK cells with comparisons to other cytokine treatmentsc
Csf2 

Batf 

Myc 

Xcl1 

Kit 

Gzmb

d

 
 
 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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. 



 

 27 

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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