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A B S T R A C T   

Macrophages play a major role in the immune defense against pathogenic factors; however, they can lead to 
tumor exacerbation and metastasis, as the tumor microenvironment (TME) polarizes tumor-associated macro-
phages (TAMs) into the M2 subtype. Lactate, a metabolite produced by carcinoma cells at high concentrations in 
the TME, induces an M2-polarization in macrophages, which ultimately leads to the secretion of factors, such as 
vascular endothelial growth factor (VEGF), and promotes tumor progression. However, the effect of TAM lactate 
import on tumor progression has not been fully elucidated. Aquaporin 9 (AQP9) is a transporter of water and 
glycerol expressed in macrophages. Here, we used a tumor allograft mouse model to show that AQP9 knockout 
(AQP9− /− ) mice were more resistant against tumor cell growth and exhibited a suppressive M2-like polarization 
in tumor tissue than wild-type mice. Moreover, we discovered that the primary bone marrow-derived macro-
phages from AQP9− /− mice were less sensitive to lactate stimulation and exhibited reduced M2-like polarization 
as well as decreased VEGF production. To further investigate the role of AQP9 in macrophage polarization, we 
overexpressed AQP9 in Chinese hamster ovary cells and found that AQP9 functioned in lactate import. In 
contrast, primary AQP9− /− macrophages and AQP9 knockdown RAW264.7 cells exhibited a reduced lactate 
transport rate, suggesting the involvement of AQP9 in lactate transport in macrophages. Together, our results 
reveal the mechanism by which the TME modifies the polarization and function of tumor-infiltrating macro-
phages via AQP9 transport function.   

1. Introduction 

Cancer results in around 10 million deaths every year and became 
the second worldwide leading cause of death after heart disease in 2020 
[1]. Colon cancer is an adenocarcinoma that develops from the colon or 
rectum and is the third most diagnosed type of cancer in men [2]. With 
in-depth research investigating the molecular mechanism of colon can-
cer adenocarcinoma (COAD), the molecular treatment options have 
increased rapidly in recent years [3]. However, despite progress asso-
ciated with the development of chemotherapy and molecularly targeted 
therapies, the survival time and rate of patients with colon cancer 
remain low. Therefore, it is important to identify the key factors that 
influence survival in colon cancer [4]. 

The tumor microenvironment (TME) is known to be related to cancer 
progression in solid cancers, including colon cancer [5]. The TME is a 
complex ecosystem in which cancer cells crosstalk with immune cells, 
such as T cells, monocytes, and tumor-associated macrophages (TAMs) 

[6]. Monocytes are innate immune cells that are recruited into the TME 
and are essential for tumor progression due to their capacity to secrete 
immune cytokines or differentiate into macrophages to participate in 
cancer metastasis and progression [7–9]. TAMs derived from monocytes 
play an important role in tumor progression, which is associated with 
poor outcomes in patients with colon cancer [10,11]. Within the TME, 
TAMs are categorized into two subtypes, M1 and M2. M1 polarization is 
associated with inflammation and anti-tumor responses by directly 
lysing cells after phagocytosis and indirectly enhancing the function of 
other immune cells [12,13]. In contrast, M2-like TAMs are associated 
with remodeling and tumor promotion by secreting immunosuppressive 
cytokines and inducing angiogenesis via VEGF expression [14]. 

The lactate produced by cancer cells represents one of the main 
factors that promote pro-tumoral M2-like TAMs in the TME [15]. 
Elevated lactate induces M2 macrophage polarization through the 
activation of the ERK/STAT3 signaling pathway and Gpr132, which 
aggravates tumor progression and promotes angiogenesis [16–18]. 
Lactate can also inhibit ATP6V0d2 expression in TAMs and increase 
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VEGF expression via HIF-2α [19]. However, the effect of TAM lactate 
import on tumor progression has not been fully elucidated. We hy-
pothesized that the inhibition of lactate uptake could have anti-tumor 
effects by affecting macrophage polarization. 

Aquaporins (AQPs) are a family of channel-forming proteins that are 
expressed broadly in all types of tissues and facilitate the movement of 
water through the membrane using osmotic and solute gradients [20]. 
Aquaporin-9 (AQP9), a member of the aquaporin family, transports 
water and small molecules, including glycerol and hydrogen peroxide 
[21,22]. AQP9 was found to be expressed in cancer cells and various 
immune cells, such as neutrophils, T cells, and macrophages [23–26]. 
Previous studies have shown that AQP9 expression in cancer cells is 
associated with worse relapse-free survival in renal cell carcinoma 
(RCC) and breast cancer [27,28]. In vitro studies have suggested that 
AQP9 knockdown in RCC cells inhibits the malignant phenotypes of cells 
via the pre-miR-532 signaling pathways [29]. Conversely, our pre-
liminary analysis using the Gene Set Cancer Analysis database [30] 
showed that AQP9 expression levels in tumor tissues of patients with 
COAD were correlated with cancer stage and prognosis (Supplementary 
Figs. S1A–C). In particular, AQP9 was found to be highly expressed in 
infiltrated macrophages (Supplementary Figs. S1D and E). However, the 
role of AQP9 expression in TAMs has not yet been elucidated. 

Here, we investigated whether macrophages expressing AQP9 in the 
TME are involved in cancer progression via its transporter function. 
Using AQP9 knockout (AQP9− /− ) mice and a tumor allograft model, we 
showed that AQP9− /− mice resisted tumor growth via reduced transition 
into M2-like macrophages caused by the blockage of lactate transport. 

2. Materials and methods 

2.1. Mice 

C57BL/6 wild-type (WT) mice were obtained from SLC Inc. (Japan). 
AQP9− /− mice (C57BL/6 genetic background) were provided by Dr. 
Aleksandra Rojek and Soren Nielsen at Aarhus University [26,31]. The 
AQP9 knockout status was verified by western blotting and qPCR 
(Supplementary Figs. S1F and S1G). All animal experiments were car-
ried out using 8–10 weeks old male littermates and approved by the 
President of Keio University, following the approval of the Institutional 
Animal Care and Use Committee of Keio University (approval no. 
16075) and by the Genetic Modification Safety Committee, Keio Uni-
versity School of Medicine (approval no. 28–029). All experiments were 
performed according to institutional procedures, national guidelines, 
and relevant national laws on the protection of animals. 

2.2. Syngeneic tumor model 

MC38 cells (2 × 105 cells in 100 μl) were injected subcutaneously 

into the right abdominal flank of WT and AQP9− /− mice. Two weeks 
following tumor inoculation, tumor diameters were measured with a 
digital caliper every 2 days after becoming palpable. Tumor volume was 
calculated using the formula (width × width × length)/2 [32]. Mice 
were euthanized, and the tumor tissues were harvested and weighed. 

2.3. Bone marrow-derived macrophage (BMDM) preparation and culture 

BMDMs were prepared as previously described [33]. Briefly, 
single-cell suspensions of bone marrow cells were collected from the 
femur and tibia and resuspended in RPMI 1640 (Invitrogen) supple-
mented with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 
μg/ml streptomycin. Cells were plated onto dishes and incubated with 
10 ng/ml GM-CSF (R&D) and 50 μM 2-mercaptoethanol for at least 6 
days. FACS analysis was performed to assess the purity of macrophages, 
and >90% of the cultured cells were confirmed as macrophages. For 
further macrophage polarization study, cells were incubated with 1 
ng/ml lipopolysaccharide (LPS) and 10 ng/ml IFN-γ to obtain M1 
macrophages, and with 20 ng/ml IL-4 or 25 mM lactate acid to obtain 
M2 macrophages. 

2.4. Cell culture and transfection 

Chinese hamster ovary cells (CHO–K1 cells, Riken BRC cell bank, 
Japan), RAW 264.7 cells (mouse macrophages, Riken BRC cell bank, 
Japan), and MC38 cells (murine colon adenocarcinoma cells, provided 
by Dr. James P. Allison, Memorial Sloan Kettering Cancer Center, New 
York, USA), were maintained in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% FBS, 100 U/ml penicillin and 100 μg/ 
ml streptomycin. The cDNA plasmid for AQP9 mice (pCMV6 vector, 
Origene) was transfected into CHO cells using the Lipofectamine 3000 
reagent (Invitrogen). Subsequently, the cells were selected using G418 
treatment. For RNA interference knockdown, subconfluent RAW 264.7 
cells were transfected with 5 nM AQP9- or non-targeting-siRNA (ON- 
TARGET plus SMARTpool, Thermo Fisher Scientific) with Lipofectamine 
3000 (Invitrogen) according to the manufacturer’s protocol. After 48 h 
of transfection, cells were harvested for further analysis. 

2.5. FACS analysis 

To obtain single-cell suspensions, tumor tissue was fragmented in 
PBS and incubated for 60 min at 37 ◦C with 25 μg/ml of the liberase 
enzyme (Roche) and pipetted every 20 min. After incubation, the sus-
pensions were filtered using a 70 μm strainer and centrifuged for 5 min 
at 1000 rpm to collect the cell pellets. Cells were then stained with an-
tibodies before analysis using a FACS CytoFLEX S flow cytometer 
(Beckman). Data were analyzed using the FlowJo software. 

Abbreviations 

AQP9 aquaporin-9 
AQP9− /− Aquaporin-9 knockout 
AQP9-CHO AQP9 overexpressing Chinese hamster ovary cell 
MCT1-CHO MCT1 overexpressing Chinese hamster ovary cell 
ARG1 arginase 1 
BCECF 2’,7’-Bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein 
BMDMs bone marrow-derived macrophages 
CCL2 chemokine (C–C motif) ligand 2 
CCR2 chemokine (C–C motif) receptor 2 
CHO cell Chinese hamster ovary cell 
COAD colon cancer adenocarcinoma 
CXCL12 chemokine (C-X-C motif) ligand 12 

CXCR4 chemokine (C-X-C motif) receptor 4 
FACS fluorescence-activated cell sorter 
IFN-γ interferon gamma 
iNOS nitric oxide synthase 2 
LPS lipopolysaccharide 
Ly6C lymphocyte antigen 6 complex, locus C1 
Ly6G lymphocyte antigen 6 complex, locus G 
MFI mean fluorescence intensity 
MCT1 monocarboxylate transporter 1 
RCC renal cell carcinoma 
TCM tumor-conditioned medium 
TAM tumor-associated macrophages 
TGF-β transforming growth factor, beta 
VEGF vascular endothelial growth factor A  
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2.6. Chemotaxis assay 

Chemotaxis assays were performed as described previously [26]. 
Bone marrow-cells from WT and AQP9− /− mice were collected and 
deposited in the upper chamber containing a polycarbonate transwell 
membrane filter (5-μm pore size; Corning) for 2 h. The lower chamber 
contained 20 ng/ml CCL2 or 100 ng/ml CXCL12 in 0.5% BSA/RPMI 
medium. The migrated cells in the lower chamber were analyzed using 
FACS. The expression levels of monocyte CCR2 and CXCR4 were indi-
cated by fluorescence intensities measured using FACS after staining 
with anti-CCR2-PE and anti-CXCR4-PE antibodies. 

2.7. Immunofluorescence staining 

Tumor tissues were isolated on day 28 after tumor inoculation, and 
the frozen tumor tissues were cut into 10-μm sections and mounted onto 
glass slides. Sections were fixed and permeabilized with cold acetone 
and blocked with 10% goat serum. To observe blood vessels and capil-
laries in tumor tissue, sections were incubated with anti-CD31 antibody 
(1:200, Sigma Aldrich) overnight at 4 ◦C, followed by incubation with 
the secondary antibody Alexa488 (1:200, Thermo Fisher Scientific). 
Immune cell density was analyzed by immunostaining; for the staining 
of immune cells, sections were incubated with respective antibodies, 
including CD4-PE, CD8-APC, CD19-PE, and F4/80-PE (1:100, Bio-
Legend) after blocking. Images of blood vessels and immune cells were 
captured using an inverted fluorescence confocal microscope (LSM710, 
Carl Zeiss). A total of 25 images (5 × 5) of each sample were captured 
using the Tile scan mode to obtain a large view. The number of the anti- 
CD4/8, CD19, or F4/80 positive cells were counted over 100 cells from 3 
different fields by image J software. 

2.8. Quantitative real-time PCR 

Total RNA was extracted from BMDMs using the TRIzol reagent 
(Thermo Fisher Scientific), according to the manufacturer’s instructions. 
Reverse transcription of the extracted RNA was carried out using the 
PrimeScript™ RT reagent kit (Takara Bio, Otsu). The cDNA concentra-
tion was measured using a NanoDrop 2000 spectrophotometer. Quan-
titative RT-PCR was performed using the KOD SYBR qPCR Mix 
(TOYOBO Life Science) and StepOne Plus real-time PCR apparatus 
(Thermo Fisher Scientific). The PCR mixture included 2.5 μl cDNA, 1 μl 
primers, and 10 μl 2X Master Mix, and the program (98 ◦C for 10 s, 60 ◦C 
for 10 s, and 68 ◦C for 30 s) was set to 45 cycles. The expression of the 
housekeeping gene HPRT1 was used to normalize the qPCR results. The 
primers used are listed in Supplementary Table 1. 

2.9. Lactate measurement 

Lactate concentrations in medium and tissues or intracellular lactate 
levels in cells were assayed using a lactate assay kit (MAK064-1KT, 
Sigma Aldrich) according to the manufacturer’s instructions and a 
microplate reader (SpectraMax i3x; Molecular Devices). Briefly, the cells 
or tissues were washed, homogenized, and lysed with RIPA buffer, and 
the supernatant was collected following centrifugation at 12,000×g for 
10 min. Fifty microliters of each sample or medium and standards was 
incubated with a 50 μl master mix (46 μl lactate assay buffer, 2 μl lactate 
enzyme mix, and 2 μl lactate probe) for 30 min at room temperature. The 
fluorescence intensity (ex = 535 nm/em = 587 nm) was measured. 
Lactate concentration was calculated according to the standard curve. 

2.10. Lactate transport assay 

To determine lactate permeability, intracellular pH was observed 
instead of measuring intracellular lactate levels directly, as described 
previously [34]. Cells in 96-well plates were treated as indicated, and 
stained with 2′,7′-Bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein 

(BCECF), a cell-permeant, dual-excitation ratiometric pH indicator, in 
which fluorescence decreases when the pH becomes more acidic. After 
incubation with BCECF for 30 min at 37 ◦C, the cells were washed and 
incubated with 100 μl Hanks’ Balanced Salt Solution (HBSS). Fluores-
cence was measured using a microplate reader (SpectraMax i3x; Mo-
lecular Devices) after injection of 25 μl of lactate into each well. The 
continuous change in fluorescence within a 45 s window was recorded 
and fitted with a one-phase decay curve for comparison and analysis 
between different wells. 

2.11. Statistical analyses 

All data are expressed as means ± SEM. The statistical differences 
between groups were evaluated using an unpaired Student’s t-test (two 
groups) or a one-way ANOVA followed by Tukey’s multiple comparison 
test (when more than two groups were compared). P-values < 0.05 were 
considered statistically significant. 

3. Results 

3.1. Tumor progression in WT and AQP9− /− allograft tumor mouse 
model 

To investigate tumor progression in vivo, MC38 cancer cells derived 
from colon adenocarcinoma were transplanted into the abdomen of 
male mice via subcutaneous injection, and continuous measurement of 
the tumor volume was carried out. As shown in Fig. 1A and B, tumor 
growth in AQP9− /− mice was suppressed compared to that observed in 
WT mice. Furthermore, the tumor weight of AQP9− /− mice was signif-
icantly lower than that of WT mice on day 28 (Fig. 1C). We observed the 
blood vessels via immunostaining of the tumor tissues with anti-CD31. 
Fig. 1D shows that the number of blood vessels was reduced in 
AQP9− /− mice compared with that observed in WT mice. Further, im-
munostaining of the tumor tissues with anti-F4/80 showed that the 
majority of macrophages were located in the region lacking blood ves-
sels, which indicated that macrophages could promote angiogenesis in 
the tumor (Fig. 1D). These results indicate that tumor progression was 
suppressed by AQP9 knockout. 

During tumor progression, the immune system can detect abnormal 
cell growth, and immune cells can infiltrate into the tumor environment 
[35]. We analyzed macrophage polarization in tumor tissues at day 28 
using real-time PCR. Fig. 1E and F shows that the anti-tumor M1 
macrophage polarization marker IFN-γ increased in AQP9− /− mice 
while TNF-α did not change significantly. Additionally, the mRNA levels 
of pro-tumor M2 macrophage polarization markers ARG1, CD163, and 
IL-10 were significantly decreased in AQP9− /− mice, while that of TGF-β 
showed no significant difference (Fig. 1G–J), which suggests that AQP9 
deficiency reduced M2 macrophage polarization in the TME. Moreover, 
VEGF expression was decreased in AQP9− /− tissues, suggesting that 
AQP9− /− mice exhibited decreased tumor-associated angiogenesis 
(Fig. 1K). Taken together, these results demonstrate that AQP9-deficient 
mice are resistant to tumor progression in the tumor allograft model. 

3.2. Reduced monocyte migration in the TME 

Accumulated evidence has shown that during early development and 
progression of cancer, the innate and adaptive immune cells are of great 
importance in the TME [36–38]. To investigate early inflammation in 
tumor tissue, we analyzed the infiltrated immune cells in the TME on 
day 10 post transplantation using flow cytometry. Fig. 2A shows that the 
ratio of CD45+-CD11b+-ly6G− -ly6C+ monocytes was significantly 
reduced in AQP9− /− mice compared to that observed in WT mice 
(Fig. 2A), suggesting that AQP9− /− mice had fewer monocytes infil-
trating into the TME. The ratio of MHCII+ M1 macrophages and CD206+

M2 macrophages was similar between WT and AQP9− /− mice (Supple-
mentary Fig. S2A). The MFI of CD206 (marker of M2 polarization) was 
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Fig. 1. AQP9− /− mice are resistant to tumor growth in a tumor allograft model 
A-D. WT and AQP9− /− mice were subcutaneously injected with MC38 cells (2 × 105 cells in 100 μl PBS) in the right flank. Mice were euthanized and tumor tissues 
were harvested on day 28 following injection. A. Tumor size was measured with a digital caliper every two days and the volume was calculated using the following 
formula: volume = (width × width × length)/2 (mean ± SE; n = 8 for WT and n = 6 for AQP9− /− mice; *p < 0.05, **p < 0.01). B. Representative images of tumors 
isolated from WT and AQP9− /− mice. C. Tumor weights for samples isolated from WT and AQP9− /− mice (mean ± SE; n = 6 for WT and n = 6 for AQP9− /− mice; *p 
< 0.05). D. (left) Immunostaining of tumor tissues with anti-CD31 (Alexa-488-green) and anti-F4/80 (PE-red). Bar = 200 μm. (right) Statistic graph of CD31 
fluorescence intensity (mean ± SE; n = 3 for each group; **p < 0.01). E-K. mRNA expression of indicated genes in tumor tissue measured using RT-PCR and 
normalized to that of HPRT1 (mean ± SE; n = 4–6 for each group; *p < 0.05). Statistical analysis was performed using a two-tailed unpaired Student’s t-test. Source 
data, including exact p-values, are provided in the Source Data file. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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significantly decreased in the tumor tissue collected from AQP9− /−

mice, whereas the MHCII (marker of M1 polarization) MFI was not 
significantly different between WT and AQP9− /− mice (as shown in 
Fig. 2B). We also tested the other infiltrated immune cells in the tumor, 
and the results showed no significant changes in CD4/8+ T cells and 
CD19+ B cells (Supplementary Fig. S2B). The total number of macro-
phages was comparable between WT and AQP9− /− tumor tissues 
(Supplementary Fig. S2C). This suggests that the M2-like polarization, 
and not proliferation, of macrophages was reduced in AQP9− /− mouse 
tumor, which may have contributed to the inhibition of tumor growth. 

To examine the reason for the reduced number of monocytes infil-
trated into the TME, a chemotaxis assay was performed to determine the 
migration of bone marrow monocytes. Monocytes from AQP9− /− mice 
exhibited decreased migration ability in response to CCL2 (20 ng/ml) 

and CXCL12 (100 ng/ml) compared with those from WT mice, but they 
exhibited a similar density in blood (Fig. 2C and D). To exclude the in-
fluence of chemotaxis receptor expression, the expression levels of CCR2 
and CXCR4 (receptors of CCL2 and CXCL12, respectively) were 
analyzed, and we observed similar expression levels in WT and AQP9− /−

monocytes (Supplementary Fig. S2D). Taken together, these results 
indicate that during the early stage of tumor progression, fewer mono-
cytes infiltrated into the TME due to the impaired migration function 
caused by AQP9 deficiency, and although the ratio of M1 and M2 
macrophages was similar, the pro-tumoral M2-like polarization was 
reduced by AQP9-deficiency. 

Fig. 2. Altered intratumoral monocyte and macrophage profile in AQP9− /− mice 
A. Flow cytometry analysis of monocytes from the tumor microenvironment (left). Representative images of gating monocytes flow cytometry results of WT and 
AQP9− /− mice and (right) ratio (%) of monocytes (CD45+ CD11b+ Ly6G− Ly6C+) in infiltrated immune cells (CD45+ cells) (mean ± SE; n = 8–9 for each group; *p <
0.05). B. Flow cytometry analysis of macrophages in tumor microenvironment (left). Representative images of gating M1/M2 macrophages flow cytometry results of 
WT and AQP9− /− mice and (right) MFI of MHCII and CD206 among CD45+ CD11b+ F4/80+ cells (mean ± SE; n = 8–10 for each group; **p < 0.01). C. Chemotaxis 
assay of monocytes toward CCL2 (20 ng/ml) and CXCL12 (100 ng/ml) for 2 h (n = 5; ***p < 0.001). Cells were isolated from the bone marrow of WT and AQP9− /−

mice. Cells migrated toward chemokines in a Transwell chamber, and the migrated monocytes (CD45+ CD11b+ Ly6G− Ly6C+) were harvested and analyzed using 
FACS. D. Flow cytometry analysis of monocytes (CD45+ CD11b+ Ly6G− Ly6C+) in blood (mean ± SE; n = 4 for each group; ns, no significance). Statistical analysis 
was performed using a two-tailed unpaired Student’s t-test. Source data, including exact p-values, are provided in the Source Data file. 
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3.3. Suppressed M2-like polarization of AQP9-deficient macrophages by 
tumor-conditioned medium (TCM) 

To investigate the mechanism underlying the reduced number of M2- 
type macrophages in the microenvironment, macrophage polarization 
was determined using BMDMs. BMDMs were stimulated with IFN-γ and 
LPS or IL-4 to stimulate M1 or M2 polarization. BMDMs were induced 
into M1 and M2 polarization states, as indicated by an increase in M1 
markers (iNOS, TNF-α, and IL-6) or M2 markers (ARG1, CD206, and 

Retnla); however, there were no significant changes between WT and 
AQP9− /− macrophages (Supplementary Figs. S3A–F). 

Next, to further investigate the factors inducing M2 polarization 
within the TME, we collected TCM from MC38 cells, which represents a 
reliable and commonly used tool to study the TME products of cancer 
cells [16,39]. BMDMs were stimulated with TCM, and a subsequent 
mRNA analysis showed that the levels of the M1 polarization marker 
TNF-α significantly decreased while those of the M2 polarization 
markers ARG1, CD83, and VEGF significantly increased, suggesting that 

Fig. 3. Reduced tumor-conditioned medium (TCM)-induced M2-like polarization of AQP9− /− BMDMs 
A-D. TCM was collected from MC38 cell culture medium after 2 days of incubation. BMDMs were treated with DMEM or TCM for 24 h. mRNA expression of TNF-α, 
ARG1, CD83, and VEGF in macrophages was analyzed using RT-PCR and normalized to that of HPRT1 (mean ± SE; n = 4 for each group; **p < 0.01, ***p < 0.001). 
E-F. The <3 kDa fraction was separated from TCM using 3 kDa centrifugal filter. Macrophages were treated with DMEM or CM < 3 kDa for 24 h. mRNA expression of 
ARG1 and VEGF in macrophages was analyzed using RT-PCR and normalized to that of HPRT1 (mean ± SE; n = 4 for each group; **p < 0.01, ***p < 0.001, ns, no 
significance). G. Lactate concentration in the medium (mean ± SE; n = 3–4 for each group; ***p < 0.001). H. Lactate level in the tissues (mean ± SE; n = 3 for each 
group; **p < 0.01). One-way ANOVA with Tukey’s multiple comparison test or the two-tailed unpaired Student’s t-test was used for the statistical analysis. Source 
data, including exact p-values, are provided in the Source Data file. 
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macrophages were polarized into M2-like macrophages (Fig. 3A–D). 
Although the expression level of TNF-α in BMDMs treated with TCM was 
not changed following AQP9 knockout (Fig. 3A), we observed a signif-
icant reduction in ARG1, CD83, and VEGF expression in AQP9− /−

macrophages compared to that in WT BMDMs stimulated with TCM 
(Fig. 3B–D). Similar to the results from tumor tissue, the TGF-β expres-
sion did not change (Supplementary Fig. S3G). We observed the same 
phenotype of macrophages in the TME, indicating that AQP9 was related 
to the cancer cell products in the TME. Previous studies have shown that 
lactate secreted by cancer cells in TCM induces macrophage M2 polar-
ization and plays a key role in tumor progression [16,17]. However, in 
our study, the M2-like polarization induced by TCM was reversed by 

AQP9 deficiency. Therefore, to investigate whether the AQP9-related 
component of TCM was lactate, we further separated the TCM prod-
ucts using a 3 kDa filter and obtained a component of size of less than 3 
kDa (CM < 3 kDa). Subsequently, the BMDMs were treated with the <3 
kDa fraction. Fig. 3E shows that the <3 kDa fraction also induced an 
increase in ARG1 expression that was reduced by AQP9 deficiency. 
Similar results were observed in relation to TGF-β and VEGF mRNA 
levels following treatment with CM < 3 kDa (Fig. 3F and Supplementary 
S3H), the latter of which was repressed by AQP9 knockout (Fig. 3F). 
These results suggest that the M2-like polarization induced by TCM 
components from the <3 kDa fraction was significantly blocked by 
AQP9 deficiency. We hypothesize that lactate might be the TCM 

Fig. 4. Suppressed lactate-induced M2-like polarization in AQP9− /− BMDMs 
A-F. BMDMs were treated with vehicle or 25 mM lactate for 12 h. A. Intracellular lactate level (mean ± SE; n = 3 for each group; *p < 0.05, ***p < 0.001). B-E. 
mRNA expression of indicated genes in BMDMs measured using RT-PCR and normalized to that of HPRT1 (mean ± SE; n = 4–8 for each group; *p < 0.05, **p < 0.01, 
***p < 0.001). F–H. AQP9 mRNA expression in macrophages was analyzed using RT-PCR and normalized to that of HPRT1. F. BMDMs were treated with vehicle or 
25 mM lactate (mean ± SE; n = 7 for vehicle and 8 for lactate group; **p < 0.01). G. BMDMs were treated with vehicle or IL-4 (mean ± SE; n = 4 for each group; *p 
< 0.05). H. RAW264.7 macrophages were treated with vehicle or 25 mM lactate (mean ± SE; n = 4 for each group; **p < 0.01). Statistical analysis was performed 
using a one-way ANOVA with Tukey’s multiple comparison test or the two-tailed unpaired Student’s t-test. Source data, including exact p-values, are provided in the 
Source Data file. 
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component secreted by cancer cells that was affected by AQP9 defi-
ciency. Therefore, we measured the lactate in fresh medium (DMEM), 
TCM, and CM < 3 kDa. We discovered that TCM and CM < 3 kDa had a 
significantly higher concentration of lactate (more than 21 mM) than 
fresh DMEM (Fig. 3G). Similar results were obtained from tissues where 
carcinoma cells had a higher concentration of lactate than did normal 
colon tissue (Fig. 3H). Because of the Warburg-effect, carcinoma cells 
tend to convert most glucose to lactate using glycolysis, which has been 
considered as a hallmark of cancer metabolism switch, while normal 
cells do not [40,41]. These results suggest that lactate plays a role in 
tumor progression. 

3.4. Reduced lactate-induced M2-like polarization in AQP9− /−

macrophages 

To determine the relationship between lactate and AQP9 in macro-
phages, we treated BMDMs with lactate and examined the polarization. 
First, we measured intracellular lactate concentration of macrophages. 
As shown in Fig. 4A, the concentration of lactate was significantly higher 
in WT than in AQP9− /− macrophages treated with lactate, indicating the 
involvement of AQP9 in the regulation of intracellular lactate. Next, we 
investigated the expression of the M2 polarization markers. The 
expression of M2 markers, ARG1 and MMP9, was increased by lactate 
treatment, while AQP9 knockout resulted in a significant reduction 
(Fig. 4B and C). In line with our previous results, TGF-β levels did not 
change between WT and AQP9− /− mice (Supplementary Fig. S3I). 
Moreover, VEGF expression was increased following lactate stimulation 
and the elevation was suppressed by AQP9 deficiency (Fig. 4D). 

Alternatively, the M1 marker TNF-α was not affected by lactate treat-
ment (Fig. 4E). These results indicated that lactate-induced M2-like 
macrophage polarization was attenuated by AQP9 deficiency. A previ-
ous study performed a microarray analysis in mouse M2 macrophages 
and showed that AQP9 is upregulated in these cells, which allows us to 
interpret the potential effect of lactate treatment on AQP9 expression 
[42]. Furthermore, we performed real-time PCR to measure AQP9 
expression in macrophages. Similar to the previous report, AQP9 
expression was promoted by both lactate and IL-4 treatments of primary 
culture macrophages (Fig. 4F and G). The RAW264.7 macrophage cell 
line had an increased AQP9 expression level in response to lactate 
treatment as well (Fig. 4H). Taken together, our results suggest that 
AQP9 plays an essential role in regulating lactate-induced macrophage 
M2-like polarization in vivo and in vitro. 

3.5. Involvement of AQP9 expression in lactate transport in macrophages 

Previous studies have shown that AQP9 is capable of lactate trans-
port using Xenopus oocytes [43,44] and yeast cells [45,46]; however, 
this has not been determined in mammalian cells. We thus examined 
whether AQP9 could transport lactate into mouse macrophages. First, an 
AQP9-overexpressing Chinese hamster ovary cell line (AQP9-CHO cells, 
shown in Supplementary Figs. S4B and S4C) was established to confirm 
the involvement of AQP9 in lactate transport. We confirmed that AQP9 
overexpression increased water permeability (Supplementary Fig. S4D), 
suggesting that this cell line could be used to detect the AQP9 transport 
function. The pH-dependent dye 2′,7′-Bis-(2-carbox-
yethyl)-5-(and-6)-carboxyfluorescein (BCECF), lower fluorescence 

Fig. 5. Lactate transport through AQP9 in macrophages 
A-D. The lactate permeability of cells was measured based on the time course of the pH-sensitive dye BCECF fluorescence in response to lactate gradients at 23 ◦C. 
Low fluorescence indicates low intracellular pH. A-B. AQP9-overexpressing CHO cell line (AQP9-CHO cell) was established by transfecting the pCMV6-AQP9 plasmid 
into naïve CHO cells. A. Representative time-course data showing AQP9-CHO cell responses to rapid changes in intracellular pH caused by different concentrations of 
lactate (vehicle, 25, 50, and 125 mM). B. (left) Representative time-course data showing CHO cell (transfected with empty-vector, pCMV6-AQP9, or pCMV6-MCT1) 
responses to rapid changes in intracellular pH caused by 25 mM lactate (right). Averaged decreasing curve parameter T1/2 (mean ± SE, n = 6 for each group, *p <
0.05). C. (left) Representative time-course data showing the responses of RAW264.7 cells transfected with si-control or si-AQP9 to rapid changes in intracellular pH 
caused by 25 mM lactate. (right) Averaged curve parameter T1/2 (mean ± SE; n = 5 for each group; **p < 0.01). D. (left) Representative time-course data showing 
WT and AQP9− /− macrophage responses to rapid changes in intracellular pH caused by 25 mM lactate. (right) Averaged T1/2 (mean ± SE; n = 12 for WT and n = 10 
for AQP9− /− group; *p < 0.05). Statistical analysis was performed using a two-tailed unpaired Student’s t-test. Source data, including exact p-values, are provided in 
the Source Data file. 
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indicated lower pH) was used to analyze lactate permeability, as 
described previously [34]. AQP9-CHO cells were loaded with BCECF 
and incubated with different concentrations of lactate. As shown in 
Fig. 5A, the fluorescence decreased faster in AQP9-CHO cells under 
lactate treatment than in the vehicle. In addition, the decrease in fluo-
rescence (pH) was lactate dose-dependent, suggesting that the lactate 
transport assay was reliable for the CHO cell line. There are two 
well-known lactate transporters in mammalian cells, namely mono-
carboxylate transporter (MCT) 1 and 4 [47]. We confirmed that both 
MCT1 and MCT4 were expressed in WT and AQP9− /− macrophages 
(Supplementary Fig. S4A). Therefore, we established an 
MCT1-overexpressing CHO cell line (Supplementary Fig. S4E) and 
examined the lactate transport in CHO cells with a vector, AQP9, and 
MCT1 by adding 25 mM lactate. The obtained data points were fitted 
into a one-phase decay curve, and the ‘T1/2’ parameter was calculated to 
indicate the rate of fluorescence decrease. AQP9-CHO cells had a faster 
fluorescence decay curve, and the T1/2 was significantly lower in 
AQP9-CHO cells than in CHO cells with the vector and was similar to 
that observed MCT1-CHO cells. This suggests that AQP9 may play 
important roles in lactate permeability (Fig. 5B). To further verify the 
involvement of AQP9 in macrophage lactate transport, we used 
RAW264.7 cells transfected with si-AQP9 (Supplementary Fig. S4F). 
AQP9 knockdown RAW264.7 cells showed a slower fluorescence 
decrease rate with a significantly increased T1/2 compared with that of 
the control siRNA-transfected cells (Fig. 5C). This indicates that the 
transport of lactate was reduced by AQP9 knockdown. Furthermore, the 
T1/2 in AQP9− /− BMDMs was significantly higher than that observed in 
WT BMDMs (Fig. 5D); thus, indicating that AQP9 deficiency affected the 
lactate permeability of BMDMs. Taken together, these results demon-
strate that AQP9 is involved in macrophage lactate transport. 

In summary, our findings suggest that AQP9 functions as a lactate 
transporter in macrophages, and AQP9− /− mice were resistant to tumor 
growth due to the reduced macrophage M2-like polarization, which was 
caused by a blockage of lactate transport (Supplementary Fig. S5). 

4. Discussion 

Here, we showed that AQP9-deficient mice were resistant to tumor 
growth. First, AQP9− /− mice showed suppressed tumor growth in an 
allograft tumor model. Macrophage M2-like polarization in the tumor 
was reduced, and monocyte chemotaxis was impaired, in AQP9− /−

mice, indicating that the pro-tumor immunity was suppressed in these 
mice. Second, treatment of TCM with BMDMs induced M2-like polari-
zation; however, this effect and induction of VEGF expression were 
reversed by AQP9 deficiency. Furthermore, AQP9 deficiency was asso-
ciated with impaired induction of M2-like polarization following stim-
ulation with the <3 kDa fraction. This suggests that AQP9 is involved in 
cancer cell product-induced macrophage M2-like polarization. More 
specifically, lactate addition induced M2-like polarization in BMDMs, 
which was also blocked by AQP9 deficiency, indicating that AQP9 may 
play a role in transporting lactate into macrophages. Third, AQP9 
overexpression in CHO cells showed enhanced lactate permeability, 
which was attenuated by AQP9 knockdown and knockout, suggesting 
that AQP9 had a lactate-transporting function in macrophages. Collec-
tively, these results support that AQP9 enhances lactate uptake and M2- 
like macrophage polarization, which contributes to cancer progression, 
and that AQP9 deficiency had the opposite effects. 

Macrophages are the innate and adaptive immune cells that differ-
entiate from monocytes or are recruited to the tumor site by chemokines 
[48]. Recent studies have reported that reducing M2 polarization or 
shifting toward M1 activation significantly suppresses tumor growth and 
metastasis [49,50]. In this study, we revealed the role of AQP9 in TME 
macrophage polarization and showed that AQP9− /− mice exhibited 
suppressed tumor progression due to the reduced M2-like polarization. 
Moreover, previous studies have demonstrated that TAMs, especially the 
M2-like phenotype, drive cancer progression by secreting several 

factors, such as IL-6, IL-8, and IL-10 [51–53]. In the current study, we 
showed that the expression of M2 markers, such as ARG1, CD163, and 
IL-10, was decreased in AQP9− /− tumor tissues. Additionally, TAMs 
secrete collagenase-like matrix metallopeptidase-9 (MMP9) to promote 
angiogenesis, tumor invasion, and further recruitment of TAMs [52,54], 
and our in vitro experiments using BMDMs treated with lactate showed 
increased MMP9 expression, which was reversed by AQP9 deficiency. 
These results indicate that AQP9 contributes to promote macrophage 
M2-like polarization and tumor suppression. 

Lactate, which is excessively produced by cancer cells in the TME, 
can be taken up by macrophages and used to induce the expression of 
M2-like genes, which are key factors in remodeling and immune sup-
pression [55,56]. Oscar et al. first demonstrated that lactate produced by 
tumor cells induces M2 macrophage polarization and VEGF expression, 
which in turn aggravates tumor progression and promotes angiogenesis 
[16]. In this study, BMDMs treated with lactate (25 mM) exhibited an 
increased expression of the M2 marker, ARG1, and the expression of 
VEGF, both of which were suppressed by AQP9 deficiency, indicating 
that AQP9 was involved in the lactate-M2 macrophage pathway. How-
ever, the mechanism underlying M2 polarization induced by lactate has 
not been elucidated. Mu et al. reported that lactate-induced M2 
macrophage polarization might rely on the ERK/STAT3 pathway [17]. 
In addition, Zhang et al. found a new histone modification called ‘lac-
tylation’ and revealed that lactate plays a role in gene transcription 
regulation in macrophages. The lactate transported into cells modified 
histone 3 lysine residues and upregulated the M2-like macrophage gene 
Arg1 [57]. In our study, we found a new route of lactate uptake in 
macrophages via AQP9. However, further studies are warranted to un-
derstand the mechanism by which lactate regulates the M2-like polari-
zation pathway in macrophages after the import of lactate. 

Concurrent with our findings, recent studies have illustrated that 
AQP9 expression can be used as a prognostic indicator in patients with 
cancer. AQP9 was found to be upregulated in RCC and its expression 
could be used for diagnosis and prognosis prediction, and it is a potential 
therapeutic target [58]. In addition, an integrated analysis using several 
cancer databases reported that AQP9 was highly expressed in several 
cancer types and was identified as a prognosticator in multiple cancers. 
Furthermore, high AQP9 expression was shown to be associated with the 
immune-infiltrating levels [59]. Moreover, a recent study found that 
AQP9 expression was positively correlated with M2 TAMs in kidney 
cancer, and AQP9 expression might be helpful in predicting patient 
prognosis [60]. In our study, we found that the loss of AQP9 expression 
was beneficial for tumor resistance through the inhibition of the M2-like 
polarization in the TME. Thus, AQP9 might represent a potential target 
for anti-cancer treatment. 

Aquaporins are integral membrane transport proteins, whose pri-
mary function is to facilitate water permeability. However, AQP9 was 
also reported to transport other small solutes [61]. Urea and glycerol 
were first discovered to be permeable by AQP9 in rats [43]. Further, 
human AQP9 was reported to enable the transport of arsenite, mono-
methyselenic acid, selenite, and silicon [44,62,63]. In addition, AQP9 
was shown to uptake lactate when expressed in oocytes, and Rothert 
et al. confirmed the lactate transport function of human AQP9 overex-
pressed in yeast cells [43,46]. In our study, based on the reported small 
solute permeability of AQP9, we determined that AQP9 exhibits a 
lactate transport function in macrophages. By using the pH-sensitive 
dye, BCECF, we showed that AQP9 overexpression CHO cells had 
faster lactate transport and that si-AQP9 and AQP9 knockout can block 
lactate transport in macrophages. Thus, we identified a new route for 
lactate transport in mammalian cells, which could be used as a potential 
immune therapy target for anti-tumor treatment. 

5. Conclusion 

In summary, our data demonstrated a novel lactate transport func-
tion of AQP9 and interpreted its role in the polarization of TAMs. 
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Furthermore, our findings support that AQP9 is a novel target for TAM- 
related pro-tumoral effects by regulating lactate transport in the TME. 
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