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Supplementary Figure 1. Alteration of hypoxia score and immune infiltration during tumor devel-
opmental stages
(a) Continuous shift of hypoxia score (upper panel) during prostate carcinogenesis. Heatmaps (bottom 
panel) show the expression level of 15 genes of hypoxia signature for each stage. 
(b) Continuous shift of immune infiltration score during lung carcinogenesis calculated by ImmuCellAI. 
(c) The Spearman’s correlation of hypoxia score and infiltration score in LSCC. 
(d-e) The abundance of immune cells negatively (d) or positively (e) correlated to hypoxia score in each 
developmental stage. 
Abbreviation: STROMA, stromal nodules of benign prostatic hyperplasia; PIN, prostatic intraepithelial 
neoplasia; PCA, prostate carcinoma; MET, metastatic prostate cancer; CD8 naive, CD8 naive T cells; 
CD4 naïve, CD4 naïve T cells; Tgd, Gamma delta T cells; CD8 T, CD8 T cells; Tem, effector memory T 
cells; Th2/Th17: T helper 2/17 cells; Tfh, T follicular helper cells; DC, dendritic cells.



●

●

●●●

●
●●●●
●

●
●

●

●●

●

●
●●
●

●●
●

CD4_T

Bcell

Th17Tr1
NK

CD4_naive
MAIT

Tcm
Tfh Monocyte

iTreg
Cytotoxic

CD8_T
NKT

Macrophage
Th1

DC
Neutrophil

Tex
Th2 Tem

nTreg

0

2

4

−0.6 −0.4 −0.2 0.0 0.2
Rs of hypoxia score (On-Pre) and abundance 

of immune cells (On-Pre)

−l
og

10
(p

 v
al

ue
)

●

●●

●●
●●

●●

●●

●●

●

●●

●●

●●

●●

●●

●●

●

●●

●●

●●

●●

●●

●

●●

●

●●

●

●●

●

●●

−0.25

0.00

0.25

0.50

−0.4 0.0 0.4 0.8
Hypoxia score

Fr
ac

tio
n 

TI
Ls

 in
 o

n-
tre

at
m

en
t Rs = −0.51

p = 0.0051

-0.8

●●

●

●●

PD
SD
PRCR

●

●●

●●

●●

●●

●●

●●

●
●●

●●

●●

●●

●●

●●

●

●●

●●

●●

●●

●●●

●●

●

●●

●

●●

●

●●

0.0

0.1

0.2

0.3

0.4

−0.4 0.0 0.4
Hypoxia score

Fr
ac

tio
n 

TI
Ls

 in
 p

re
-tr

ea
tm

en
t Rs = −0.36

p = 0.06

●●

●

●●

PD
SD
PRCR

●●

●

●●

●●

●●

●●

●●

●●

●

●
●●

●●

●●

●●

●●

●●

●

●

●

●

●●

●●

●●

●●

●●

●●

●●

●●

●
●

●

●●

●

●●

●

●●

●●

●

●●

●

●●

●

−0.10

−0.05

0.00

0.05

0.10

0.15

−1.0 −0.5 0.0 0.5 1.0
Hypoxia score (On - Pre)

Ab
un

da
nc

e 
(O

n 
- P

re
)

CD4 T
Rs = −0.58
p = 4.8 × 10-5

●●

●
●●

●●

●●

●●

●●

●●

●
●

●●

●●

●●

●●

●●

●●

●

●
●

●●

●●

●●

●●

●●

●●

●●

●●

●

●

●

●●

●

●●
●

●●

●●

●

●●

●●●

●

−0.10

−0.05

0.00

0.05

0.10

−1.0 −0.5 0.0 0.5 1.0

nTreg
Rs = 0.31
p = 0.048

Hypoxia score (On - Pre)

Ab
un

da
nc

e 
(O

n 
- P

re
)

●●

●

●●

PD
SD
PRCR

●●

●

●●

PD
SD
PRCR

●

●●

●●

●●

●●

●●

●●

●

●●

●● ●●

●●

●●

●●

●
●●

●●

●●

●●

●●

●

●●

●

●●

●

●●

●

●●

3.0

3.5

4.0

4.5

5.0

−0.8 −0.4 0.0 0.4 0.8
Hypoxia score

#u
ni

qu
e 

C
D

R
3s

 (l
og

10
) i

n 
on

-tr
ea

tm
en

t

●

●●

●●

●●

●●

●●

●●

●

●●

●●

●●

●●

●● ●●

●

●●

●●

●●

●●

●●

●

●●

●

●●

●

●●

● ●●

2.5

3.0

3.5

4.0

4.5

5.0

−0.4 0.0 0.4
Hypoxia score

#u
ni

qu
e 

C
D

R
3s

 (l
og

10
) i

n 
pr

e-
tre

at
m

en
t

Rs = −0.36
p = 0.06

Rs = −0.47
p = 0.013

●●

●

●●

PD
SD
PRCR

●●

●

●●

PD
SD
PRCR

b

e gf

dc

h

FDR
●

●

●

0.01

10-5

< 10-10

Rs

-0.5

0

0.5

Correlation
Negative

Positive

Number of cancers

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

CD4 T
Tcm
Tfh

B cell
iTreg

CD4 naive
CD8 naive

CD8 T
Tr1

Tgd
Th17

NK
Th2

MAIT
NKT

nTreg
Tc

Neutrophil
Tem
Th1
Tex

Monocyte
DC

Macrophage

LU
SC

LU
AD

PA
AD

H
N

SC
ES

C
A

R
EA

D
ST

AD
PR

AD
SA

R
C

AC
C

SK
C

M
U

C
S

BL
C

A
C

ES
C

C
H

O
L

KI
C

H
M

ES
O

TG
C

T
U

C
EC

U
VM

BR
C

A
C

O
AD

D
LB

C
G

BM
KI

R
P

PC
PG

TH
YM

KI
R

C O
V

LG
G

LI
H

C
TH

C
A 0 5 10 15 20 25

a

(Legend on next page)



Supplementary Figure 2. Correlation of hypoxia with immune features and treatment response.
(a) The Spearman's rank correlation of hypoxia score and the abundance of immune cell populations 
across 32 cancer types. The bar plots in the right panel indicate the number of cancer types with positive 
and negative correlation between hypoxia score and the abundance of immune cells. The cancer types 
(x-axis) are ordered by the number of immune cells with positive correlation minus the number with nega-
tive correlation. (y-axis) are ordered by the number of cancer types with positive correlation minus the 
number with negative correlation. Abbreviation: CD8 naive, CD8 naive T cells; CD4 naive, CD4 naive T 
cells; Tgd, Gamma delta T cells; CD8 T, CD8 T cells; Tem, effector memory T cells; Th2/Th17: T helper 
2/17 cells; Tfh, T follicular helper cells; DC, dendritic cells; iTreg, induced regulatory T cells. 
(b-c) The Spearman’s correlation of tumor-infiltrating lymphocytes (TILs) and hypoxia score in pre-treat-
ment (b) and on-treatment (c) samples. Blue, PR/CR (partial or complete response); Red, PD (progres-
sive disease); Yellow, SD (stable disease).
(d) The Spearman’s correlation of alteration of hypoxia score and the alternation of each immune cell 
abundance. 
(e-f) The Spearman’s correlation of alteration of hypoxia score and the abundance alteration of CD4 T 
cells (e) and nTregs (f) between on-treatment and pre-treatment samples. 
(g-h) The Spearman’s correlation of CDR3s and hypoxia score in pre-treatment (g) and on-treatment (h). 
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Supplementary Figure 3. Spatial location of ALCAMhigh macrophages
(a) Spatial scatter pie plots representing the proportions of the seven cell types predicted by Cot-
trazm in whole BRCA ST slide spots (left). Bar plots representing the proportions of the seven cell 
types predicted by Cottrazm in spots from malignant, tumor boundary, and non-malignant regions 
(middle). Spatial scatter pie plots representing the proportions of the seven cell types predicted by 
Cottrazm in tumor boundary spots (right). 
(b) Bar plot showing the cellular composition of malignant region, tumor boundary, and non-malig-
nant region in 68 tumor samples across 14 cancer types. 
(c) Heatmap showing the infiltration of macrophage in each spatial region in each sample.
(d) Volcano plot exhibiting the differentially expressed genes from macrophage tumor boundary 
and other remained regions in BRCA ST slides.
(e-f) Predicted proportion within each capture spot for ALCAMhigh macrophages (left) and  ALCAM-
low macrophages (right) in CRC (e) and BRCA (f).
(g) Boxplots showing the hypoxia score among ALCAMhigh macrophages and  ALCAMlow macro-
phages in BRCA ST slide.
(h) Box plots showing the mean proportion of ALCAMhigh macrophages in each spatial region in 
six cancer types. A paired t-test was performed to assess the statistical significance. The boxes in 
g, h showed the median ±1 quartile, with the whiskers extending from the hinge to the smallest or 
largest value within 1.5× the IQR from the box boundaries. A two-sided Wilcoxon signed-rank test 
was used to assess statistical significance.
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Supplementary Figure 4. HIF1α regulates ALCAM expression on macrophages.
(a) Western blot showing the protein level of Hif1a and Alcam in Raw264.7 cells with 21% O2 and 1% O2. 
(b-c) Western blot showing the protein level of Hif1a and Alcam in Raw264.7 cells with 21% O2, 1% O2 
and 1% O2 under with Hif1a siRNA (b) and inhibitor (c).
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Supplementary Figure 5. Association analysis of hypoxia score and CD4+ T cell differentiation in 
human cancers
(a) Bar plot showing the fold change for CD4+ T cell subset proportion when hypoxia status changes.
(b) Differentiation trajectory of CD4+ T cell subsets inferred by Monocle2.
(c) The pseudotime of BRCA CD4+ T cells.
(d) Dynamic alteration of hypoxia score during BRCA CD4+ T cell differentiation. 
(e) Box plot with hypoxia score for CD4+ T cell subsets in an increasing order during the differentiation.
(f)  Box plot with hypoxia score for CD4+ T cell subsets in an increasing order.
(g) Heatmap of gene differential expression along with CD4+ T cell differentiation.
The boxes in e showed the median ±1 quartile, with the whiskers extending from the hinge to the smallest 
or largest value within 1.5× the IQR from the box boundaries. A one-way ANOVA test was performed in e.



●
●●

●

●

●

●●
●●

●●●

●
●
●●

●
●

●

●

●
●

●

●●●

●

●
●●●

●

●
●

●

●

●

●

●
●●
●
●
●

●

●●
●
●●●

●

●●

●

●

●

●

●●
●
●

●

●

●
●
●

●

●

●
●
●●●●●
●

●

●
●

●

●

●●

●●
●
●
●
●●

●

●

●

●

●
●●
●●●●

●
●

●
●

●

●

●

●

●

●●
●
●

●

●

●●●

●

●

●

●

●

●
●
●

●
●

●
●
●●

●

●

●

●●

●

●

●

●

●●
●
●

●
●
●●●●

●

●

●
●

●

●

●

●

●
●

●

●
●●

●
●

●

●

●

●

●
●

●●●●
●
●

●

●●●

●●●
●

0.0

0.5

1.0

1.5

CD8_NaiveLike(5520)

CD8_EarlyActive(632)

CD8_EffectorMemory(2420)

CD8_Tpex(764)

CD8_Tex(2093)

H
yp

ox
ia

 S
co

re

SKCM_CRC mouse CD8+T cells

●

●

●

●

●

CD8_Tex
CD8_Tpex
CD8_NaiveLike
CD8_EffectorMemory
CD8_EarlyActive

Component_1

C
om

po
ne

nt
_2

Component_1

C
om

po
ne

nt
_2

Component_1

C
om

po
ne

nt
_2

● ●

● ● ●

CD8_Tex CD8_Tpex

CD8_NaiveLike CD8_EffectorMemory CD8_EarlyActive 0 5 10 15
Pseudotime

0.0 0.5 1.0 1.5
Hypoxia Score

c

ba

ed

Anova, p < 2.2e-16

Supplementary Fig. 6. Association analysis of hypoxia score and CD8+ T cell differentia-
tion in melanoma and colon cancer mouse model 
(a) UMAP plot showing clusters of CD8+ T cells for melanoma and colon cancer mouse model.
(b) Box plot with hypoxia score for CD8+ T cell subsets in an increasing order.
(c) Developmental trajectory of CD8+ T cell subsets inferred by Monocle.
(d) Mouse CD8+ T cells which are ordered by pseudotime.
(e) Dynamic alteration of hypoxia score during mouse CD8+ T cell differentiation.
The boxes in b showed the median ±1 quartile, with the whiskers extending from the hinge to the 
smallest or largest value within 1.5× the IQR from the box boundaries. A one-way ANOVA test was 
performed in b.
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Supplementary Fig. 7. Association analysis of hypoxia score and CD4+ T cell differentia-
tion in melanoma and colon cancer mouse model 
(a) UMAP plot showing clusters of CD4+ T cells for melanoma and colon cancer mouse model.
(b) Box plot with hypoxia score for CD4+ T cell subsets in an increasing order.
(c) Developmental trajectory of CD4+ T cell subsets inferred by Monocle.
(d) Mouse CD4+ T cells which are ordered by pseudotime.
(e) Dynamic alteration of hypoxia score during h mouse CD4+ T cell differentiation. 
(f) Change in expression levels of hypoxia signatures (Aldoart1, Eno1b, Pgam1 and Tpi1) through 
the pseudotime order of CD4+ T cells.
The boxes in b showed the median ±1 quartile, with the whiskers extending from the hinge to the 
smallest or largest value within 1.5× the IQR from the box boundaries. A one-way ANOVA test was 
performed in b.
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(a) The characteristics of T cell subtypes in the ST dataset. The UMAP projections of subtypes of 
myeloid cells in CRC, including T-PRF1, T-IER3, and Tex (exhausted CD8 T cells).
(b) Predicted proportion within each capture spot for T-PRF1, T-IER3, and Tex in CRC.
(c) The exhaustion score among T-PRF1, T-IER3, and Tex in two CRC ST slides.
(d) Box plots showing proportion of macrophage subtypes in each region.  The boxes in d showed 
the median ±1 quartile, with the whiskers extending from the hinge to the smallest or largest value 
within 1.5× the IQR from the box boundaries. A one-way ANOVA test was performed in d.
(e) Bar plots showed the co-localization percentage among ALCAMhigh/low macrophages with Tex 
and other cell types in BRCA1 (left) and BRCA2 (right). 
(f) Circle plot representing the cellular communication of cell types among malignant cells,  Hy-
poxiahigh macrophages, Hypoxialow macrophages, T_EarlyActive, T_Effector, and Tex. Circle sizes 
are proportional to the number of cells in each cell group and thickness of the flow represents the 
interaction weight.
(g) All the significant ligand-receptor pairs that contribute to the signaling sending from ALCAMhigh 
macrophages and Hypoxiahigh macrophages to exhausted T cells. to three T cell subtypes. The dot 
color and size represent the calculated communication probability and p-values. p-values are 
computed from one-sided permutation test.   

  

Supplementary Fig. 8. The spatial location of T cell subtypes in CRC
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Supplementary Figure 9. The immune features for anti-HIF1A combined with PD-1 blockade.
(a-b) Gating strategy.
(c-d) Representative images CD8, TIM3, ALCAM (c) and PD-L1 (d) of syngeneic 4T1 mice model treated 
scramble or HIF1 LNA, ICB alone or in combination.
(e) Statistical analysis of PD-L1 of syngeneic 4T1 mice model treated scramble or HIF1 LNA, ICB alone or 
in combination (n=7, 7, 7, 7 animals). 
(f) The Spearman’s correlation of mRNA expression between HIF1A and PD-L1 across 33 cancer types.
(g-h) Statistical analysis of CD3 (g) and CD8 (h) of syngeneic 4T1 mice model treated scramble or HIF1 
LNA, ICB alone or in combination (n=7, 7, 7, 7 animals). (c-d) Scale bars; 100µm. (e, g-h) (**p<0.01, 
***p<0.001). Results are mean ± s.d. of n = 3 independent experiments yielding similar results, P values 
were determined by one-way ANOVA.
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