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SLC2A1+ tumour-associated macrophages 
spatially control CD8+ T cell function and 
drive resistance to immunotherapy in 
non-small-cell lung cancer
 

Lei Wang    1,13, Han Chu2,3,13, Degao Chen2,3,13, Yuxuan Wei1,13, Jia Jia2,3, Liqi Li4, 
Linfeng He2,3, Lina Peng2,3, Fangfang Liu1, Shanshan Huang1, Zheng Jin5, 
Dong Zhou6, WenFeng Fang7, Tao Jiang8, Shouxia Xu2,3,9, Xiaofang Ding2,3, 
Haoyang Cai    10, Xindong Liu    11, Qingzhu Jia    2,3  , Bo Zhu    2,3   & 
Qian Chu    1,12 

Tumour-associated macrophages (TAMs) contribute to immune 
checkpoint blockade resistance, but their impact on intratumoural CD8⁺ 
T cell distribution remains unclear. Here we show that the expression of the 
glucose transporter SLC2A1 is spatially negatively correlated with CD8⁺ 
T cell distribution in both non-small-cell lung cancer (NSCLC) biopsies 
and murine tumour models. Tumour cell-specific Slc2a1 knockdown 
fails to reproduce the therapeutic benefit of SLC2A1 inhibition, whereas 
TAM-specific deletion of Slc2a1 suppresses tumour growth by enhancing 
the spatial homogeneity and effector function of intratumoural CD8⁺ 
T cells, thereby improving αPD-L1 efficacy. Spatial profiling of NSCLC 
specimens further revealed that SLC2A1⁺ TAM-enriched regions exhibit 
reduced CD8⁺ T cell density, and spatial proximity between these 
populations predicts resistance to αPD-(L)1 therapy. These findings 
identify SLC2A1⁺ TAMs as drivers of spatial CD8⁺ T cell exclusion and 
highlight TAM-specific SLC2A1 as a therapeutic target to overcome immune 
checkpoint blockade resistance in NSCLC.

Immune checkpoint blockade (ICB) therapies, particularly agents 
targeting PD-(L)1 and CTLA-4, have revolutionized the therapeutic 
paradigm for non-small-cell lung cancer (NSCLC)1–3, yet 5-year sur-
vival remains low4–7 and predictive biomarkers are lacking8. Both 
tumour-intrinsic factors and an immunosuppressive tumour microen-
vironment (TME) orchestrate ICB resistance9, with tumour-associated 
macrophages (TAMs) emerging as central mediators through check-
point expression10,11, induction of T cell exhaustion12,13 and recruitment 
or polarization of regulatory T cells14,15. Notably, specific immuno-
suppressive TAM subsets have been identified16, highlighting the 

importance of deciphering TAM-intrinsic programmes for therapeutic 
targets and predictive insights.

Beyond these canonical functions, TAMs are metabolically active17 
and can surpass tumour cells in glucose uptake18, thereby limiting gly-
colysis and IFN-γ production in CD8⁺ T cells19, while driving the IL-10 and 
PD-L1 expression within themselves in a lactate-dependent manner20,21. 
These findings underscore glucose metabolism as a key determinant 
of TAM immunoregulatory function. In addition, TAM heterogeneity is 
shaped by spatial localization22: hypoxic niches preferentially recruit 
and reprogramme TAMs towards immunosuppressive phenotypes23–25, 

Received: 2 June 2025

Accepted: 13 November 2025

Published online: xx xx xxxx

 Check for updates

A full list of affiliations appears at the end of the paper.  e-mail: qingzhu.jia@tmmu.edu.cn; bo.zhu@tmmu.edu.cn; qianchu@tjh.tjmu.edu.cn

http://www.nature.com/naturecellbiology
https://doi.org/10.1038/s41556-025-01840-5
http://orcid.org/0000-0001-6043-6234
http://orcid.org/0000-0001-8552-8565
http://orcid.org/0000-0002-2465-0337
http://orcid.org/0000-0002-6862-5395
http://orcid.org/0000-0003-0224-8512
http://orcid.org/0000-0001-8192-7630
http://crossmark.crossref.org/dialog/?doi=10.1038/s41556-025-01840-5&domain=pdf
mailto:qingzhu.jia@tmmu.edu.cn
mailto:bo.zhu@tmmu.edu.cn
mailto:qianchu@tjh.tjmu.edu.cn


Nature Cell Biology

Article https://doi.org/10.1038/s41556-025-01840-5

We tested this hypothesis using BAY-876, a selective SLC2A1 
inhibitor30,31, in immunocompetent and immunocompromised LLC 
and TC-1 (lung adenocarcinoma cell line) tumour-bearing mice. BAY-
876 significantly delayed tumour growth in immunocompetent mice 
(Fig. 2a) but not in immunodeficient hosts (Fig. 2b), confirming an 
immune-dependent mechanism. To further dissect the contribution 
of immune responses, we comprehensively analysed the cellular TME 
phenotype resulting from BAY-876 treatment in the LLC tumour model 
(Fig. 2c and Extended Data Fig. 4a). Flow cytometry (Extended Data 
Fig. 4b) revealed increased CD4⁺ and CD8⁺ T cell infiltration (Fig. 2d) 
and elevated IFN-γ and TNF expression (Fig. 2e) in BAY-876-treated 
LLC tumours, with no changes in regulatory T (Treg) cells, natural killer 
(NK) cells, myeloid-derived suppressor cells (MDSCs), TAMs or den-
dritic cells (Extended Data Fig. 4c–g). Likewise, a similar response was 
observed in B16-F10 melanoma models (Extended Data Fig. 4h,i).

Importantly, CD8⁺ T cell depletion abolished BAY-876’s antitumour 
effects (Fig. 2f,g and Extended Data Fig. 4j), whereas CD4⁺ T cell deple-
tion had no impact (Fig. 2h and Extended Data Fig. 4j), demonstrating 
CD8⁺ T cell dependence. This CD8⁺ T cell-dependent mechanism of 
action was similarly observed in the B16-F10 tumour-bearing mice 
(Extended Data Fig. 4k).

Pharmacological inhibition of SLC2A1 potentiates  
αPD-L1 therapy
We next examined whether SLC2A1 inhibition could augment ICB thera-
pies using subcutaneous LLC tumour models. While αPD-L1 mono-
therapy showed no efficacy (Fig. 2i,j), combining BAY-876 with αPD-L1 
restored sensitivity, significantly inhibiting tumour growth (Fig. 2i,j). 
Flow cytometry revealed that the combination regimen promoted the 
infiltration of CD8⁺ T cells (Fig. 2k) and boosted IFN-γ and TNF produc-
tion (Fig. 2l,m) compared with monotherapies. In parallel, TME analysis 
confirmed this effect was specific to CD8⁺ T cells, with no significant 
changes in other immune populations (Extended Data Fig. 5a–f). The 
synergy was replicated in an orthotopic lung tumour model (Fig. 2n,o) 
and extended to MC38 colon adenocarcinoma and B16-F10 melanoma 
models (Extended Data Fig. 5g,h), where SLC2A1 inhibition consistently 
enhanced αPD-L1 efficacy. These results demonstrate that SLC2A1 
inhibition could not only promote CD8⁺ T cell-mediated tumour con-
trol, but also sensitize tumours to αPD-L1 therapy, suggesting this 
combinatorial strategy holds promise for improving ICB therapeutic 
efficacy in solid tumours.

Genetic targeting of SLC2A1 in TAMs suppresses tumour growth
Given that multiple cell populations within the TME rely on SLC2A1- 
mediated glucose uptake, we sought to identify the key cellular media-
tors of antitumour immune responses following SLC2A1 inhibition. 
Through analysis of public single-cell data from NSCLC32, we found 
that among SLC2A1+ components, tumour cells exhibited the pre-
dominant expression, while among immune cells, TAMs showed the 
highest proportion (Extended Data Fig. 6a). Using 2-(N-(7-nitrobenz-2-
oxa-1,3-diazol-4-yl) amino)-2-deoxyglucose (2-NBDG) glucose uptake 
assays together with flow cytometry, we confirmed that BAY-876 selec-
tively reduced glucose uptake in tumour cells and TAMs (Fig. 3a),  
with minimal impact on other immune populations (Extended Data 
Fig. 6b–e). These findings suggest that BAY-876 might preferentially 
disrupt glucose uptake in tumour cells and TAMs.

To determine whether the antitumour effects of SLC2A1 inhibition 
were tumour cell dependent, we generated LLC-Slc2a1 knockdown (KD) 
cells (Extended Data Fig. 6f,g). In immunodeficient mice, LLC-Slc2a1KD 
and control (LLC-vector) tumours grew similarly (Extended Data 
Fig. 6h). While BAY-876 suppressed tumour growth in immunocom-
petent mice, this effect was independent of tumour-intrinsic SLC2A1 
expression, as LLC-Slc2a1KD and control tumours responded equally to 
BAY-876 (Fig. 3b). Consistent with this notion, we found that LLC-Slc2a1 
KD did not affect glucose uptake in T cells, further supporting the 

and the spatial colocalization of specific TAM subsets with CD8⁺ T cells 
has been linked to ICB outcomes26. However, it remains unclear how 
TAM glucose metabolism regulates their spatial organization relative to 
CD8⁺ T cells and whether their spatial proximity modulates responses 
to ICB therapies in NSCLC.

Given that glucose transporters of the SLC2A family critically 
shape cellular competition for glucose in the TME, here we identify 
SLC2A1 as a determinant of TAM-mediated spatial distribution of CD8⁺ 
T cells in NSCLC. Pharmacological inhibition or TAM-specific genetic 
ablation of Slc2a1 significantly enhanced CD8⁺ T cell infiltration, spa-
tial homogeneity and effector function, thereby suppressing tumour 
growth and improving response to αPD-L1 therapy. Spatial analysis of 
human NSCLC specimens revealed that regions enriched in SLC2A1⁺ 
TAMs were associated with reduced CD8⁺ T cell density and that close 
spatial proximity between these populations predicted poor out-
comes to αPD-(L)1 therapies. These findings establish SLC2A1⁺ TAMs 
as mediators of spatially dependent immunosuppression and identify 
their proximity to CD8⁺ T cells as a prognostic factor for ICB resistance 
in NSCLC.

Results
Negative spatial correlation between SLC2A1 expression and 
CD8+ T cells in NSCLC
To investigate whether and how the spatial distribution of glucose trans-
porter expression affects CD8+ T cell immune responses, we performed 
analysis on in-house spatial transcriptomics data of three NSCLC surgi-
cal samples focused on possible associations between the SLC2A family 
and the activity of the IFN-γ-related pathway, a well-established sur-
rogate of responsiveness to ICB therapies27. Local indicators of spatial 
association (LISA) and bivariate Moran’s I analysis identified ‌SLC2A1 as 
the transporter most negatively correlated with ICB-responsive signa-
ture genes (Fig. 1a,b), confirmed by contour plots (Fig. 1c). Validation 
across The Cancer Genome Atlas (TCGA) and Gene Expression Omni-
bus (GEO) bulk RNA sequencing (RNA-seq) datasets further showed 
SLC2A1’s consistent negative correlation with both ICB-responsive and 
IMvigor-210 signatures28 (Extended Data Fig. 1a,b).

CD8⁺ T cells serve as the primary source of IFN-γ in the TME and 
are central to the activity of the IFN-γ-related pathway. In silico analyses 
revealed SLC2A1’s negative correlation with overall T cell infiltration 
and activated CD8+ T cell abundance (Extended Data Fig. 1c,d), whereas 
no significant spatial link was found with CD4+ T cells, PD-1 or PD-L1 
(Extended Data Fig. 2), underscoring CD8+ T cells’ role in defining 
tumour immunophenotypes29. Furthermore, we performed dual immu-
nohistochemical staining for SLC2A1 and CD8A on surgically resected 
specimens from 38 patients with treatment-naive NSCLC from the 
XQ cohort (Supplementary Table 1). A grid-based quantitative spatial 
analysis, dividing whole-tissue sections into 1-mm2 regions, revealed 
a mutually exclusive distribution wherein regions with high SLC2A1 
expression had significantly lower CD8+ T cell density compared with 
regions with low SLC2A1 signal (Fig. 1d,e and Extended Data Fig. 3). 
Bivariate Moran’s I confirmed this correlation in 78.9% (30/38) of cases, 
with statistical significance in 50% (19/38) (Fig. 1f–h). Cross-species 
validation in murine models reinforced that SLC2A1 shared a robust 
negative correlation with CD8+ T cell localization, with obvious spatial 
segregation observed in all subcutaneously (Fig. 1i,j) and intravenously 
(Fig. 1k,l) implanted Lewis lung carcinoma (LLC) tumours.

Collectively, our data identified SLC2A1 expression level as a fac-
tor in spatial exclusion of CD8⁺ T cells in NSCLC tumours, potentially 
contributing to an immunosuppressive microenvironment.

Pharmacological inhibition of SLC2A1 enhances CD8⁺  
T cell responses
Given the negative spatial association between SLC2A1 expression 
and CD8⁺ T cell infiltration, we hypothesized that SLC2A1 inhibition 
could promote CD8⁺ T cell responses, enhancing antitumour immunity.  
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tumour cell-independent activity (Extended Data Fig. 6i). However, 
TAM depletion via αCSF1R antibodies (Extended Data Fig. 6j) abolished 
BAY-876’s tumour suppression (Fig. 3c) and negated its effects on CD8⁺ 
T cell abundance and function (Fig. 3d–f), supporting a central role of 
SLC2A1+ TAMs in mediating this therapeutic response.

To directly test whether SLC2A1 expression in TAMs was function-
ally required for tumour progression, we generated Slc2a1fl/flLyz2cre 
(Slc2a1cko) mice (Extended Data Fig. 6k,l). Tumours in Slc2a1cko mice 
grew significantly slower than in controls (Fig. 3g), and BAY-876 pro-
vided no additional benefit (Fig. 3h), confirming SLC2A1+ TAMs as 
the primary therapeutic target of SLC2A1 inhibition. To functionally 
validate this observation, we sorted TAMs (CD11b⁺GR1⁻F4/80⁺) from 
LLC-bearing Slc2a1cko or Slc2a1fl/fl mice and then co-implanted them with 

TC-1 tumour cells into wild-type recipient mice (Fig. 3i). Co-injection 
of Slc2a1-deficient TAMs significantly suppressed tumour progression 
compared with that in mice injected with Slc2a1fl/fl TAMs (Fig. 3j,k), 
confirming their suppressive role.

Together, these findings indicate that SLC2A1+ TAMs are critical 
for tumour progression and that genetic ablation of Slc2a1 in TAMs is 
sufficient to recapitulate the antitumour effects of pharmacological 
SLC2A1 inhibition.

TAM-specific Slc2a1 deletion enhances CD8⁺ T cell effector 
function and sensitizes tumours to αPD-L1 therapy
We aimed to explore the phenotype resulting from Slc2a1 deficiency 
in TAMs. Fluorescence-activated cell sorting (FACS) was used to 
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Fig. 1 | Inverse spatial association between SLC2A1 and CD8+ T cells.  
a, A heatmap visualization of spatial associations between 14 SLC2A family 
members and 18 genes in the ICB-responsive signature. Spatial associations with 
glycolysis activity are presented separately. The colour gradient represents the 
strength of significance (P values) in Pearson correlations. n.s., P value ≥ 0.05.  
b, The stacked barplot of statistically significant correlations for each SLC2A 
family member, sorted by the number of positive and negative correlations.  
The colour gradient represents P values in Pearson correlation. n.s., P value ≥ 
0.05. c, Contour map of localized SLC2A1 (middle) and ICB-responsive signature 
(right) expression in three NSCLC spatial transcriptome datasets. d, A schematic 
of the workflow for spatial colocalization analysis between SLC2A1 and  
CD8+ T cells in clinical NSCLC specimens from the XQ cohort. The left panel 
shows representative images of NSCLC tissues with haematoxylin and eosin 
(HE) staining; the three panels to the right show representative images with 

immunohistochemistry (IHC). Scale bars, 5 mm (left), 2.5 mm (the middle 
two images) and 250 μm (right). e, A representative image of IHC shows the 
distribution of SLC2A1 and CD8A. Red, SLC2A1; brown, CD8A. Scale bars, 
250 μm. f, A representative LISA plot of SLC2A1 and infiltrating CD8+ T cell spatial 
distribution patterns. g, A scatter plot of spatial associations between SLC2A1 
and CD8+ T cells in patients with NSCLC (n = 38). h, Proportional distribution of 
positive versus negative spatial associations (n = 38). Red, positive associations 
(bivariate Moran’s I > 0); blue, negative associations (bivariate Moran’s I < 0).  
i,j, LISA mapping (i) and statistical summary (j) of SLC2A1–CD8 spatial 
relationships in LLC allograft tumours (n = 5). k,l, LISA mapping (k) and statistical 
summary (l) of SLC2A1–CD8 spatial relationships in the LLC orthotopic lung cancer 
model (n = 9). Scale bar, 2.5 mm. The strength and P values of the correlation in a 
and b were assessed using a two-sided Pearson’s correlation coefficient. P values 
for the bivariate Moran’s I in g–l were determined using a one-sided test.

http://www.nature.com/naturecellbiology


Nature Cell Biology

Article https://doi.org/10.1038/s41556-025-01840-5

0

300

900

1,200

BAY-876
Control P = 0.0156 

600

a Immunocompetent model

200

400

800

1,000

BAY-876
Control P = 6.7 × 10–5

600

7 10 13 16 19
0

b

0

300

600

1,200

1,500
BAY-876
Control P = 0.3758

900

0

200

400

800

1,000
BAY-876
Control P = 0.5532

600

IFN-γ+

Control
BAY-876
αPD-L1

0

1,000

750

500

250

i

Comparison of 
tumour growth

P = 0.0173
P = 0.7707

versus 
versus 

Combine

P = 0.0155versus 
P = 0.0017versus 

0%

5%

10%

15%

C
D

8+  T
 c

el
l i

n
C

D
45

+ 
 c

el
ls

k

0

1.0

2.0

3.0

C
D

8+ 
T 

ce
lls

 (×
10

6  g
–1

)

20%

40%

60%

80%

100%

IF
N

-γ
 in

 C
D

8+  T
 c

el
ls

0

5

10

15

20

20

40

60

80

100

0

5

10

15

20
41.2

100

100

102

102

104

104

106

106

100 102 104 106 100 102 104 106

100 102 104 106

65.4

46.6 75.6

Control

αPD-L1

BAY-876

Combine

l

CD8

IF
N

-γ

m
36.9 51.3

42.7 68.7

CD8

TN
F

Control

αPD-L1

BAY-876

Combine

LLC

0

c

Schematic plot

BAY-876 3 mg kg–1, every day

107

LLC inoculation

~

Euthanasia
on day 11

j LLC

LLC

Immunodeficient model

TC-1

d

0

2

4

6

8

N
um

be
r (

×1
0

6  g
–1

) 

e

0

5

10

15
BAY-876
Control

CD8+CD4+

Pe
rc

en
ta

ge
 in

C
D

45
+ 
ce

lls
 (%

)

CD8+CD4+

P = 0.0195

P = 0.0131
P = 0.0499

0

20

40

60

80

100
Pe

rc
en

ta
ge

 in
C

D
8+ 

T c
el

ls
 (%

)

TNF+

P = 0.0074

P = 0.0230

0

10

20

30

40

N
um

be
r (

×1
0

5  g
–1

) 

IFN-γ+ TNF+

P = 0.0448

P = 0.0873

5 10 15 20
0

300

600

900 BAY-876
Control

BAY-876
+ αCD8

αCD8

f

0

Schematic plot

BAY-876 3 mg kg–1, every day

197

LLC inoculation

~

αCD8/αCD4 200 µg, every 3 days

5 10 15 20
0

300

600

900 Comparison of 
tumour growth

P = 0.0027
P = 0.0037
P = 0.9783

versus
versus
versus

BAY-876
Control

BAY-876 + αCD4
αCD4

versus P = 0.0003

1200

g

0

0.4

0.8

1.2

BAY-876

BAY-876

Contro
l

Contro
l

Combine

BAY-876

+α
CD8αC

D8

αP
D-L1

BAY-876

Contro
l

Combine

αP
D-L1

h

0

0.5

1.0

1.5

2.0

LLC

LLC

n

0

Schematic plot

BAY-876 3 mg kg–1, every day

154

LLC intravenous Injection

~

αPD-L1 200 µg, every 3 days

Control BAY-876

αPD-L1 Combine

o

0

20

40

60

Contro
l

BAY-876

αP
D-L1

Combine

Tu
m

ou
r a

re
a

 (%
 a

re
a 

of
 w

ho
le

 ti
ss

ue
)

Tu
m

ou
r v

ol
um

e 
(m

m
3 )

Tu
m

ou
r v

ol
um

e 
(m

m
3 )

Tu
m

ou
r v

ol
um

e 
(m

m
3 )

Tumour implantation
(days)

Tu
m

ou
r v

ol
um

e 
(m

m
3 )

Tu
m

ou
r v

ol
um

e 
(m

m
3 )

Tu
m

ou
r v

ol
um

e 
(m

m
3 )

Tumour implantation
(days)

Tu
m

ou
r w

ei
gh

t (
g)

Tumour implantation
(Days)

Tu
m

ou
r w

ei
gh

t (
g)

Tu
m

ou
r v

ol
um

e 
(m

m
3 )

IF
N

- γ
+ C

D
8+ 

T 
ce

lls
 (×

10
5  g

–1
)

TN
F 

in
 C

D
8+  T

 c
el

ls
 (%

)

TN
F+ C

D
8+ 

T 
ce

lls
 (×

10
5  g

–1
)

P = 0.0002

P = 0.4375

P = 0.9591
P = 5.5 × 10

–6

P = 0.0164

P = 0.9703
P = 0.0017

P = 0.9257

P = 0.0138

P = 0.0077

P = 0.0014
P = 0.9738 P = 0.0211

P = 0.0005
P = 0.0013

P = 0.8159 P = 0.0003

P = 0.5029
P = 0.0250

P = 0.0186

P = 0.0282
P = 0.1607

P = 0.0759

P = 0.0154

P = 2.1 × 10–5

P = 0.2113
P = 0.0236

P = 0.0293

P = 0.0100

P = 0.2684
P = 0.0435

P = 0.0794

P = 9.0 × 10–5

P = 0.0126

P = 0.0188
P = 0.2081

P = 0.0080

P = 0.2069
P = 0.0448

P = 0.0733

P = 0.0122

P = 0.0333
P = 0.0016

7 10 13 16 19

Tumour implantation
(days)

7 10 13 16 19

Tumour implantation
(days)

7 10 13 16 19

Tumour implantation
(days)

LLC TC-1

P = 0.0432

BAY-876

Contro
l

BAY-876

+α
CD4αC

D4 5 10 15 20

Tumour implantation
(days)

0

0.5

1.0

1.5

2.0

Tu
m

ou
r w

ei
gh

t (
g)

BAY-876

Contro
l

Combine

αP
D-L1

BAY-876

Contro
l

Combine

αP
D-L1

BAY-876

Contro
l

Combine

αP
D-L1

100

102

104

106

100

102

104

106

100

102

104

106

100

102

104

106

100

102

104

106

100

102

104

106

100

102

104

106

100 102 104 106 100 102 104 106

100 102 104 106 100 102 104 106

BAY-876

Contro
l

Combine

αP
D-L1

BAY-876

Contro
l

Combine

αP
D-L1

Fig. 2 | SLC2A1 inhibition promotes efficacy of αPD-L1 therapy. a, Tumour 
growth curves of subcutaneously implanted LLC (n = 7) and TC-1 (n = 12) tumours 
in immunocompetent mice treated with BAY-876 or vehicle control. b, Tumour 
growth curves of subcutaneously implanted LLC (control group (n = 6) and 
BAY-876-treated group (n = 7)) and TC-1 (n = 7) tumours in immunodeficient 
mice treated with BAY-876 or vehicle control. c,d, Treatment timeline (c) and 
flow cytometric analysis of CD4+ and CD8+ T cells in CD45+ cells (d) from LLC 
tumours (control group (n = 8) and BAY-876-treated group (n = 7)). e, CD8⁺ T cell 
populations expressing IFN-γ and TNF in LLC tumours (control group (n = 8) and 
BAY-876-treated group (n = 7)). f–h, Schematic of the experimental design (f), 
tumour growth curves following αCD8 intervention in the LLC tumour model 
(g) (BAY-876 group (n = 7) and the other groups (n = 6 each)), and tumour growth 
curves following αCD4 intervention in the LLC tumour model (h) (BAY-876 group 

(n = 7), BAY-876 + αCD4 group (n = 7) and the other groups (n = 6 each)). i,j, LLC 
allograft tumour growth curves (i) and weights (j) in C57BL/6J mice following 
BAY-876 treatment with or without αPD-L1 antibody therapy (combination group 
(n = 6) and the other groups (n = 5 each)). k, CD8+ T cell proportion and number 
(combination group (n = 6) and the other groups (n = 5 each)) in LLC tumours 
after treatment. l,m, Scatter plots (left) and proportion (middle) and number 
(right) of CD8⁺ T cell populations expressing IFN-γ (l) and TNF (m) (combination 
group (n = 6) and the other groups (n = 5 each)). n,o, Outline of the orthotopic 
lung tumour model and therapeutic regimen (n). Representative lung histology 
(left) and the quantitative analysis of tumour burden (right) (o) (control group 
(n = 5), αPD-L1 group (n = 6) and the other groups (n = 7 each)). Scale bars, 
2.5 mm. Data are reported as the mean ± s.e.m., and group differences were 
assessed by a two-tailed unpaired Student’s t-test.
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isolate TAMs from LLC-bearing Slc2a1cko and Slc2a1fl/fl mice, and sub-
sequent bulk RNA-seq analysis revealed extensive reprogramming in 
Slc2a1-deficient TAMs (Fig. 4a). Transcriptomic studies have defined 
immunosuppressive TAM subpopulations (C1QC-TAMs, SPP1-TAMs, 
TREM2-TAMs and so on16), whose characteristic genes were broadly 
downregulated in Slc2a1-deficient TAMs (Fig. 4b), confirming the 
prevalent immunosuppressive identity of SLC2A1+ TAMs. The Myeloid 
immunosuppressive score analysis further showed Slc2a1 deficiency 
significantly reduced this score33 (Fig. 4c), quantitatively linking 
SLC2A1 to TAM immunosuppression. Focusing on immunosuppres-
sive pathways, Slc2a1 deficiency significantly dampened the activity 
of major TAM-related immunosuppressive pathways, including argi-
nine metabolism, IL-10 and TGF-β signalling (Extended Data Fig. 7a–c). 
These transcriptional changes were corroborated at the protein level 
through flow cytometry analysis, in either Slc2a1-deficient (Fig. 4d,e) 
or BAY-876-treated TAMs (Extended Data Fig. 7d).

To directly assess the functional impacts of SLC2A1+ TAM on CD8+ 
T cells, we cocultured FACS-isolated SLC2A1+ and SLC2A1− TAMs from 
LLC tumours with splenic naive CD8⁺ T cells under CD3/CD28 stimu-
lation. This ex vivo coculture assay demonstrated SLC2A1+ TAMs sup-
pressed CD8⁺ T cell cytokine release (Fig. 4f). To validate these findings 
in vivo, we co-implanted wild-type recipient mice with TC-1 tumour 
cells and TAMs isolated from LLC-bearing Slc2a1cko or Slc2a1fl/fl mice. 
This assay revealed Slc2a1-deficient TAMs enhanced intratumoural 
CD8⁺ T cell cytokine production (IFN-γ and TNF) and proliferation 

(Ki-67) (Fig. 4g,h). We next investigated the functional phenotype 
of CD8+ T cells in LLC tumour-bearing Slc2a1cko or Slc2a1fl/fl mice. LLC 
tumour-bearing Slc2a1cko mice displayed a higher CD8⁺ T cell frequency 
and absolute count (Fig. 4i), with elevated IFN-γ, TNF and Ki-67 expres-
sion (Fig. 4j,k), indicating enhanced effector function. Critically, in 
the αPD-L1-resistant LLC tumour model, αPD-L1 therapy significantly 
inhibited tumour growth in Slc2a1cko but not Slc2a1fl/fl mice (Fig. 4l), 
demonstrating that TAM-specific Slc2a1 deletion sensitizes tumours 
to αPD-L1.

These findings suggest that SLC2A1 could dictate TAMs towards 
a phenotype that impairs the antitumour immune function of CD8⁺ 
T cells and confers resistance to αPD-L1 therapies.

TAM-specific Slc2a1 deletion promotes the spatial 
homogenization of CD8⁺ T cells
In terms of spatial phenotype, immunofluorescent staining revealed 
CD8⁺ T cell infiltration was significantly increased in LLC-bearing 
Slc2a1cko mice, characterized by obviously greater homogeneity in the 
spatial distribution of CD8⁺ T cells compared with that in LLC-bearing 
Slc2a1fl/fl control mice (Fig. 4m,n). To explore the mechanisms under-
lying this spatial homogeneity upon Slc2a1 deletion, we measured 
the uptake of the fluorescent glucose tracer 2-NBDG by CD8⁺ T cells 
cocultured with SLC2A1⁺ or SLC2A1− TAMs. Coculture experiments 
revealed no significant alteration in glucose import by CD8⁺ T cells 
(Extended Data Fig. 7e). In vivo studies further confirmed comparable 
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populations expressing IFN-γ (e) and TNF (f) (n = 6). g, Growth curves of 
subcutaneous LLC tumours in Slc2a1fl/fl (n = 6) and Slc2a1cko (n = 7) mice. h, Growth 
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the mean ± s.e.m., and group differences were assessed by a two-tailed unpaired 
Student’s t-test.
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2-NBDG uptake among total T cell populations, as well as in the CD4⁺ 
and CD8⁺ subsets from both Slc2a1fl/fl and Slc2a1cko mice (Extended Data 
Fig. 7f), indicating that altered glucose availability does not account for 
the observed functional changes. We next evaluated whether SLC2A1 
expression in TAMs influences CD8⁺ T cell migration. Transwell assays 
indicated that the migratory capacity of CD8⁺ T cells was not altered 
by the presence of SLC2A1⁺ or SLC2A1⁻ TAMs (Extended Data Fig. 7g). 
Finally, in coculture assays of CD8⁺ T cell with TAMs, we observed that 
SLC2A1⁺ TAMs significantly suppressed CD8⁺ T cell proliferation and 
enhanced apoptosis compared with SLC2A1⁻ TAMs (Fig. 4o). This reduc-
tion in viable CD8⁺ T cells near SLC2A1⁺ TAMs provides a mechanistic 
explanation for the decreased intratumoural CD8⁺ T cell abundance 
and loss of spatial homogeneity.

SLC2A1⁺ TAMs shape CD8⁺ T cell spatial distribution in NSCLC
We then investigated whether SLC2A1⁺ TAMs influence the spatial dis-
tribution of CD8⁺ T cells in human NSCLC. To this end, multiplex immu-
nofluorescence staining for SLC2A1, CD68 and CD8A was conducted in 
tumour samples from two independent tissue microarrays, including 
TJ cohort 1 (treatment-naive resected NSCLC; Supplementary Table 1) 
and TJ cohort 2 (treatment-naive biopsies from patients with NSCLC 
before αPD-(L)1 therapy; Supplementary Table 1). Regions enriched 
with SLC2A1⁺ TAMs showed markedly reduced CD8⁺ T cell infiltration, 
while SLC2A1⁻ TAMs low areas exhibited robust CD8⁺ T cell accumula-
tion (Fig. 5a). Quantitative image analysis confirmed the negative corre-
lation between the SLC2A1⁺/SLC2A1⁻ TAM ratio and CD8⁺ T cell density 
in TJ cohort 1 (Fig. 5b). Spatial mapping revealed that SLC2A1⁺ TAMHigh 
tumours had dispersed CD8⁺ T cells with increased nearest-neighbour 
distances, whereas SLC2A1⁻ TAMHigh tumours showed tight CD8⁺ clus-
tering (Fig. 5c–e), suggesting SLC2A1⁺ TAMs spatially restrict CD8⁺ 
access, contributing to immune-excluded TME.

This spatial antagonism is visually demonstrated by the segre-
gated distribution of SLC2A1⁺ TAMs and CD8⁺ T cells in tumour regions 
(Fig. 5f). To quantitatively analyse this spatial interaction, we measured 
the CD8⁺ T cell density at defined distances (0–500 μm, in 100-μm 
increments) from individual SLC2A1⁺ or SLC2A1− TAMs (Fig. 5g). This 
proximity analysis (0–500 μm) demonstrated that CD8⁺ T cell density 
decreased near SLC2A1⁺ TAMs but enriched near SLC2A1⁻ TAMs in both 
TJ cohort 1 (Fig. 5h) and TJ cohort 2 (Fig. 5i), indicating SLC2A1⁺ TAMs 
actively disrupt CD8⁺ T cell organization.

Spatial proximity between SLC2A1⁺ TAMs and CD8⁺ T cells 
confer αPD-(L)1 resistance in NSCLC
The negative spatial correlation between SLC2A1⁺ TAMs and CD8⁺ 
T cells prompted investigation of its clinical significance in αPD-
(L)1-treated NSCLC patients. A transcriptome-based approach34 was 
used to estimate the abundance of SLC2A1⁺ and SLC2A1⁻ TAMs from 
bulk RNA-seq data from two independent αPD-(L)1-treated NSCLC 
cohorts (SYS cohort and TUSM cohort; Supplementary Table 1). 

We found that SLC2A1⁺ TAM infiltration was correlated with worse 
progression-free survival (PFS), while SLC2A1⁻ TAMs were associ-
ated with improved PFS in both cohorts (Fig. 6a,b). To further dis-
sect this relationship, patients were categorized into three groups 
according to the median infiltration of SLC2A1+ and SLC2A1⁻ TAMs: 
SLC2A1+ TAMLow SLC2A1⁻ TAMHigh, SLC2A1+ TAMHigh SLC2A1⁻ TAMLow, 
and otherwise. Pathway analysis uncovered significant enrichment 
of CD8⁺ T cell-related pathways (for example, activated CD8⁺ T cells 
and interferon gamma production) in the SLC2A1+ TAMLow SLC2A1⁻ 
TAMHigh group relative to the SLC2A1+ TAMHigh SLC2A1⁻ TAMLow group 
in both cohorts (Fig. 6c,d), suggesting various responsiveness to ICB 
therapies. Clinically, these patients also experienced significantly 
longer PFS under αPD-(L)1 therapy (Fig. 6e,f), supporting a detri-
mental effect of SLC2A1⁺ TAMs.

Because CD8⁺ T cell infiltration alone poorly predicts ICB 
response, we integrated spatial features into a predictive model. 
A nomogram model demonstrated that, as expected, higher CD8⁺ 
T cell density was correlated with improved overall survival (OS) rates, 
whereas elevated SLC2A1⁺ TAM density was associated with poorer 
outcomes (Fig. 6g). Notably, mean distance between CD8⁺ T cells and 
SLC2A1⁺ TAMs emerged as the most weighted negative survival pre-
dictor (Fig. 6g). This risk scoring algorithm demonstrated relatively 
strong performance, with an area under the curve (AUC) of 0.80 in the 
discovery set and 0.71 in the validation set (Fig. 6h,i). Stratification by 
risk scores revealed that patients in the low-risk group showed a sig-
nificant association with prolonged OS following αPD-(L)1 therapy in 
both the discovery (Fig. 6j) and validation set (Fig. 6k) from TJ cohort 2.

Collectively, these findings demonstrate that spatial proximity 
between SLC2A1⁺ TAMs and CD8⁺ T cells emerges as an informative, 
independent predictor of patient resistance to αPD-(L)1 therapy in 
patients with NSCLC (Fig. 6l).

Discussion
In this study, we found that glucose uptake by TAMs drove immunosup-
pression by creating spatial exclusion zones that hinder CD8⁺ T cell infil-
tration, thereby promoting resistance to αPD-(L)1 therapy in NSCLC. 
Notably, our analyses of clinical samples identified spatial proximity 
between SLC2A1⁺ TAMs and CD8⁺ T cells as a strong predictor of ICB 
therapeutic response in NSCLC, highlighting a clinically relevant factor 
contributing to immune resistance in the TME.

While tumour cells are known for aberrant glucose uptake35, TAMs 
consume even more glucose in the TME18. Targeting glucose uptake, 
either in tumour cells or TAMs, has emerged as a promising metabolic 
therapeutic strategy. Among glucose transporters, SLC2A1 is critical, 
and its inhibitor BAY-876 has shown antitumour efficacy in preclini-
cal models30,36–39. However, these studies have largely overlooked the 
specific cellular targets of BAY-876 within the TME. We found that 
BAY-876 primarily targets TAMs and tumour cells. More importantly, 
genetic approaches revealed that its antitumour effect is mediated 

Fig. 4 | Slc2a1 conditional knockout in TAMs impairs suppressive function 
and enhances CD8+ T cell effector functions. a, PCA of TAMs from LLC tumours 
of Slc2a1fl/fl and Slc2a1cko mice (n = 4). b, Heatmap of macrophage subset scores 
in Slc2a1fl/fl and Slc2a1cko TAMs (n = 4). c, Immunosuppressive gene signature 
scores in Slc2a1fl/fl and Slc2a1cko TAMs (n = 4). d,e, ARG1 expression (d) and 
immunosuppressive cytokines (TGF-β, IL-10 and IL-1β) (e) in Slc2a1fl/fl and Slc2a1cko 
TAMs (Slc2a1fl/fl group (n = 6) and Slc2a1cko group (n = 7)). MFI, mean fluorescence 
intensity. f, Schematic diagram (left) depicting the coculture system. CD8⁺ T cells  
were cocultured with either SLC2A1⁺ or SLC2A1⁻ TAMs, and their functional state 
was subsequently evaluated by flow cytometry (n = 3). g,h, Flow cytometric 
analysis of the proportion (g) and total numbers (h) of CD8⁺ T cell populations 
expressing IFN-γ, TNF or Ki-67 in TC-1 tumours co-implanted with TAMs derived 
from Slc2a1fl/fl or Slc2a1cko mice (Slc2a1fl/fl group (n = 6) and Slc2a1cko group (n = 5)). 
i–k, Proportion and numbers of CD8⁺ T cells (i) and the frequency and absolute 
number of IFN-γ⁺, TNF⁺ or Ki-67⁺ subsets among them, with the frequency shown 

in (j) and the absolute number shown in (k), in LLC tumour-bearing Slc2a1fl/fl or 
Slc2a1cko mice (Slc2a1fl/fl group (n = 6) and Slc2a1cko group (n = 7)). l, Growth of LLC 
tumours of Slc2a1fl/fl and Slc2a1cko mice treated with isotype control or αPD-L1 
antibody therapy (Slc2a1cko group (n = 3) and the other groups (n = 4 each)).  
m, Schematic and representative images of CD8+ T cell spatial distribution in  
LLC tumours from Slc2a1fl/fl and Slc2a1cko mice. Scale bar, 100 μm. n, Inter-CD8+  
T cell spatial analysis in LLC tumours from Slc2a1fl/fl and Slc2a1cko mice (n = 6).  
o, Representative flow cytometry scatter plots (left) and summarized data (right) 
of the percentage of Ki-67+ and active Caspase-3+ cells among CD8+ T cells (n = 3). 
Data are shown as the mean ± s.e.m. Statistical analysis was performed using  
the two-tailed Wilcoxon rank-sum test (c) and unpaired Student’s t-test  
(d–k, l, n and o). For the violin and box plots, the centre line denotes the median, 
the box encompasses the first and third quartiles and whiskers denote range.  
The diagram in f was created using BioRender.com.
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mainly through SLC2A1 inhibition in TAMs, establishing TAMs as the 
key regulators of therapeutic response to SLC2A1 inhibition.

In addition to direct tumour suppression, targeting SLC2A1 has 
been shown to enhance immunotherapeutic efficacy40–42. However, 

the clinical relevance of SLC2A1 inhibition remains largely unexplored. 
In the present study, spatial transcriptomics and multiplex immuno-
fluorescence revealed an inverse correlation between SLC2A1 expres-
sion and CD8⁺ T cells in both NSCLC clinical samples and preclinical  
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tumour models. This suggests that targeting SLC2A1 could improve 
CD8⁺ T cell distribution, a notion confirmed in mice where BAY-876 
treatment increased CD8⁺ T cell infiltration and effector function.

The metabolic microenvironment within tumours is a key determi-
nant of TAM plasticity and immunosuppressive function43,44. Contrary 
to the paradigm that glycolytic inhibition affects immunity primarily 
by modulating glucose availability, we found that inhibiting SLC2A1 in 
TAMs does not increase glucose for CD8+ T cells or attract CD8+ T cells. 
Instead, SLC2A1 in TAMs directly impairs proliferation and survival of 
CD8+ T cells, reducing CD8+ T cell numbers near SLC2A1+ TAMs. This 
mechanism is clinically relevant, as close proximity between SLC2A1+ 
TAMs and CD8+ T cells correlates with resistance to ICB therapy.

Previous studies have found that spatial heterogeneity of intra-
tumoural T cells is associated with diminished antitumour immune 
responses45–48. More recently, reducing local heterogeneity among 
tumour cell populations might facilitate restoration of antitumour 
immunity49–51. In our study, genetic ablation of Slc2a1 in TAMs potenti-
ated the infiltration of CD8⁺ T cells into LLC tumours and reduced spac-
ing between neighbouring CD8⁺ T cells. This finding was mirrored in 
human NSCLC samples, where SLC2A1⁻ TAMs correlated with decreased 
intercellular distances among CD8⁺ T cells. These findings suggest that 
targeting SLC2A1 in TAMs may reverse spatial heterogeneity, transform-
ing a dispersed T cell distribution into a cohesive one that is effective 
against tumours.
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Fig. 5 | Spatially dependent distributions between CD8+ T cells and SLC2A1+ 
TAMs in NSCLC cohorts. a, Representative multiplex immunofluorescence 
(mIF) images of CD8+ T cells and SLC2A1⁺ TAMs in tissue microarray dots from TJ 
cohort 1 tumours with high or low SLC2A1⁺ TAM infiltration. Blue, DAPI; white, 
CD8A; red, SLC2A1; green, CD68. Scale bar, 50 μm. b, Scatter plots of CD8⁺ T cell 
proportions in total cells by the SLC2A1⁺ TAM/SLC2A1⁻ TAM ratio with Pearson 
correlation analysis in tumours from TJ cohort 1 (n = 110). c,d, Spatial analysis 
of CD8⁺ T cells in TJ cohort 1 (n = 110), including nearest-neighbour distances 
between CD8⁺ T cells (c) and mean distance to five nearest CD8⁺ T cells (d). 
Pearson correlation analysis demonstrated associations between the  
SLC2A1⁺/SLC2A1⁻ TAM ratio and these two spatial indices. e, Representative 

multiplex immunofluorescence images and spatial analysis of SLC2A1⁺  
TAM/SLC2A1− TAM versus CD8+ T cells in the tumour samples from TJ cohort 
2. Scale bar, 200 μm. f, Contour maps of CD8+ T cell and SLC2A1+ TAM spatial 
distribution patterns in tumours from TJ cohort 1. Scale bar, 200 μm.  
g, Schematic of the experimental workflow for colocalization analysis between 
SLC2A1⁺ TAMs and CD8+ T cells. h,i, Median CD8+ T cell density plotted by 
distance to SLC2A1+ TAMs (left) and SLC2A1− TAMs (right) in TJ cohort 1  
(h) (n = 110) and TJ cohort 2 (i) (n = 127). Error bars indicated the 33rd and 67th 
percentile. The strength and P values of the correlation in b–d were assessed 
using a two-sided Pearson’s correlation coefficient. Statistical analysis was 
performed using repeated measures analysis of variance in h and i.
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TAMs. a,b, Forest plots of SLC2A1+ TAM signature influence on PFS in the SYS (a) 
(n = 109) and TUSM (b) (n = 18) immunotherapy cohorts. Error bars indicate the 
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Local cell communities within the TME were recently shown to 
play a role in determining CD8⁺ T cell fate, such as survival, stemness, 
cytotoxicity and restimulation52–57. The structural organization of 
these microanatomical niches governs the spatial positioning of 
CD8⁺ T cells, thereby holding potential as a predictor of responses 
to immunotherapy58–62. The spatial heterogeneity of TAMs, where 
immunosuppressive subsets accumulate in hypoxic regions24,25, is 
probably linked to their metabolic activity, which also underlies their 
exclusion of effector T cells. In the present study, we found that SLC2A1⁺ 
TAMs and CD8⁺ T cells are spatially segregated, while SLC2A1⁻ TAMs 
colocalize with CD8⁺ T cells in NSCLC tissues. A high SLC2A1⁺/SLC2A1⁻ 
TAM ratio correlated with reduced IFN-γ production and poorer ICB 
outcomes, indicating that SLC2A1⁺ TAMs form immunosuppressive 
niches. Critically, the spatial proximity between SLC2A1⁺ TAMs and 
CD8⁺ T cells was a better predictor of ICB response than cell abundance 
alone, highlighting the translational value of spatial metrics in guiding 
immunotherapy decisions.

In summary, our study uncovers a previously unappreciated 
mechanism by which SLC2A1⁺ TAMs mediate spatial immune exclu-
sion of CD8⁺ T cells, consequently impairing their effector functions, 
and conferring resistance to αPD-(L)1 therapy in NSCLC. Our integrated 
data establish TAM-specific glucose metabolism as a key driver and 
predictive biomarker of tumour immune evasion, providing a rationale 
for immunometabolic combination therapies.
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Methods
Ethical statement
The protocols of this study were approved by the institutional review 
boards of Tongji Hospital (Huazhong University of Science and Tech-
nology), Xinqiao Hospital (Third Military Medical University) and 
Shanghai Pulmonary Hospital (Tongji University School of Medicine). 
Informed consent was obtained from all participants. All animal experi-
ments were conducted in full compliance with the guidelines and under 
the approval of the Laboratory Animal Welfare and Ethics Committee 
of Third Military Medical University.

Study cohorts
Patients for all cohorts were recruited from the following collaborating 
institutions: the XQ cohort from the Department of Oncology, Xinqiao 
Hospital; TJ cohort 1 and TJ cohort 2 from the Department of Oncology, 
Tongji Hospital; TUSM cohort from the Department of Medical Onco
logy, Shanghai Pulmonary Hospital; SYS cohort from the Department 
of Medical Oncology, State Key Laboratory of Oncology in South China, 
Collaborative Innovation Center for Cancer Medicine, Sun Yat-sen 
University Cancer Center.

The XQ cohort comprises patients with resectable NSCLC tumours 
at the Department of Thoracic Surgery (Xinqiao Hospital) from 2020 
to 2022. Selected sections were stained with haematoxylin and eosin 
to confirm tumour mass. Tumour samples were used for dual immu-
nohistochemistry (IHC) to validate the spatial distribution of SLC2A1 
and CD8.

To validate the spatial distribution of SLC2A1+ TAMs and CD8+ T cells, 
we performed multiplex immunofluorescence analysis on TJ cohort 
1 (microarray), which consisted of NSCLC tumour tissues obtained 
between 2015 and 2018. To validate the association between SLC2A1+ 
TAMs and immunotherapeutic responses, TJ cohort 2 (microarray) 
was collected, including patients with metastatic NSCLC who received 
an ICB-containing regimen from 2018 to 2022. For TJ cohort 2, OS data 
following ICB administration were extracted from medical records.

To investigate the association between SLC2A1+ TAMs and 
responses to immunotherapy, we analysed two independent cohorts. 
The TUSM cohort (RNA-seq data) comprised patients with metastatic 
NSCLC from Shanghai Pulmonary Hospital (2018–2020), treated with 
ICB-containing regimens. The SYS cohort, described previously63, 
included similar patients from Sun Yat-sen University Cancer Center 
(2018–2021) who received either ICB combined with platinum-based 
chemotherapy or chemotherapy alone. For both cohorts, transcrip-
tomic data were generated via RNA sequencing of treatment-naive 
formalin-fixed, paraffin-embedded tumour specimens, with clinical 
data and outcomes provided by the respective institutions. OS was 
defined as the time from the initiation of ICB treatment.

Spatial transcriptomics analysis
In-house raw sequencing data of three NSCLC surgical specimens 
underwent primary quality control using FastQC, followed by align-
ment and feature-barcode matrix generation via Space Ranger software 
(v.2.1.0). Downstream analyses were performed using Seurat (v.4.0.5)64 
with SCTransform (v.0.3.3)65 for normalization. Single-sample gene 
set enrichment analysis (ssGSEA)66 was implemented in R to calculate 
an enrichment score for glycolytic signature67. Subsequent Pearson 
correlation analysis was conducted between expression of SLC2A fam-
ily molecules and glycolytic signature versus the aforementioned 
18 genes of ICB-responsive signature27, visualized through heatmap 
representation.

Bulk RNA-seq data analysis of public datasets
The following gene sets were interrogated in this study: ICB-responsive 
signature, IMvigor210-derived signature68, T cell-associated genes69, 
glycolytic signature. ssGSEA was implemented in R to calculate enrich-
ment scores for these gene signatures across TCGA and GEO datasets. 

Subsequently, the association between SLC2A1 expression levels and 
the computed gene set scores was assessed by Pearson correlation 
analysis.

The abundance of SLC2A1+ TAMs and SLC2A1− TAMs in bulk 
RNA-seq data was estimated using BayesPrism. This tool uses a Bayes-
ian framework to deconvolve bulk RNA-seq data, predicting both 
cellular composition and cell type-specific expression by leveraging 
single-cell RNA-seq data derived from patients with lung cancer as prior 
information34. Genes located on chromosomes X and Y, along with 
low-expressed genes and non-protein-coding genes, were excluded 
from the raw count matrix. SLC2A1+ TAMs and SLC2A1− TAMs were 
defined on the basis of SLC2A1 expression levels. All software para
meters were retained as default settings unless otherwise specified. 
Samples were stratified into three groups according to median abun-
dance values: (1) SLC2A1+ TAMhigh and SLC2A1− TAMlow group, (2) SLC2A1+  
TAMlow and SLC2A1− TAMhigh group and (3) other intermediate group. 
The R packages survival and survminer were applied for survival analy-
sis. Specifically, Kaplan–Meier estimates were used to visualize survival 
probability, and the log-rank test was used to compare survival curves. 
The prognostic value of variables was quantified via univariable Cox 
regression, which served to calculate hazard ratios.

Cell culture
The murine cell lines used in this study—including colon adenocarci-
noma MC38 (a gift from Dr Liufu Deng, Shanghai Jiao Tong University), 
melanoma B16-F10 (ATCC CRL-6475), LLC (ATCC CRL-1642) and TC-1 
(BeNa Culture Collectin BNCC341334)—were routinely screened and 
confirmed to be free of mycoplasma contamination. In addition, all 
cell lines were authenticated. All cells were cultured under standard  
conditions (37 °C, 5% CO2) in Dulbecco’s modified Eagle medium 
(DMEM) containing 10% foetal bovine serum (Gibco) and 1% penicillin– 
streptomycin (Gibco).

Cell line construction
To knock down Slc2a1 in the murine LLC carcinoma cell line, we 
used lentiviral transduction. Recombinant lentiviral vectors con-
taining GFP were commercially obtained from Genechem. At 72 h 
post-transduction, GFP-positive cells were purified using FACS to estab-
lish a stably transfected population. To confirm the KD efficacy, we 
performed real-time quantitative reverse transcription PCR (qRT–PCR) 
and flow cytometry to measure its efficacy at the mRNA and protein 
levels, respectively. qRT–PCR was performed with a Bio-Rad CFX384 
system (primers listed in Supplementary Table 2). For protein detec-
tion, we used an APC-conjugated GLUT1 antibody (Novus Biologicals; 
1:200 dilution). The cell line exhibiting the highest KD efficiency was 
chosen for all subsequent functional assays.

qRT–PCR
Total RNA was extracted from tumour cells using TRIzol reagent 
(Thermo Fisher Scientific) and subsequently reverse-transcribed into 
cDNA with PrimeScript RT Master Mix following the manufacturer’s 
protocol (37 °C for 15 min, 85 °C for 5 s). Gene expression was then 
quantified by qRT–PCR on a CFX384 system (Bio-Rad) using SYBR 
Green Premix Ex Taq II (Takara) following the manufacturer’s protocol.

Mice
To generate myeloid-specific Slc2a1 knockout mice (Slc2a1cko), we 
crossed Slc2a1fl/fl mice with Lyz2Cre mice, both on a C57BL/6 background 
and obtained from Shanghai Model Organisms. Genotyping primers are 
listed in Supplementary Table 2. Wild-type C57BL/6J and BALB/c-nude 
mice were acquired from HFK Bioscience. All experiments utilized 6- to 
8-week-old mice. Mice were housed in specific pathogen-free facilities 
at Third Military Medical University and under strictly controlled envi-
ronmental conditions. The light/dark cycle was set at 12 h each (lights 
on from 06:00 to 18:00). The ambient temperature was maintained 
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at 23 ± 2 °C with approximately 50% relative humidity. All animals had 
free access to food and water.

Tumour models and treatments
Female mice (6–8 weeks old) received subcutaneous injections of 
tumour cells into the right flank: LLC (1 × 10⁶), TC-1 (5 × 10⁵), B16-F10 
(5 × 10⁵ or 2.5 × 10⁵) or MC38 (5 × 10⁵) cells. An orthotopic lung model 
was established via intravenous injection of 5 × 10⁵ LLC cells in 200 μl 
phosphate-buffered saline. Tumour volumes, measured by calipers and 
calculated as 0.5 × length × width2, were monitored. To ensure ethical 
compliance, mice were euthanized when tumours reached the prede-
fined limit of 2,000 mm3, which was not exceeded in any experiment.

For BAY-876 (MCE) treatment, mice were treated by gavage feeding 
7 days after tumour inoculation at a dose of 3 mg kg−1. For CD8+ T cell 
and CD4+ T cell depletion, mice received intraperitoneal injections 
of 200 μg αCD8 (BE0061, clone 2.43, Bio X Cell) or αCD4 (BE0003-1, 
clone GK1.5, Bio X Cell) 1 day before BAY-876 treatment, repeated 
every 3 days. Macrophages were depleted using 600 μg CSF1R anti-
body (BE0213, AFS98, Bio X Cell) administered intraperitoneally 
1 day before BAY-876 treatment, with doses repeated every 7 days. 
For αPD-L1 immunotherapy treatment, 200 μg of αPD-L1 antibody 
(BE0101, clone 10F.9G2, Bio X Cell) was intraperitoneally injected 
4 days post-inoculation every 3 days with or without BAY-876 in LLC 
orthotopic tumour models, 5 days post-inoculation every 3 days with 
or without BAY-876 in LLC/MC38 subcutaneous tumour models and 
7 days post-inoculation every 3 days with or without BAY-876 in B16-F10 
tumour models.

For in vivo macrophage coinjection experiments, TAMs isolated 
from LLC tumour-bearing Slc2a1cko or Slc2a1fl/fl mice were mixed with 
TC-1 tumour cells at a 1:1 ratio. A total of 5 × 10⁵ cells from this mixture, 
or 5 × 10⁵ TC-1 cells alone as a control, were subcutaneously injected 
into the flanks of C57BL/6J mice. Tumour volume was tracked by volume 
measurements every 3 days.

Flow cytometry and cell sorting
Single-cell suspensions were prepared from tumour tissues with enzy-
matic digestion using 1 mg ml−1 collagenase I (Sigma) and 50 μg ml−1 
DNase I (Roche). Flow cytometric analysis and cell sorting were con-
ducted using a Gallios flow cytometer (BECKMAN COULTER) and a 
FACS Aria II sorter (BD Biosciences), respectively, with data processed 
in FlowJo V10. The following antibodies were used for cell surface and 
intracellular staining: Fixable Viability Dye (eBioscience; 1:1,000), 
CD45 (30-F11, BioLegend; 1:100), CD3 (17A2, BioLegend; 1:100), CD4 
(GK1.5, BioLegend; 1:100), CD8 (53-6.7, BioLegend; 1:100), NK1.1 (PK136, 
BioLegend; 1:100), CD11b (M1/70, BioLegend; 1:100), CD11c (N418, 
BioLegend; 1:100), F4/80 (BM8, BioLegend; 1:100), I-A/I-E (M5/114.15.2, 
BioLegend; 1:100), Gr-1 (RB6-8C5, BioLegend; 1:100), GLUT1 (NB110-
39113APC, Novus Biologicals; 1:200), Arg1 (A1exF5, eBioscience; 1:100), 
IL-1β (Pro-form) (NJTEN3, eBioscience; 1:100), TGF-β1 (TW7-16B4, 
BioLegend; 1:100), IL-10 ( JES5-16E3, eBioscience; 1:100), IFN-γ (XMG1.2, 
BioLegend; 1:100), TNF (MP6-XT22, BioLegend; 1:100), GZMB (GB11, 
BioLegend; 1:100), Perforin (eBioOMAK-D, BioLegend; 1:100), Ki-67 
(16A8, BioLegend; 1:100) and active Caspase-3 (C92-605.rMAb, BD 
Biosciences; 1:100). To assess T cell function, single-cell suspensions 
were stimulated for 5 h with a Cell Activation Cocktail containing Bre-
feldin A (BioLegend; 1:250) before surface staining. Following surface 
marker staining, cells were fixed and permeabilized using the BD Fixa-
tion/Permeabilization Solution Kit for intracellular effector function 
cytokine detection, or the Foxp3/Transcription Factor Staining Buffer 
Set (eBioscience) for Ki-67 staining. TAMs (CD11b+ GR1−F4/80+) were 
isolated from LLC tumours at day 20 post-inoculation using FACS.

RNA sequencing
Freshly isolated TAMs from LLC tumours of Slc2a1fl/fl or Slc2a1cko mice 
were collected. Following RNA extraction with TRIzol reagent, the 

integrity and quality of the isolated RNA were assessed using an Agi-
lent Bioanalyzer, and samples with an RNA integrity number (RIN) 
greater than 5.0 were selected for further analysis. mRNA sequencing 
libraries were prepared by OE Biotech and sequenced on the Illumina 
platform using the HiSeq system with a 2 × 150–bp read configuration 
in accordance with the manufacturer’s guidelines. Raw reads were 
quality controlled and filtered (adapter and low-quality bases removal) 
using Fastp (v.0.23.4). The cleaned reads were then aligned to the 
mouse reference genome (GRCm39) using STAR (v.2.7.10a). Gene-level 
read counts were generated using FeatureCounts (v.2.0.1). Sample 
similarity was assessed by principal component analysis (PCA) using 
top two principal components derived from transcripts per million 
(TPM) matrices. A heatmap of the normalized expression of selected 
macrophage signatures in Slc2a1fl/fl or Slc2a1cko TAMs was visualized 
using the Pheatmap (v.1.0.8) package.

Glucose uptake assay
To assess glucose uptake in the TME, single-cell suspensions were pre-
pared from freshly collected LLC tumours. These cells were adjusted 
to a density of 1 × 10⁶ cells ml−1 and incubated with 100 μM 2-NBDG 
(Thermo Fisher Scientific) in a glucose-free medium at 37 °C for 30 min. 
Following this incubation, cells were stained with specific surface 
antibodies to enable cell type discrimination, and 2-NBDG fluores-
cence intensity was immediately quantified via flow cytometry. For the 
coculture experiments, CD8⁺ T cells were first cultured with SLC2A1⁺ or 
SLC2A1⁻ TAMs for 72 h. The resulting cell mixtures were then subjected 
to the same 2-NBDG labelling protocol, followed by antibody staining 
to detect 2-NBDG uptake in CD8+ T cells.

T cell migration assay
A Transwell migration assay was performed to assess CD8⁺ T cell chem-
otaxis. CD8⁺ T cells (5 × 10⁵) isolated from wild-type mouse spleens 
were placed in the upper chamber of a 24-well transwell insert (LABSE-
LECT, China; 8.0 μm pore size). Concurrently, SLC2A1+ or SLC2A1− TAMs 
freshly isolated from LLC tumours were seeded in the lower chamber 
at a density of 2.5 × 10⁵ cells in 800 μl of RPMI 1640 complete medium. 
Following a 24-h incubation at 37 °C with 5% CO2, the CD8⁺ T cells that 
had migrated to the lower chamber were collected and quantified.

In vitro coculture with T cells
CD8⁺ T cells were purified from the spleens of tumour-free C57BL/6 
mice using a CD8αβ T-Cell Isolation Kit (Stemcells) and subsequently 
labelled with 5 μmol l−1 CellTrace Violet (Invitrogen). The labelled T cells 
(5 × 10⁵ per well) were then seeded in a 96-well plate and activated with 
αCD3/CD28 beads. To assess the impact of different macrophage sub-
sets, SLC2A1⁺ or SLC2A1⁻ TAMs (isolated from LLC tumours as described 
earlier) were introduced into the culture at a 1:2 ratio (TAMs:T cells). Fol-
lowing a 3-day coculture, the CD8⁺ T cells were collected and analysed 
by flow cytometry to evaluate their effector functions, proliferative 
capacity and apoptotic status.

IHC and immunofluorescence of human and mouse samples
Surgically resected NSCLC samples from the XQ cohort were stained 
with SLC2A1 and CD8A using a DoubleStain IHC kit (ZSBIO), and the spa-
tial distribution of SLC2A1 and CD8+ T cells was analysed with bivariate 
Moran’s I algorithm and LISA—methodologies originally established in 
geospatial sciences and subsequently validated for spatial transcrip-
tomics applications70. The spatial distributions of SLC2A1 and CD8⁺ 
T cells in mouse subcutaneous and orthotopic tumour tissues were 
further validated using multiplex immunofluorescence staining and 
analysed with the same spatial analytical approach.

To further evaluate and visualize the spatial distribution of SLC2A1+ 
TAMs and CD8+ T cells in TMEs, multiplex fluorescence imaging was 
performed on tissue microarrays of TJ cohort 1 and TJ cohort 2. Tissue 
microarrays were processed with commercial multiplex IHC reagents 
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(PANO IHC kit, Panovue) following antigen retrieval and blocking 
procedures. Primary antibody cocktails contained: CD68 (1:1,500; 
76437, Cell Signaling Technology), SLC2A1 (1:500; 73015, Cell Signal-
ing Technology) and CD8α (1:500; 70306, Cell Signaling Technology). 
Fluorophore-conjugated secondary antibodies (PPD520/650/570, 
Panovue) were applied through sequential incubation, followed 
by 4′,6-diamidino-2-phenylindole (DAPI) nuclear counterstain-
ing. Whole-section imaging was conducted on an Olympus VS200 
microscope.

For murine tumour analysis, six tissue samples per experimental 
group underwent standard histological processing, including fixation, 
paraffin embedding and sectioning (4 μm thickness). Tissue sections 
were processed in accordance with the above procedure. The primary 
antibody contained CD8α (1:100; 98941, Cell Signaling Technology). 
Fluorophore-conjugated secondary antibodies (PPD570, Panovue) 
were applied through sequential incubation, followed by DAPI nuclear 
counterstaining.

Spatial correlation analysis
For each CD8+ T cell, the distance to its nearest neighbouring CD8+ 
T cell was calculated, along with the mean distance to its five nearest 
neighbouring CD8+ T cells. These spatial proximity metrics were uti-
lized to quantify the intratumoural infiltration extent of CD8+ T cells.

To evaluate and visualize spatial correlations between two vari-
ables, we implemented the bivariate Moran’s I algorithm and LISA 
methodologies. For multiplex immunofluorescence staining data, 
cellular identities were determined using predefined marker thresh-
olds: SLC2A1+ TAMs (dual positivity for SLC2A1 and CD68) and CD8+ 
T cells (CD8A positivity). Spatial co-aggregation patterns were 
visualized through two-dimensional density heatmaps. To quan-
tify proximity-dependent interactions, concentric annular zones 
(<100 μm, 100–200 μm, 200–300 μm, 300–400 μm and 400–500 μm) 
were defined around each SLC2A1+ TAM and SLC2A1− TAM. For each 
sample, we calculated the mean CD8+ T cell density (number of CD8+ 
T cells/total cells) within each annular region for all SLC2A1+ TAMs.

Construction of prognostic nomogram
Patients from the TJ cohort 2 were randomly assigned to discovery 
and validation sets in a 6:4 ratio. Leveraging our previous findings, we 
developed a multivariable Cox proportional hazards model that inte-
grated three pivotal parameters: CD8+ T cell abundance, SLC2A1+ TAM 
abundance and their spatial proximity. The predictive performance 
was assessed by receiver operating characteristic (ROC) analysis. Sub-
sequently, we constructed a prognostic nomogram to visualize and 
weight the contribution of each variable. Using the composite scores 
generated from this nomogram, we stratified patients into distinct 
high-risk and low-risk categories. Finally, Kaplan–Meier survival curves 
were plotted, and the statistical difference in outcomes between the 
risk groups was evaluated with the log-rank test.

Statistics and reproducibility
The data were presented as the mean ± standard error of the mean 
(s.e.m.). Statistical analyses were performed utilizing GraphPad Prism 
(v.9.0) and RStudio (v.4.2.2). Statistical analyses are specified in the 
figure legends and Methods. Throughout all statistical evaluations, 
a threshold of P < 0.05 was established for determining statistical 
significance. No a priori power calculations were performed to deter-
mine sample sizes. For in vivo experiments, mice were randomly 
assigned to different treatment groups. No data were excluded from 
the analyses. Data collection and analysis were not performed blind 
to the conditions of the experiments. Data distribution was assumed 
to be normal, but this was not formally tested. In addition, repre-
sentative images of haematoxylin–eosin, immunofluorescence and 
genotyping are from one experiment with at least three independent 
biological replicates.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Spatial transcriptomic data that support the findings of this study have 
been deposited in the Genome Sequence Archive in National Genomics 
Data Center, Beijing Institute of Genomics, Chinese Academy of Sci-
ences, under accession number HRA010548 (https://ngdc.cncb.ac.cn/
gsa-human/browse/HRA010548). RNA-seq data of isolated TAMs from 
LLC tumour tissue are available via Zenodo at https://doi.org/10.5281/
zenodo.15605493 (ref. 71). The human lung cancer data are available 
via the TCGA Research Network at http://cancergenome.nih.gov/. 
The datasets derived from GEO (https://www.ncbi.nlm.nih.gov/geo/) 
that support the findings of this study are available under accession 
numbers GSE24551, GSE14814, GSE86166, GSE72968, GSE157009, 
GSE58812, GSE57495, GSE85916, GSE16446, GSE157010 and GSE157011. 
All other data supporting the findings of this study are available from 
the corresponding author on reasonable request. Source data are 
provided with this paper.

Code availability
All data analyses in this study were performed exclusively with publicly 
available tools, and the corresponding parameters have been elabo-
rated in the respective Methods sections.
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Extended Data Fig. 1 | Validation analyses for SLC2A1 correlations with ICB 
therapy responsiveness. a,b, Association patterns of SLC2A1 with the ICB-
responsive and IMvigor210 gene signatures in TCGA (a) and GEO datasets (b).  
c,d, Analysis of immune infiltration demonstrating the correlation between 

SLC2A1 and total T cell or CD8+ T cell-specific infiltration levels across TCGA 
(c) and GEO datasets (d). p-values were calculated using a two-sided Pearson’s 
correlation coefficient.
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Extended Data Fig. 2 | SLC2A1 expression is exclusively correlated with CD8+ 
T cells in human NSCLC tumors. a,b,c, Spatial correlations between SLC2A1 
expression and CD274 expression (a), PDCD1 expression (b), and CD4⁺ T cell 

transcript signature scores (c) across three NSCLC spatial transcriptome 
datasets. p-values were calculated using a two-sided Pearson’s correlation 
coefficient.
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Extended Data Fig. 3 | Spatial correlation of SLC2A1 and CD8+ T cells validated by immunohistochemistry. Local Indicators of Spatial Association (LISA) cluster 
maps showing spatial distribution patterns between SLC2A1+ regions and CD8+ T cell infiltration in individual NSCLC samples from the XQ cohort (n = 38). p-values for 
the bivariate Moran’s I were determined using a one-sided test.
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Extended Data Fig. 4 | The therapeutic efficacy of SLC2A1 inhibition is 
dependent on CD8+ T cells. a, LLC tumor weights from BAY-876- or vehicle-
treated tumor-bearing mice (Control group (n = 8) and BAY-876-treated group 
(n = 7)). b, Gating strategy used to identify tumor-infiltrating immune cells. 
c,d,e,f,g, Flow cytometric analysis was performed to evaluate the proportion 
and number of Treg cells (c), NK cells (d), MDSCs (e), TAMs (f) and DCs (g) from 
BAY-876- or vehicle-treated LLC tumor-bearing mice (Control group (n = 8) and 
BAY-876-treated group (n = 7)). h, Flow cytometry analysis of the CD8+ T cell 
proportion among CD45+ T cells from BAY-876- or vehicle-treated B16-F10  

tumor-bearing mice (Control group (n = 8) and BAY-876-treated group (n = 11)). 
i, CD8⁺ T cell populations expressing IFN-γ, Granzyme B, or Perforin from BAY-
876- or vehicle-treated B16-F10 tumor-bearing mice (Control group (n = 8) and 
BAY-876-treated group (n = 11)). j, Validation of the depletion efficacy of αCD8 
and αCD4 antibodies. k, Tumor growth curves following αCD8 intervention in 
B16-F10 tumor model (BAY-876 group (n = 5) and the other groups (n = 4 each)). 
Data are reported as mean ± s.e.m., and group differences were assessed by a two-
tailed unpaired Student’s t test.
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Extended Data Fig. 5 | BAY-876 administration enhances efficacy of αPD-L1 
treatment. a,b,c,d,e,f, Summarized data of the proportion (left) and total 
numbers (right) of CD45+ cells (a), CD4+ T cells (b), NK cells (c), MDSCs (d), TAMs 
(e), and DCs (f) in each indicated group from LLC tumors following BAY-876 
treatment with or without αPD-L1 antibody therapy (Combination group (n = 6) 
and the other groups (n = 5 each)). g, MC38 allograft tumor growth kinetics (left) 
and the endpoint measurement of tumor mass (right) in C57BL/6 J mice following 

BAY-876 treatment with or without αPD-L1 antibody therapy (αPD-L1 group 
(n = 6) and the other groups (n = 8 each)). h, B16-F10 allograft tumor growth 
kinetics (left) and the endpoint measurement of tumor mass (right) in C57BL/6 J 
mice following BAY-876 treatment with or without αPD-L1 antibody therapy 
(n = 5). Data are reported as mean ± s.e.m., and group differences were assessed 
by a two-tailed unpaired Student’s t test.
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Extended Data Fig. 6 | Tumor-associated macrophages determine the efficacy 
of BAY-876. a, The pie chart shows the proportion of SLC2A1-positive cells within 
tumor, immune, and stromal cell populations. b,c,d,e, Flow cytometry assays 
of glucose uptake (using 2-NBDG) by CD3+ T cells (b), CD4+ and CD8+ T cells 
(c), myeloid cells (d), myeloid-derived suppressive cells and dendritic cells (e) 
(Control group (n = 5) and BAY-876-treated group (n = 4)). f,g, Validation of Slc2a1 
knockdown efficiency in LLC cells at the mRNA (f) and protein (g) levels (n = 4). 
The sh2 cell line, which had the highest knockdown efficiency, was subsequently 
selected to establish in vivo tumor models. h, Growth curves (by volume) of  

LLC-Slc2a1KD or LLC-vector tumors in nude mice (n = 7). i, Flow cytometry 
assays and summarized data of 2-NBDG (glucose analog) uptake by CD3+ T cells, 
CD4+ T cells, and CD8+ T cells in LLC Slc2a1-knockdown tumor models (n = 7). 
j, Percentage (left) and number (right) of TAMs in each indicated group (n = 6). 
k, The verification of myeloid-specific Slc2a1-knockout in mice by genotyping. 
l, Flow cytometry analysis of SLC2A1 expression on TAMs from allograft LLC 
tumors in Slc2a1fl/fl and Slc2a1cko mice (Slc2a1fl/fl group (n = 3) and Slc2a1cko group 
(n = 4)). MFI, mean fluorescence intensity. Data are reported as mean ± s.e.m., and 
group differences were assessed by a two-tailed unpaired Student’s t test.

http://www.nature.com/naturecellbiology


Nature Cell Biology

Article https://doi.org/10.1038/s41556-025-01840-5

Extended Data Fig. 7 | Slc2a1 conditional knockout in macrophages impairs 
the immunosuppressive function of TAMs. a,b,c, Quantification of Arginine 
metabolism (a), IL-10 pathway (b) and TGF-β pathway (c) of TAMs derived from 
LLC tumors of Slc2a1fl/fl or Slc2a1cko mice (n = 4). d, Comparison of metabolic 
immunosuppressive ARG1 expression, and immunosuppressive cytokines 
expression (TGF-β, IL-10, IL-1β) in TAMs from BAY-876- or vehicle-treated LLC 
tumor-bearing mice (Control group (n = 8) and BAY-876-treated group (n = 7)). 
MFI, mean fluorescent intensity. e, CD8+ T cells were co-cultured with SLC2A1+ 
and SLC2A1− TAMs. Flow cytometry was conducted to measure the glucose 
uptake by sorted CD8+ T cells (n = 3). f, Analysis of glucose uptake in  

T cell subsets from TAM-specific Slc2a1-knockout LLC models (Slc2a1fl/fl group 
(n = 6) and Slc2a1cko group (n = 5)). Flow cytometry was used to evaluate 2-NBDG 
incorporation in CD3⁺, CD4⁺, and CD8⁺ T cells, with summarized data. g, Flow 
cytometry analysis compared the migration of CD8+ T cells in transwell assay  
co-cultured with SLC2A1+ and SLC2A1− TAMs (n = 3). Data are reported as  
mean ± s.e.m. The two-tailed Wilcoxon Rank-Sum test was applied in (a,b,c), and 
the two-tailed unpaired Student’s t test was used for (d-g). In the box plots, the 
center line represents the median, the box spans are the first and third quartiles, 
and whiskers denote 1.5 times interquartile range.
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