
Canagliflozin primes antitumor immunity by triggering PD-L1
degradation in endocytic recycling

Ling Ding, … , Qiaojun He, Bo Yang

J Clin Invest. 2023;133(1):e154754. https://doi.org/10.1172/JCI154754.

 

Graphical abstract

Research Article Immunology

Find the latest version:

https://jci.me/154754/pdf

http://www.jci.org
http://www.jci.org/133/1?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI154754
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/25?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/154754/pdf
https://jci.me/154754/pdf?utm_content=qrcode


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

1

Introduction
The remarkable clinical responses of PD-L1/PD-1 blockade con-
firm the crucial role of the PD-L1/PD-1 axis in tumor immune 
escape and led to the approval of PD-L1/PD-1 inhibitors by the 
FDA in more than 10 cancer indications (1). Now, understand-
ing the mechanisms regulating PD-L1 expression has attracted 
interest for several reasons. First, although clinical benefits have 
been seen in several different malignancies — including, but not 
limited to, melanoma, lung, kidney, and bladder cancers — deter-
mining which patients derive benefit from PD-1/PD-L1 directed 
immunotherapy remains an important clinical question. Patients 
whose tumors overexpress PD-L1 by IHC have improved clini-
cal outcomes with anti–PD-L1/PD-1 therapy, but the presence of 
robust responses in some patients with low levels of expression of 
these markers complicates the issue of PD-L1 as an exclusionary 
predictive biomarker (2, 3). An improved understanding of PD-L1 
expression will better elucidate which patients derive benefit from 
these inhibitors. Second, for patients with poor response, increas-
ing PD-L1 expression in the tumor could be an efficient strategy to 

sensitize the monoclonal antibody (1). Studies have validated his-
tone deacetylase (HDAC) inhibitors and poly (ADP-ribose) poly-
merase (PARP) inhibitors can upregulate the expression of PD-L1 
and enhance the efficacy of PD-1 mAbs (4–6). Clinical trials have 
also been designed to evaluate the effect of PD-1/PD-L1 blockade 
combined with epigenetic agents and PARP inhibitors among dif-
ferent cancer types (7, 8). Third, small molecules inhibitors target-
ing PD-1/PD-L1 are highly desirable, given the limitations of the 
existing antibody-based therapies, including poor response rates, 
immune-related adverse events, and the intravenous route of dos-
ing (9, 10). Methods have also been developed to suppress PD-L1 
expression by targeting its gene transcription, posttranscriptional 
and posttranslational modifications. For example, JQ1 prevents 
BRD4 from binding to the CD274 promoter region and inhibits its 
transcription (11). eFT508 reduces the phosphorylation level of 
eIF4E to suppress PD-L1 protein translation (12). Curcumin inhib-
its CSN5 activity to promote the ubiquitination-mediated degra-
dation of PD-L1(13). These compounds have also been shown to 
inhibit tumor growth efficiently in animal models. However, they 
are not suitable for further development in the clinic, due to their 
toxicity or off-target effect.

Here we report that the antidiabetes drug canagliflozin sup-
presses tumor growth by reducing the expression of PD-L1 in an 
on-target manner. Mechanistically, sodium-glucose cotransport-
er-2 (SGLT2) maintains PD-L1 stability in endocytic recycling 
through direct interaction. Canagliflozin disrupts the interaction 
between SGLT2 and PD-L1, and further promotes the interaction 
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Figure 1. Canagliflozin suppresses PD-L1 expression in vitro and in vivo. (A) The effect of various small-molecule drugs on PD-L1 expression. H292 cells were 
treated with a compound library containing 98 small-molecule drugs (approved by the FDA) for 24 hours, followed by Western blot analysis with PD-L1 antibody and 
quantification using ImageJ grayscale analysis. JQ1 was used as a positive control that significantly downregulated PD-L1 expression. (B and C) Western blots depict-
ing the effect of canagliflozin and JQ1 on regulating different checkpoint protein expression, blots were run in parallel. (D and E) Western blots depicting canaglifloz-
in-downregulated expression of PD-L1 under basal (D) and inducible conditions (E). NSCLC cell lines H292, H460, H1299, H358, H1944 and H1437 were treated with 
canagliflozin (20 μM) alone or together with IFN-γ (10 ng/mL) for 24 hours, followed by detection of PD-L1 protein level by Western blotting. (F and G) Canagliflozin 
downregulated the expression of PD-L1 on the cell surface. Cell surface PD-L1 levels were investigated by flow cytometry in H292 (F) and H1299 (G) cells. Data were 
presented as the mean ± SD of triplicate (H292) or quadruplicate (H1299) experiments. IgG, Isotype control antibody control. (H and I) 7 cases of patient–derived 
primary NSCLC cancer cells were subjected to Western blotting analysis for PD-L1 expression after treatment with canagliflozin (20 μM) alone or together with IFN-γ 
(10 ng/mL) for 24 hours. (J and K) H292-implanted NSG mouse model was treated daily with canagliflozin (50 mg/kg body weight, intragastric administration) or 
vehicle for 1 week. Protein lysates from tumors were analyzed via Western blot and quantified using Image J grayscale analysis. n = 6 mice per experimental group. 
Blue circles, vehicle group; purple squares, canagliflozin group. Data were analyzed via unpaired 2-tailed Students’ t test. *P < 0.05; **P < 0.01; ***P < 0.001.
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we also included sodium-glucose cotransporter-1 (SGLT1) as a 
control. Our result showed that PD-L1 expression was not affect-
ed by depletion of SGLT1 (Supplemental Figure 2A). In addition to 
glucose transporter type 1 (GLUT1), which is mainly responsible 
for cellular glucose uptake, SGLT1 and SGLT2 are also expressed 
in various tumors and provide another effective way to increase 
glucose level in tumor cells (15). To determine whether the effect 
of SGLT2 on PD-L1 expression is due to the change in glucose 
uptake or glycolysis, we silenced GLUT1 by siRNA and found that 
expression of PD-L1 was not substantially altered upon depletion 
of GLUT1 (Figure 2D), while the abundance of glycolytic metab-
olites and glucose uptake (Figure 2E and Supplemental Figure 
2B) were significantly decreased. On the contrary, canagliflozin 
at the concentration that we used — 20 μM — did not influence 
glucose uptake (Supplemental Figure 2B) or glycolysis (Figure 2E). 
Further, other SGLT2 inhibitors including LX-4211 and dapagli-
flozin also showed a suppressive effect on PD-L1 expression (Sup-
plemental Figure 2, C and D). These findings clearly suggest that 
canagliflozin induced PD-L1 protein degradation through SGLT2 
independent of its hypoglycemic effects.

Considering that SGLT2 is a transmembrane protein with 14 
transmembrane helices, we tried to determine whether SGLT2 
physically interacts with PD-L1. By confocal imaging analysis we 
confirmed that SGLT2 and PD-L1 colocalized on the cell mem-
brane (Figure 2F and Supplemental Figure 2E). Next, we con-
ducted coimmunoprecipitation assays using different detergent 
conditions to solubilize membrane proteins to variable degrees. 
SGLT2 was readily detected in association with PD-L1 only under 
conditions that preserve the integrity of a membrane-associated 
complex (Figure 2G). Notably, the interaction between SGLT2 and 
PD-L1 was disrupted by treatment of canagliflozin (Figure 2H). 
We thus tried to identify the binding region of SGLT2 with PD-L1. 
Enlightened by the differential effects of SGLT1 and SGLT2 on 
PD-L1 expression, after comparing the amino acid sequence of 
SGLT1 and SGLT2, we deleted the predicted intracellular domain 
of SGLT2 (aa 548–650). As expected, the physical interaction 
between SGLT2 and PD-L1 was abolished upon truncation of 
SGLT2 intracellular domain (Figure 2I).

Next, we tried to confirm whether the membrane localization 
of SGLT2 was required for its role in regulating PD-L1 stability. 
As shown by immunofluorescence assay, the SGLT2-GFP fusion 
protein missing residues 1–26 (SGLT2-Δ1-26-GFP) (16) lost the 
ability to localize at the plasma membrane, compared to the full-
length SGLT2-WT-GFP protein (Supplemental Figure 2F). More 
importantly, SGLT2-Δ1-26-GFP also failed to upregulate PD-L1 
expression (Figure 2J). Given that canagliflozin has been proven 
to bind from the external surface in a Na+-bound state, we gener-
ated SGLT2 with a mutation in the sodium-binding site (SGLT2 
R300A and S392A/393A) (17, 18). We observed that sodium-bind-
ing mutants with exogenous expression of SGLT2 were able to 
upregulate PD-L1 expression, whereas canagliflozin could not 
downregulate PD-L1 when the SGLT2 sodium-binding site was 
mutated (Figure 2K and Supplemental Figure 2G), suggesting that 
canagliflozin induced a decrease in PD-L1 as an on-target effect. 
Taken together, SGLT2 is a positive regulator of PD-L1, and the 
interaction between SGLT2 and PD-L1 on the cell membrane is 
required for maintaining PD-L1 protein level.

between PD-L1 and the E3 ubiquitin ligase SPOP. In mouse models 
and 2 humanized immune-transformation models, canagliflozin 
treatment significantly reduced PD-L1 expression, increased the 
activity of antitumor cytotoxic T cells, and eventually mediated 
tumor regression. Furthermore, the expression of SGLT2 positive-
ly correlates with the level of PD-L1 in non–small cell lung cancer 
(NSCLC) tissues, and high SGLT2 level predicts poor prognosis 
in NSCLC. Therefore, canagliflozin has the potential to act as an 
immunooncology drug by targeting PD-L1.

Results
To identify small-molecule drugs that suppress PD-L1 expres-
sion, we performed a cell-based screening in a NSCLC cell line 
H292, which displays relatively high level of endogenous PD-L1. 
In our screening, 98 small-molecule drugs that have been 
approved for clinical use were included (Supplemental Table 1; 
supplemental material available online with this article; https://
doi.org/10.1172/JCI154754DS1). In line with previous reports, 
a potent inhibitor of the BET family of bromodomain proteins, 
JQ1 (11), significantly suppressed PD-L1 expression (Figure 1A), 
confirming the reliability of our screening model. Intriguingly, 
the SGLT2 inhibitor canagliflozin exhibited the most effective 
inhibition of PD-L1 expression among these drugs (Figure 1A). 
Of note is the fact that, unlike the well-known broad transcrip-
tional regulator JQ1, canagliflozin significantly and specifically 
downregulated PD-L1 protein in H292 without affecting other 
immune checkpoints (B7-H3, CD86,and Galectin-9) (Figure 1, 
B and C). To validate this result, we extensively examined the 
effect of canagliflozin on PD-L1 expression under both basal 
and inducible conditions. Again, canagliflozin reduced both 
constitutive and IFN-γ–induced PD-L1 expression in various 
NSCLC cell lines (Figure 1, D and E). Consistently, the level of 
PD-L1 on the cellular surface was decreased by canagliflozin 
(Figure 1, F and G). This observation was also validated in 7 sep-
arate instances of primary NSCLC patient-derived cancer cells 
(Figure 1, H and I). We also examined our findings in other can-
cers, including ovarian cancer, pancreatic cancer cell lines, and 
patient-derived cancer cells, and similar results were obtained 
(Supplemental Figure 1A). Thus, our findings were not restricted 
to lung cancer but applied to more cancers with SGLT2 expres-
sion. To test whether canagliflozin may affect PD-L1 expression 
under more pharmacologically relevant conditions, H292 cells 
were inoculated into the NSG mice and canagliflozin (50 mg/
kg, converted from clinical dosage) was orally administered 
daily. Consistent with our in vitro results, PD-L1 expression in 
tumors was significantly decreased after 1 week of canagliflozin 
treatment (Figure 1, J and K). Taken together, these data sug-
gest that canagliflozin is a potent small molecule that suppresses 
PD-L1 expression.

Given that SGLT2 is the pharmacological target of canaglifloz-
in (14), we next investigated whether canagliflozin-mediated inhi-
bition of PD-L1 is an on-target effect. We first knocked down the 
intracellular SGLT2 expression and found that PD-L1 was greatly 
decreased (Figure 2A). Canagliflozin–induced PD-L1 decrease 
was abolished in the absence of SGLT2 (Figure 2B). On the con-
trary, overexpression of SGLT2 upregulated the level of PD-L1 
(Figure 2C). To test the specificity of PD-L1 regulation by SGLT2, 
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Figure 2. Canagliflozin reduces PD-L1 expression through its pharmacological target SGLT2. (A) Western 
blots showing that depletion of SGLT2 induced PD-L1 degradation. H1299 cells were treated with siRNAs 
targeting SGLT2. H292 cells were treated with shRNAs targeting SGLT2 as indicated. (B) Canaglifloz-
in-caused PD-L1 decrease was abolished in the absence of SGLT2. (C) Overexpression of SGLT2 upregulated 
PD-L1 expression. (D) Depletion of GLUT1 had no effect on PD-L1 expression. H1299 cells were treated 
with siRNA-GLUT1 and the level of PD-L1 was detected by Western blotting. (E) Canagliflozin did not 
influence the abundance of glycolytic metabolites, whereas silencing of GLUT1 significantly reduced the 
abundance of glycolytic metabolites (n = 3). (F) Confocal analysis revealed the colocalization of SGLT2 and 
PD-L1 proteins in H1299 cells. Scale bar: 5 μm. (G) Interaction of SGLT2 with PD-L1 was detergent-sensitive. 
SGLT2-GFP and PD-L1-HA were transfected into HEK 293T cells for 24 hours. Cells were then lysed in 1% 
Digitonin (Dig) or 0.5% Digitonin/ 1% Triton X-100 (Tx) and immunoprecipitated with the anti-HA, followed 
by analysis using anti-GFP antibody. (H) Canagliflozin disrupted the interaction between SGLT2 and PD-L1. 
(I) Intracellular domain (aa 548–650) of SGLT2 was responsible for its interaction with PD-L1. (J) Downreg-
ulation of PD-L1 caused by canagliflozin was abolished when SGLT2 lost its plasma–membrane targeting 
region. H292 cells were treated with canagliflozin for 24 hours after transfection with SGLT2-GFP or SGLT2-
Δ1-26-GFP. (K) Downregulation of PD-L1 caused by canagliflozin was abolished when the SGLT2 sodi-
um-binding site was mutated. H292 cells were treated with canagliflozin for 24 hours after transfection 
with SGLT2 or SGLT2-R300A plasmids. Data were presented as the mean ± SD of triplicate experiments. 
Statistical significance was determined by unpaired 2-tailed Students’ t test. ***P < 0.001.
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gliflozin specifically downregulated PD-L1 expression on the cell 
membrane by preventing the recycling of internalized PD-L1.

Since both lysosome-dependent and proteasome-dependent 
degradation have been found to contribute to PD-L1 degradation 
during its endocytic recycling process, we sought to determine 
which pathway was involved in canagliflozin–triggered PD-L1 deg-
radation. Coincubation of selective proteasome inhibitor MG132 
abolished the downregulation of PD-L1 by canagliflozin (Figure 
4A and Supplemental Figure 4A), whereas the specific lysosom-
al inhibitor chloroquine displayed no effect on PD-L1 (Figure 4B 
and Supplemental Figure 4B). Consistently, we also found that the 
level of ubiquitination of PD-L1 was significantly increased in the 
presence of canagliflozin (Figure 4C).

Next, we investigated which cullin family E3 ligase(s) might 
be involved in the process of PD-L1 ubiquitination. E3 ubiquitin 
ligases STUB1, β-TRCP, and SPOP (22), which have been reported 
to regulate PD-L1 ubiquitination, were knocked down. Interest-
ingly, PD-L1 degradation caused by canagliflozin was not affected 
by STUB1 or β-TRCP deletion (Supplemental Figure 4, C and D), 
but was prevented by SPOP silencing (Figure 4D). Furthermore, 
coimmunoprecipitation and immunofluorescence assays suggest-
ed that canagliflozin enhanced the binding and colocalization 
between PD-L1 and SPOP (Figure 4, E and F). Previous studies 
have suggested that the region of the last 8 amino acids (aa 283–
290) of PD-L1 represents the potential binding motif for SPOP, 
and our data also confirmed that PD-L1/SPOP interaction was 
diminished when this sequence was deleted (PD-L1-Δ283-290-
HA) (Figure 4G). Importantly, the downregulating effect of cana-
gliflozin was also abolished when PD-L1 lost its ability to interact 
with SPOP (Figure 4H). Together, these results further suggest 
that canagliflozin promoted PD-L1 degradation in a SPOP-dictat-
ed ubiquitination-dependent manner.

In addition, our data showed that the PD-L1 mutant with the 
deletion of the SPOP binding motif, PD-L1-Δ283-290-HA, also 
failed to bind with SGLT2 (Figure 4I). Thus, we asked whether the 
interactions of PD-L1/SGLT2 and PD-L1/SPOP compete with each 
other. To address this, we manipulated the intracellular expression 
of SGLT2 and examined its effect on the PD-L1/SPOP interaction. 
As shown in Figure 4, J and K, depletion of SGLT2 increased the 
binding of PD-L1 to SPOP, whereas overexpression of SGLT2 had 
the opposite effect. Collectively, these results demonstrated that 
canagliflozin-induced degradation of PD-L1 is mediated by SPOP, 
and SGLT2 plays a competitive role in regulating the interaction 
between PD-L1 and SPOP.

We next tried to determine whether canagliflozin could limit 
tumor growth in vivo using the CT26 mouse cancer model (23, 24). 
The CT26 mouse model is an immunocompetent mouse model 
with efficient PD-1/PD-L1 interaction (25), which is responsive to 
PD-L1 blockade and is widely used for PD-1 or PD-L1–based stud-
ies (26–28). Canagliflozin significantly suppressed tumor growth 
without affecting body weight, which was equivalent to the effect 
of anti-PD-1 antibody (Figure 5, A and B). In the tumors, PD-L1 lev-
el greatly decreased (Figure 5C), while tumor infiltrating CD3+ T 
cells, activated CD8+ T cells (Figure 5, D and E), and IFN-γ produc-
tion increased significantly (Figure 5F). Similar observations were 
also found in blood (Figure 5, G and H). In line with clinical obser-
vations that the combination of anti-PD-L1 and anti-CTLA-4 anti-

To understand the mechanism of canagliflozin-induced PD-L1 
suppression, we measured the mRNA level and protein half-life of 
PD-L1 in response to canagliflozin treatment. We found that cana-
gliflozin significantly attenuated the protein stability of PD-L1 
(Figure 3A and Supplemental Figure 3A), but not mRNA expres-
sion (Supplemental Figure 3B, C). Consistently, the half-life of 
PD-L1 was also reduced when SGLT2 was knocked down (Figure 
3B). Also, the absence of SGLT2 caused a decrease in the half-life 
of PD-L1 that was reversed after reconstitution of SGLT2-WT. 
On the contrary, the reconstitution of SGLT2-Δ548-650 failed to 
prolong the stability of PD-L1 (Supplemental Figure 3D). These 
results further imply that canagliflozin accelerated PD-L1 protein 
degradation via the inhibition of SGLT2-mediated PD-L1 stability.

As the importance of endocytic recycling for maintaining 
PD-L1 protein stability has been recently revealed (19–21), we 
sought to explore whether canagliflozin induced PD-L1 degrada-
tion by interfering with this physiological process. PD-L1 on the 
cellular surface was labeled with PD-L1–specific antibodies at 
4°C. Cells were then incubated in RPMI-1640 medium at 37°C 
to allow for PD-L1 internalization, degradation, or recycling to 
the cell membrane. As shown by flow cytometry assay, the deg-
radation of labeled PD-L1 was significantly accelerated in the 
presence of canagliflozin (Figure 3C). Of note, canagliflozin did 
not cause PD-L1 degradation without internalization of PD-L1 
in the presence of an endocytosis inhibitor (Supplemental Figure 
3E). In addition, SGLT2 silencing also promoted the degradation 
of PD-L1 by applying this assay system (Supplemental Figure 3F). 
Meanwhile, cell surface MHC class I labeled under the same con-
dition was similar between 2 groups, which was served as a system 
control here (Supplemental Figure 3G).

Encouraged by the facts that (a) PD-L1 was identified in recy-
cling endosomes where it colocalized with TFRC and RAB11 — 
molecules that define endocytic recycling compartment (Figure 
3D) — and (b) subcellular localization of SGLT2 was also identified 
in recycling endosomes (Figure 3D), we further hypothesized that 
SGLT2 might be pivotal for PD-L1 trafficking from recycling endo-
somes to the plasma membrane. To prove this, we first used pri-
maquine, an endocytic recycling inhibitor, to prevent PD-L1 recy-
cling to the plasma membrane. As expected, primaquine induced 
rapid loss of cell surface PD-L1, suggesting that a large proportion 
of surface PD-L1 is continuously internalized and recycled (Figure 
3E). Of note, canagliflozin did not cause additional PD-L1 loss or 
acceleration of PD-L1 degradation in the presence of primaquine, 
which supports our hypothesis (Figure 3E). We next used the 
established flow cytometry–based recycling assay with some 
modification to estimate the portion of PD-L1 proteins recycled 
back to the plasma membrane (20), with or without the presence 
of canagliflozin. In principle, cell surface PD-L1 was labeled with 
FITC-conjugated PD-L1–specific antibody, which was allowed 
to internalize for 30 minutes at 37°C. The remaining cell-surface 
bound antibody was stripped by washing with pH 2.5 buffer and 
cells were either kept on ice (this was the poststrip baseline) or 
reincubated at 37°C for the indicated times. Recycled PD-L1 was 
analyzed by flow cytometry. As shown in Figure 3F, in control cells, 
the majority of internalized PD-L1 was recycled back to the cell 
surface after 10–15 minutes. However, PD-L1 recycling was mark-
edly impaired by canagliflozin treatment. Taken together, cana-
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bodies achieved better therapeutic efficacy, we further found that 
cotreatment of canagliflozin and anti-CTLA-4 antibody signifi-
cantly reduced the size of tumors compared with treatment with 
either canagliflozin alone or anti-CTLA-4 monotherapy (Figure 
5A) without inducing substantial changes in body weight (Figure 
5B). Consequentially, in the combination group, the level of acti-
vated CD8+ T cells and IFN-γ production were further increased 
in blood and tumor mass (Figure 5, D–H). Also, we compared the 
efficiency between anti-CTLA4 + anti-PD-L1 and anti-CTLA4 + 
canagliflozin groups. The combination of anti-PD-L1 and anti-CT-
LA4 antibodies achieved a comparable therapeutic efficacy com-
pared with the anti-CTLA4 + canagliflozin group (Supplemental 
Figure 5, A and B)

To confirm that canagliflozin suppressed tumor growth main-
ly through the suppression of PD-L1 and the existing immune 
system, we performed a similar study in PBMCs engrafted into a 
humanized xenograft model. The injection of human PBMCs into 
immunodeficient mice, also known as the Hu-PBL-SCID mod-
el, leads to the engraftment of T cells, which provides a unique 
platform in which the tumor microenvironment (TME) can be 
evaluated in vivo. This model may also be beneficial in the assess-
ment of immune checkpoint inhibitors, mimicking the interaction 
between immune cells and tumor cells in vivo (28–30). H292 cells 
were inoculated subcutaneously in NOD-PrkdcscidIl2rgem1/Smoc 
(NSG) mice humanized with PBMCs (Figure 6A). Tumor growth 
was monitored when the mice were treated with canagliflozin or 
anti-PD-1 mAb. In models humanized by the addition of PBMCs, 
canagliflozin significantly suppressed tumor growth and such 
effect was similar to anti-PD-1 antibody treatment (5 mg/kg, twice 
a week) (Figure 6B). Moreover, canagliflozin decreased PD-L1+ 
cells present in the tumor mass (Figure 6C). The population of 
tumor-infiltrated CD3+ T cells and activated CD8+ T cells was 
increased in canagliflozin-treated mice, which resembled the anti-
PD-1 antibody treated tumor (Figure 6, D and E). On the contrary, 
we found that without the infusion of PBMCs, no antitumor effect 
was observed in the canagliflozin group or the anti-PD-1 antibody 
group (Figure 6F); even canagliflozin exerts a significant inhibito-
ry effect on PD-L1(Figure 6G). Further, we constructed PD-L1–KO 
tumor cells by CRISPR/Cas9 and established an in vivo model to 

evaluate the antitumor effect of canagliflozin. In both the CT26 
and H1299 models, the antitumor effect of canagliflozin was abol-
ished when PD-L1 was knocked out by CRISPR/Cas9-mediated 
genome editing (Supplemental Figure 5, C–F). These data fur-
ther suggested that the canagliflozin induced antitumor effect is 
dependent on the presence of PD-L1.

Similar results were also achieved by knockdown of SGLT2 in 
H292 cells. Although the cell proliferation of H292 was not sig-
nificantly affected when SGLT2 was absent (Supplemental Figure 
6A), shRNA targeting SGLT2 (shSGLT2) significantly inhibited 
tumor volume compared with the control group (Vsh group) in 
the humanized NSG mouse model (Figure 6H). In parallel, the 
silencing efficacy of shSGLT2 was verified (Figure 6I). Flowcy-
tometric analysis of tumor tissues showed that shSGLT2 signifi-
cantly reduced the expression of PD-L1 (Figure 6J) and boosted 
the population of activated tumor-infiltrated CD3+ and CD8+ T 
cells (Figure 6, K and L). Because the tumor of 1 mouse in the shS-
GLT2 group was too small for flow cytometry, data was collected 
from 6 Vsh and 5 shSGLT2 mice. CD3+ T cell and activated CD8+ 
T cell populations were also increased in the blood in the shSGLT2 
group (Figure 6, M and N). On the contrary, in the NSG mouse 
model without PBMC injection, tumor growth was not signifi-
cantly affected by SGLT2 knockdown (Supplemental Figure 6B). 
These observations further indicated that SGLT2–mediated tumor 
growth depended on the existing immune system. The above data 
suggest that SGLT2 played an important role in maintaining the 
level of PD-L1 in tumor cells, and that the intervention of SGLT2 
can induce antitumor effects through immune regulation.

To better mimic the human cancer environment, NSG mice 
were humanized by adoptive transfer using human umbilical cord 
blood–derived CD34+ stem cells from a qualified source, following 
myeloablation treatment. The injection of CD34+ stem cells into 
newborn or young mice, also known as the Hu-SRC-SCID model, 
allows for the differentiation and development of a more complete 
immune system, including T cells, B cells, and innate immune 
cells; this model provided a more physiologically relevant tumor 
microenvironment, mimicking the interaction between immune 
cells and tumor cells in vivo (31, 32). Successful humanization of 
each mouse is quantified from mouse peripheral blood via flow 
cytometry using anti-hu-CD45+ and anti-murine-CD45+ anti-
bodies approximately 2 months after engraftment, when mature 
T cells develop. Mice included in the study have more than 15% 
hu-CD45+ cells in the peripheral blood. Mice were then treated 
with canagliflozin and PD-1 antibody as indicated (Figure 7A). 
Canagliflozin treatment reduced tumor size, showing effects sim-
ilar to the anti-PD-1 antibody (Figure 7B). In agreement with our 
proposed mechanism, flowcytometric analysis of tumor tissues 
showed that canagliflozin reduced PD-L1 levels and increased the 
CD3+ T cell and CD8+ T cell populations (Figure 7, C–E). Similar 
observations were also found in blood (Figure 7, F and G). Consis-
tently, these in vivo data demonstrated the antitumor immunity of 
canagliflozin and its potential application in cancer therapy.

To validate the above model in human tumor tissues, we 
assessed protein expression levels of SGLT2 and PD-L1 in a cohort 
of 100 patients with lung cancer (Figure 8A, Supplemental Figure 
7A, and Supplemental Table 2). Pearson’s χ2 test showed a pos-
itive correlation between SGLT2 and PD-L1 expression in speci-

Figure 3. Canagliflozin inhibits the endocytic recycling of PD-L1. (A) 
Canagliflozin significantly attenuated the protein stability of PD-L1. 
H1299 cells were treated with IFN-γ (10 ng/mL) for 24 hours, then with 
cycloheximide (10 μg/mL), or cycloheximide (10 μg/mL) plus canagliflozin 
(20 μM) for the indicated time. (B) Depletion of SGLT2 promoted PD-L1 
degradation. H292 cells were treated with siRNA-NC or siRNA-SGLT2 for 
24 hours, followed by treatment with cycloheximide for indicated time. 
(C) Canagliflozin downregulated the expression of PD-L1 on cell surface 
(n = 3). (D) SGLT2 and PD-L1 colocalized with TFRC and RAB11. H1299 
cells were fixed and costained with antibodies against SGLT2, PD-L1, 
and markers of Golgi (GM130 and TGN46), early endosome (EEA1), late 
endosome (LAMP1), or recycling endosome (RAB11 and TFRC). Scale bar: 
10 μm. (E) Canagliflozin influenced the PD-L1 recycling process (n = 3). 
(F) Canagliflozin prevented internalized PD-L1 from recycling back to cell 
membrane. Purple shade represents the 0 minute group, and the orange 
shade represents 5, 10, and 15 minute groups. Data were presented as the 
mean ± SD (C and E). Statistical significance was determined by unpaired 
2-tailed Students’ t test (C and E) and 1-way ANOVA with Dunnett’s post 
hoc test (E). *P < 0.05; **P < 0.01. ***P < 0.001.
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Discussion
Increasing research attention has focused on understanding 
the regulatory mechanism of PD-L1 and the small molecule 
compounds that can modify PD-L1 expression (33). Our study 
identifies SGLT2 binding to PD-L1 at the plasma membrane and 
in recycling endosomes, where it protects PD-L1 from ubiquiti-
nation-mediated degradation. Canagliflozin, an SGLT2 inhib-
itor, disrupts the interaction between PD-L1 and SGLT2, and 
thereby enhances the interaction between PD-L1 and the E3 
ligase SPOP (Figure 8H). Further, canagliflozin exhibits a sig-
nificant antitumor effect in both syngeneic models and human-
ized immune-transformation models. Notably, various studies 
have uncovered the pathways modulating PD-L1 at epigenetic, 
transcriptional, translational, and posttranslational levels (22), 
and our findings define a mechanism for maintaining cell sur-
face PD-L1 stability, raising the possibility of targeting PD-L1 
by canagliflozin.

SGLT2 is a Na+-D-glucose cotransporter belonging to the 
SLC5A gene family, which harnesses the gradient of sodium ions 
across the plasma membrane to drive glucose and other nutri-
ents into cells (15, 34). In humans, SGLT2 is mainly expressed 
in the kidney and specialized regions of the brain, while it is 
hardly detectable in other tissues (35, 36). Recent evidence has 
demonstrated the expression of SGLT2 in lung (37), pancreatic, 
and prostate cancer tissues (34), as well as the functional activity 
of this protein as a glucose transporter in cancer cells. Howev-
er, in most tumors, GLUT1 is upregulated to meet the increasing 
demand for glucose (38), and the importance of SGLT2 in glu-
cose uptake has not yet been clarified. Here, we identified SGLT2 
as a master regulator of PD-L1 cell surface expression. SGLT2 
knockdown leads to PD-L1 degradation during recycling, and 
recycling failure ultimately results in PD-L1 exhaustion. In this 
case, PD-L1 was still dynamically expressed and localized to the 
membrane, and endocytic recycling and degradation took place 
during tumor growth, which was why immune cells were stim-
ulated in the animal study using SGLT2 shRNA (Figure 6, H, K, 
and L). However, immune cell stimulation was not observed in 
the PD-L1–knockout model (Supplemental Figure 5, C–F). In this 
case, tumors grew without PD-L1 due to another compensating 
mechanism. It is unclear whether tumors undergo formation or 
destruction in an immunosuppressive environment. Our find-
ings indicate the involvements of SGLT2 in immune escape via 
stabilization of cell surface PD-L1.

Canagliflozin, which lowers glucose levels by inhibiting 
SGLT2, was developed to treat type 2 diabetes (14). Recent studies 
have shown that canagliflozin induces antitumor effects by reduc-
ing glucose uptake (37, 39). Here we report that canagliflozin trig-
gers PD-L1 degradation and inhibits tumor growth in the presence 
of a functional immune system, suggesting that the antitumor 
effect of canagliflozin is linked to immune response. How cana-
gliflozin disrupts the interaction between PD-L1 and SGLT2 was 
not clear in our study. As a transporter, SGLT2 isomerizes between 
conformations to shuttle cargo across membranes. SGLT2 inhibi-
tors binding on the extracellular surface are likely to stabilize an 
outward-facing conformation (14, 40). Thus, we may infer that 
SGLT2 in an outward-facing conformation would likely dissociate 
from PD-L1. We also checked other SGLT2 inhibitors, LX-4211 

mens from patients with cancer (Figure 8B). Next, we evaluated 
the correlation between the SGLT2-PD-L1 axis and the prognosis 
of patients with lung cancer. As shown in Figure 8, C and D, we 
observed reduced progression-free survival (PFS) and overall sur-
vival (OS) curves in patients with lung cancer with high expression 
of SGLT2 and high expression of PD-L1, suggesting that SGLT2 
could be utilized as a marker for the expression of PD-L1.

Moreover, we further assessed the protein expression level of 
SGLT2 by IHC in tumor biopsies from patients with NSCLC who 
were treated with PD-1 mAb therapy. Among a total of 16 patients 
recruited, 9 patients with a positive response to PD-1 mAb thera-
py were classified as responders, while the other 7 patients with 
a poor response were classified as nonresponders (patients with 
complete response [CR], partial response [PR], and stable disease 
[SD] greater than 6 months were classified as responders, while 
patients with SD less than or equal to 6 months and progressive dis-
ease [PD] were classified as non-responders; Supplemental Tables 
3–5). Similar to the pathology results described above, radiograph-
ic results were shown to corroborate this correlation. Two repre-
sentative cases with tumor diameter annotated by a radiologist 
were shown in Figure 8E (red line). Considering a cutoff point of 
50% to demarcate presence or absence of SGLT2 expression lev-
el, patient 1 had greater than 50% SGLT2 expression and showed 
tumor destruction after anti-PD1 therapy (Figure 8E, left), while 
patient 2, with hepatic metastasis from lung cancer and less than 
50% SGLT2 expression, showed tumor growth after treatment 
(Figure 8E, right). As shown in Figure 8, F and G, we observed pro-
longed PFS and OS curves in the group of PD-1 blockade-treated 
patients with high expression of SGLT2. This clinical evidence fur-
ther suggests that SGLT2 is a positive regulator of PD-L1.

Figure 4. Canagliflozin induces PD-L1 degradation through the enhanced 
recognition of PD-L1 by Cullin3SPOP ligase. (A and B) Canagliflozin degraded 
PD-L1 through the ubiquitin-proteasome pathway. H1299 cells were treated 
with canagliflozin with and without MG132 (A) or chloroquine (CQ) (B) for 10 
hours. (C) Canagliflozin induced PD-L1 ubiquitination. Left, HEK 293T cells 
were transfected with indicated plasmids and were treated with canaglifloz-
in and MG132. PD-L1 protein was immunoprecipitated with anti-Flag beads. 
Right, H1299 cells were treated with canagliflozin and MG132. PD-L1 protein 
was immunoprecipitated with PD-L1 antibody. (D) Canagliflozin failed to 
decrease PD-L1 expression upon SPOP silencing. PD-L1 protein expression in 
H460 cells was analyzed after treatment with canagliflozin in the presence 
of siRNAs against SPOP or negative control (siRNA-NC), blots were run in 
parallel. (E) Canagliflozin enhanced the interaction of SPOP and PD-L1. HEK 
293T cells were treated with canagliflozin for 24 hours after transfection 
with SPOP-Flag or PD-L1-HA. The cell lysates were immunoprecipitated 
with anti-Flag resins. (F) Canagliflozin enhanced the colocalization of SPOP 
and PD-L1. H292 cells were treated with canagliflozin and the localization 
of SPOP and PD-L1 were detected by Immunofluorescence. Scale bar: 10 
μm. (G) The intracellular domain of PD-L1 (aa 283–290) was responsible 
for the binding of PD-L1 to SPOP. HEK 293T cells were cotransfected with 
plasmids as indicated, cell lysates were immunoprecipitated with anti-Flag 
resins. (H) Downregulation of PD-L1 caused by canagliflozin was abolished 
upon deletion of the SPOP binding region. H292 cells were first transfected 
with PD-L1-WT-HA or PD-L1-283-290-HA, and then treated with canagli-
flozin. (I) SGLT2 bound to the same region of PD-L1 binding to SPOP (aa 
283–290). HEK 293T cells were cotransfected with plasmid as indicated. The 
cell lysates were immunoprecipitated with anti-HA resins. (J and K) SGLT2 
regulated the interaction between SPOP and PD-L1. SGLT2 was silenced 
(J) or overexpressed (K), and the interaction between SPOP and PD-L1 was 
subsequently determined.
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Methods
Cell culture. All the cell lines were provided by Cell Bank of Shanghai 
Institute for Biological Sciences, Chinese Academy of Sciences (Shang-
hai, China) and were authenticated by short tandem repeat DNA finger-
printing, with the most recent authentication on September 15, 2020. All 
cell lines were tested and verified to be free of Mycoplasma. NCI-H1299, 
NCI-H1437, NCI-H358, NCI-H1944, NCI-H460, NCI-H292, SKOV3, 
and CT26 were cultured in RPMI-1640 (Gibco) supplemented with 
10% FBS (Hyclone). MIA PaCa-2, HEK293T, and HEK293FT were 
maintained in DMEM (Gibco) with 10% FBS (Gibco). All the cell lines 
were cultured in a humidified incubator at 37°C in 5% CO2.

Primary cancer cell isolation. The blood stasis and nontumor tis-
sue on the surface of cancer tissues were cleaned twice with RPMI-
1640, then cancer tissues were mechanically dissociated and cut into 
rice-grain-sized blocks with sterilized surgical instruments. The can-
cer blocks were maintained in DMEM/F-12 (Gibco) with 10% FBS. 
Subsequently, fresh culture solution was replaced every 2 days until 
dissociated cancer cells grew from the tissue. Cells were cultured in a 
humidified incubator at 37°C in a 5% CO2.

Clinical tissue samples
Lung cancer, ovarian cancer, and pancreatic cancer tissues, paraffin 
sections from patients with lung cancer who responded or did not 
respond to Nivolumab (3 mg/kg, once every 2 weeks), and tissue 
microarrays from patients with lung cancer were collected from Zheji-
ang Cancer Hospital and written informed consent was obtained from 
clinical patients in all cases at the time of enrollment. Clinical infor-
mation is summarized in Supplemental Tables 2–5.

Antibodies and reagents
Immunofluorescence. Mouse anti-PD-L1 (14-5983-82), mouse anti-
EEA1 (14-9114-82), and mouse anti-LAMP1 (14-1079-80) were pur-
chased from eBioscience. Mouse anti-GM130 (ab169276), mouse anti-
TGN46 (ab2809), and rabbit anti-PD-L1 (EPFR19759) were obtained 
from Abcam. Rabbit anti-SGLT2 (24654-1-AP, Proteintech), mouse 
anti-TFRC (A-11130, Invitrogen), and mouse anti-Rab11 (610656, BD 
Biosciences) were also used.

Flow cytometry
FITC mouse IgG1 κ isotype control (400110), PerCP-Cy5.5 mouse 
IgG1 κ isotype control (400149), PE mouse IgG1 κ isotype control 
(400114), PerCP-Cy5.5 anti-human CD3 (300430), FITC anti-hu-
man CD8a (300906), PE anti-human CD45 (368510), PerCP-Cy5.5 
anti-human IFN-γ (506528), FITC Rat IgG2a κ isotype control 
(400506), PerCP-Cy5.5 Rat IgG1 κ isotype control (400426), FITC 
anti-mouse CD3 (100204), FITC anti-mouse CD8a (100705), PE 
anti-mouse CD45 (103106), and PerCP-Cy5.5 anti-mouse IFN-γ 
(505822) were purchased from Biolegend. PE anti-human PD-L1 
(557924), FITC anti-human PD-L1 (558065), FITC anti-human 
HLA-A2 (343303), FITC Rat IgG2b κ isotype control (400605), PE Rat 
IgG2a λ isotype control (400635), and PE anti-mouse PD-L1 (558091) 
were obtained from BD Biosciences.

Immunoprecipitation/immunoblotting. Mouse anti-Galectin-9 
(ab153673), rabbit anti-GLUT1 (ab115730) were from Abacm. 
Rabbit anti-CD86 (91882), rabbit anti-B7-H3 (14058), rabbit anti-
PD-L1 (13684), and rabbit anti-SGLT2 (14210) were purchased 
from Cell Signaling Technology. Rabbit anti-GAPDH (db106), rab-

and dapagliflozin — which is as potent as canagliflozin(41) — and 
found less suppressive effects on PD-L1 expression. This result 
suggests that canagliflozin is most potent in stabilizing SGLT2 in 
an outward-facing state. However, we could not provide direct evi-
dence in the current study to support this proposal.

Recent studies highlight the potential to further enhance the 
clinical benefits of monotherapies by combining agents with syn-
ergistic mechanisms of action. The anti-PD-1 mAb and anti-CT-
LA-4 mAb combination has been recently reported to achieve bet-
ter therapeutic efficacy in several clinical trials (42, 43). However, 
combined treatment of 2 antibodies further increases the risk of 
severe adverse reactions (44). Here we showed that canagliflozin 
and anti-CTLA-4 also synergistically activated T cells in a tumor 
xenograft model and retarded tumor growth. As a drug for diabe-
tes, canagliflozin does not show significant adverse effects in clin-
ical use (45). Because of this, we propose that canagliflozin has the 
advantage in combination therapy. Further, in clinical treatment 
for diabetes, the maximal dose of canagliflozin is 300 mg daily 
for an adult (46). Here, we showed that significant tumor growth 
limitation and PD-L1 suppression were achieved with treatment 
of 50 mg/kg canagliflozin, which was converted from the clinical 
dosage. Thus, our study provides evidence for the potential appli-
cation of canagliflozin in immunotherapy.

Tumor PD-L1 expression is considered a potential efficacy 
biomarker (47), but the complex mechanism underlying its regu-
lation is not completely elucidated. Tumor cells with constitutive 
PD-L1 expression are not typically linked to the response to immu-
notherapy when the T cell environment is absent (1). Therefore, 
PD-L1 expression alone is not a strong predictive biomarker of 
immune checkpoint blockade efficacy (48). It is crucial to explore 
the regulatory mechanism of PD-L1 expression in response to 
IFN-γ secreted by activated T cells and to discover novel therag-
nostic markers for PD-1/PD-L1-based therapies. Herein, we dis-
covered that SGLT2 bound to PD-L1 on the cell surface and main-
tained the stability of PD-L1. Thus, SGLT2 may serve as a potential 
predictor for the efficacy of PD-1 mAb therapy.

In summary, we have identified SGLT2 as a PD-L1 binding 
partner, which prevents PD-L1 from proteasome-dependent deg-
radation in endocytic recycling. Our finding could provide a ready-
to-use small-molecule drug and a potential target for triggering 
PD-L1 degradation. Also, canagliflozin could be a good candidate 
for the development of combination therapy. Taken together, our 
study provides a view for the design of an effective strategy to target 
PD-L1 degradation in tumor immunotherapy.

Figure 5. Canagliflozin alone, or combined with CTLA4 blockade, 
effectively suppressed tumor growth. (A and B) Tumor growth, weight, 
and volume of CT26 cells in immunocompetent BALB/c mice treated 
with canagliflozin, anti-PD-1 mAb, anti-CTLA4 mAb, or a combination of 
canagliflozin and anti-CTLA4 mAb. n = 6 mice per group. (C) PD-L1 level in 
extracted tumor tissues was evaluated by FACS, data represent mean ± 
SD. (D and E) Tumor-infiltrating CD45+CD3+ T cells and CD45+CD8+ T cells 
were detected by FACS, data represent mean ± SD. (F) FACS analysis of 
the activity intracellular IFN-γ in leukocytes, data represent mean ± SD. 
(G and H) CD45+CD3+ T cells and CD45+CD8+ T cells in blood were detected 
by FACS. Data represent mean ± SD. Data were analyzed by 1-way ANOVA 
with Dunnett’s post hoc test. *P < 0.05; **P < 0.01; ***P < 0.001; and 
unpaired 2-tailed Students’ t test #P < 0.05; ##P < 0.01.
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Figure 6. Canagliflozin effectively inhibits tumor growth in a PBMC humanized xenograft model. (A) Scheme representing the experimental procedure. 
s.c, subcutaneous; qd, 1 a day; i.g., intragastric; IOCV, injection of caudal vein; biw, twice per week. (B) Tumor growth of H292 cells in PBMC humanized 
NSG mice treated with vehicle, canagliflozin, or anti-PD-1 Ab. n = 7 mice per group. (C) PD-L1 level in extracted tumor cells was evaluated by FACS. (D and 
E) Tumor-infiltrating CD45+CD3+ T cells and CD45+CD8+ T cells were detected by FACS. (F) Tumor growth of H292 cells in immuno-deficient NSG mice when 
treated with vehicle, canagliflozin, or anti-PD-1 Ab. n = 6 mice per group. (G) PD-L1 level in extracted tumor cells from immuno-deficient NSG mice was 
evaluated by FACS. (H and I) shSGLT2 significantly inhibited the tumor growth in the humanized NSG mouse model. H292 cells with or without SGLT2 
knocked down were injected into PBMC humanized NSG mice and tumor growth was measured. n = 6 mice per group. (J) The surface level of PD-L1 on 
tumor cells were evaluated by FACS. (K and L) Tumor infiltrating CD45+CD3+ T cells and CD45+CD8+ T cells were detected by FACS. (M and N) CD45+CD3+ 
T cells and CD45+CD8+ T cells in blood were detected by FACS. Data represent mean ± SD. Statistical significance was determined by 1-way ANOVA with 
Dunnett’s post hoc test (B–E and G) and unpaired 2-tailed Students’ t test (H and J–N). *P < 0.05; **P < 0.01; ***P < 0.001.

https://doi.org/10.1172/JCI154754


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

1 3J Clin Invest. 2023;133(1):e154754  https://doi.org/10.1172/JCI154754

ples were lysed in red blood cell lysis buffer according to standard lysis 
buffer kit (BD Biosciences) protocol and flow cytometry analysis was 
performed as described above.

Endocytosis and recycling assays
Endocytosis and recycling assays were performed based on methodol-
ogy found in Burr et al. (20) and are described below.

Degradation assay. Cells were collected and washed with PBS. Cell 
surface PD-L1 or MHC I was labelled with FITC-conjugated PD-L1 or 
MHC I at 4°C for 2 hours (5 μL / 2 × 105 cells in 100 μL 0.2% BSA). 
Cells were washed in PBS to remove unbound antibodies and replat-
ed in RPMI-1640 medium to incubate at 37°C for indicated time in 
the presence or absence of canagliflozin (20 μM). Alternatively, cells 
were first transfected with Control shRNA or shSGLT2 for 72 hours, 
and then cells were collected and washed with PBS. Cells were labeled 
as described above with FITC-conjugated PD-L1 and washed in PBS 
to remove unbound antibodies, then replated in RPMI-1640 medium 
to incubate at 37°C. At the indicated times, cells were fixed with 4% 
paraformaldehyde for 20 minutes and removed in ice, washed in PBS, 
and analyzed by flow cytometry.

Internalization assay. Cells were labeled as described above with 
FITC-conjugated PD-L1. After washing as described, cells were resus-
pended in RPMI-1640 medium, and baseline samples were kept on 
ice. Cells were cultured at 37°C in the presence or absence of canagli-
flozin (20 μM) and primaquine (300 μM). Samples were removed to 
the ice for various amounts of time and diluted in cold PBS to stop the 
surface antibody from further endocytosis. Samples were washed in 
PBS and analyzed by flow cytometry.

Recycling assay. Cells were labelled as previously described with 
FITC-conjugated PD-L1 and washed in PBS. Cells were cultured in RPMI-
1640 medium and incubated at 37°C for 30 minutes to allow antibody-la-
beled PD-L1 to undergo endocytosis. After washing, samples went through 
2 rounds of resuspension in formulated low pH buffer (pH 2.5–2.8, 0.5 M 
NaCl, 0.5% acetic acid) for 2 minutes on ice to strip remaining surface 
bound antibody. Aliquots of cells were recultured in RPMI-1640 medium. 
Baseline samples were kept on ice and others were removed to 37°C in the 
presence or absence of canagliflozin (20 μM), as indicated in the figure leg-
ends. Samples were removed to the ice for various amounts of time and 
diluted in cold PBS to stop the surface antibody from further endocytosis. 
Samples were washed in PBS and analyzed by flow cytometry.

IHC staining
For IHC staining, all tissue specimens were stained with 3% hydro-
gen peroxide (ZSGB-BIO) after deparaffinization and blocked by 
incubating with blocking buffer containing 5% goat serum (Gibco). 
The specimens were treated with antibodies against PD-L1 (1:100) 
or SGLT2 (1:350) at 4°C overnight. Specimens were then incubated 
with HRP-conjugated secondary antibodies (ZSGB-BIO), followed 
by treatment with an avidin-biotin-peroxidase complex and were 
developed with 3, 3-diaminobenzidine as per manufacturer’s proto-
col. All immunostained slides were scanned on Image-Pro Plus 6.0 
software (IPP, version 6.0, Media Cybernetics) for quantification by 
digital image analysis. The expression of targeted protein in tumor 
tissue specimens was calculated from both the intensity of the immu-
nostaining — as “–” for negative staining (0%), “+” for weak staining 
(1%–24%); “++” for intermediate staining (25%–49%); and “+++” 
for strong staining (>50%) (6), and the percentage, ranging from 

bit anti-HA (db2603) were from Diagbio. Mouse anti-Ub (sc-8017), 
mouse anti-STUB1 (sc-133066), mouse anti-β-TRCP (sc-390629) 
were obtained from Santa Cruz Biotechnology. Rabbit anti-SPOP 
(16750-I-AP, Proteintech), and rabbit anti-Flag (A01868, Gen-
Script) were also used.

IHC. Mouse anti-PD-L1 (TA321380S, Origene) and rabbit anti-
SGLT2 (ab85626, abcam) were used in IHC analysis.

Reagents. The library of FDA-approved drugs, which contains 98 
chemical compounds dissolved at 10 mM in dimethylsulfoxide; canagli-
flozin (T1782); LX-4211 (T3547); dapagliflozin (T2389); JQ1 (T2110); pri-
maquine (T0850); chlorpromazine (T1384); MG132 (T2154); and chlo-
roquine (T8689) were purchased from TargetMol. IFN-γ was purchased 
from PeproTech (300-02-1000). Sulforhodamine B (230162) and 
cycloheximide (#239763-M) were purchased from Sigma-Aldrich. 2-DG 
uptake Glucose Uptake Assay Kit (Colorimetric) (ab136955, abcam) was 
used in analysis.

Western blotting and immunoprecipitation analyses
For Western blotting, cells were washed twice with cold PBS and lysed 
either in 1% NP-40 lysis buffer (25 mmol/L Tris-base, pH 7.4, 150 
mmol/L NaCl, 10% glycerol) or in lysis buffer containing 25 mmol/L 
Tris-base (pH 7.4), 150 mmol/L NaCl, 1% NP-40, 1 mmol/L PMSF, 
1 mmol/L Na3VO4, and 5 μg/mL leupeptin for 30 minutes on ice fol-
lowed by the removal of insoluble material by centrifugation. Equal 
amounts of protein were loaded into SDS-PAGE gels for electropho-
resis and immunoblotted with the indicated antibodies. See complete 
unedited blots in the supplemental material.

For immunoprecipitation of protein ubiquitination, cells were lysed 
in 4% SDS buffer (4% SDS, pH 8.0, 150 mmol/L NaCl, 50 mmol/L tri-
ethylamine), followed by sonication and centrifugation at room tem-
perature and diluted 1:9 with 1% NP-40 lysis buffer. Cell lysates were 
immunoprecipitation by incubating with anti-Ub overnight at 4°C and 
then pulled down with 30 μL protein A/G beads (Santa Cruz Biotechnol-
ogy) at 4°C for 1 hour to capture antibody-bound Ub. Samples were then 
loaded in SDS-PAGE gels and immunoblotted as described.

For coimmunoprecipitation experiments, HEK293T cells were 
lysed in lysis buffer (25 mmol/L Tris-base, pH 7.4, 150 mmol/L NaCl, 
1% NP-40, 1 mmol/L PMSF, 1 mmol/L Na3VO4, and 5 μg/mL leupeptin). 
We used the BCA protein assay (Yeasen Biotech) to measure protein 
concentration. Lysates (1 mg) were incubated with anti-HA affinity gel 
or anti-DYKDDDDK (Flag) beads at 4°C overnight. Sample protein was 
then loaded in SDS-PAGE gels and immunoblotted as described. For 
coimmunoprecipitation of cell surface protein, cells were lysed in 1% 
Digitonin (20) (Millipore) (50 mmol/L Tris-HCl, pH 7.5, 150 mmol/L 
NaCl, 1% Digitonin, 1 mmol/L PMSF, 1 mmol/L Na3VO4, and 5 μg/mL 
leupeptin) to ensure the integrity of membrane proteins.

Flow cytometry
Single-cell suspensions were washed with PBS and stained with 
FITC-conjugated PD-L1 at 4°C for 2 hours (5 μL / 2 × 105 cells in 100 
μL 0.2% BSA). After washing with PBS, samples were analyzed on BD 
FACSuite (BD Biosciences). Mouse tumor tissues were first separated 
into single cells using a tissue dissociator (Miltenyi Biotec). Single cells 
were stained with antibodies at room temperature for 30 minutes (1 
μL / 2 × 105 cells in 100 μL 0.2 % BSA) and then treated as described 
above. Mouse blood samples were incubated with antibodies at room 
temperature for 30 minutes (1 μL / 50 μL blood sample). Blood sam-
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Immunofluorescence
Cells were seeded in an 8-well chamber slider (Thermo Fisher Scien-
tific) at approximately 50% confluence, with or without plasmid trans-
fection. Cells were washed in ice-cold PBS and fixed with 4% form-

0%–100% of immune-positive cells. A histo score of less than 50% 
was considered low expression and greater than 50% was considered 
high expression, as previously described (49); statistics were ana-
lyzed using the Pearson correlation test.

Figure 7. Canagliflozin effectively 
suppresses tumor growth in CD34+ 
stem cells engrafted into a humanized 
xenograft model. (A) Scheme repre-
senting the experimental procedure. 
s.c, subcutaneous; qd, 1 a day; i.g, 
intragastric; IOCV, injection of caudal 
vein. (B) In humanized immune-trans-
formed model, H292 cells were injected 
subcutaneously and treated with vehi-
cle, canagliflozin, or anti-PD-1 Ab. n = 
6 mice per group. (C) PD-L1 levels on 
extracted tumor cells were evaluated 
by FACS. (D and E) Tumor infiltrating 
CD45+CD3+ T cells, CD45+CD8+ T cells 
were detected by FACS, data represent 
mean ± SD. (F and G) CD45+CD3+ T 
cells and CD45+CD8+ T cells in blood 
were detected by FACS. Data represent 
mean ± SD. Statistical significance 
was determined by 1-way ANOVA with 
Dunnett’s post hoc test. *P < 0.05; **P 
< 0.01; ***P < 0.001.
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cell sorting using FACSAria II (BD Biosciences) in a 96-well plate, 
and the successfully edited clones were determined using Western 
blotting. The gRNA oligonucleotide sequences are as follows: Mouse 
Cd274 gRNA1: forward: 5′-CACCGTCACCACTTCCCGGACAGAG-3′, 
reverse: 5′-AAACCTCTGTCCGGGAAGTGGTGAC-3′; Mouse Cd274 
gRNA2:forward: 5′-CACCGAACTAATATGTCAGGCCGA-3′, reverse: 
5′-AAACTCGGCCTGACATATTAGTTC-3′; Human CD274 gRNA1: for-
ward: 5′-CACCGGTTCCCAAGGACCTATATG-3′, reverse: 5′-AAAC-
CATATAGGTCCTTGGGAACC-3′; Human CD274 gRNA2: forward: 
5′-CACCGACTGCTTGTCCAGATGACTT-3′, reverse: 5′-AAACAAGT-
CATCTGGACAAGCAGTC-3′.

Plasmid construction
Cells were transfected with the indicated plasmids or empty vec-
tor by using transfected reagent JetPRIME (Polyplus) according to 
the manufacturer’s instructions. The expression vector PD-L1-HA 
was generated by inserting PCR-amplified PD-L1 cDNA which was 
synthesized by using KOD-Plus-Neo kit (Toyobo) according to the 
manufacturer’s instructions into the pcDNA3.0-HA vector. Similarly, 
PD-L1-Flag, SGLT2-Flag, and SPOP-Flag were generated by inserting 
the indicated cDNA into pcDNA3.0-Flag vector. The SGLT2-R300A 
and SGLT2-S392A/S393A mutations were performed by site-directed 
mutagenesis. To generate PD-L1-RFP, SGLT2-GFP, and the PD-L1 and 
SGLT2 deletion mutant, PCR splicing was used. The primers we used 
for site-directed mutagenesis and PCR splicing were listed in Table 2.

Lentiviral production and transduction
HEK293FT cells were used for packaging of lentivirus, and subse-
quent infection of various cell lines were performed. Cells with 90% 
confluence were transfected using linear polyethylenimine hydrochlo-
ride (Sigma-Aldrich) in Opti-MEM medium (Invitrogen), and pack-
aged plasmids P8.9, VSVG, and shRNA at a 5:1:5 ratio. The viral super-
natant was collected 48 hours after transfection and filtered through a 
0.45 μm filter. Viruses were used to infect cells, combined with 4 μg/
mL polybrene (Sigma-Aldrich). For lentiviral expression of shRNA: 
shSGLT2, shSGLT1, or nontargeting control shRNA were cloned into 
the pLKO.1 vector. shRNA targeted sequences are listed here: human 
SLC5A1 forward, CCGGACAGCAAAGAGGAGCGTATTGCTC-
GAGCAATACGCTCCTCTTTGCTGTTTTTTTG; human SLC5A2#1 
forward, CCGGCCTAGTCATTGCTGCATATTTCTCGAGAAATAT-
GCAGCAATGACTAGGTTTTTG; human SLC5A2#2 forward, CCG-
GCCTAGTCATTGCTGCATATTTCTCGAGAAATATGCAGCAAT-
GACTAGGTTTTTG.

Cell proliferation assay
H292 cells were infected with shSGLT2 or nontargeting control shRNA 
before they were seeded in 96-well plates at a density of 3,000 cells 
per well. The sulforhodamine B (SRB) assay was used. Cells were fixed 
with 10% (w/v) trichloroacetic acid at indicated times and stained for 
30 minutes at room temperature. The excess dye was washed with 1% 
(v/v) acetic acid and followed by dissolving protein-bound dye in 10 
mM Tris-base. OD values were measured at 540 nm by microplate 
reader (Molecular Devices).

Animal experiments
To study the effect of canagliflozin as well as SGLT2 on tumorigenesis, 
we performed 2 different animal models (51, 52).

aldehyde for 20 minutes. Cells were permeabilized with 0.1% Triton 
X-100 in PBS at 4°C for 10 minutes, followed with blocking in 3% BSA 
in PBS at room temperature for 30 minutes. After blocking, the cells 
were incubated with primary antibodies at 4°C overnight. Secondary 
antibodies conjugated with Alexa Fluor 562 (1:200, A10042, Life 
Technology) or Alexa Fluor 488 (1:200, Life Technology, A21206). 
Followed by staining with DAPI (1:10000, Southernbiotech). The 
slides were imaged on an Olympus Fluoview-microscope (FV10i-O).

Protein half-life assays
Cells were plated on 6-well plates and after 12 hours, cells were treated 
with cycloheximide (10 μg/mL) or canagliflozin (20 μM) + Cyclohex-
imide (10 μg/mL) for different time points. Alternatively, cells were 
transfected with NC siRNA or SGLT2 siRNA under indicated condi-
tions. After 24 hours transfection, cycloheximide (10 μg/mL) was add-
ed into these 2 groups for different time points. Cells were collected 
immediately and lysed, protein content was measured by immunoblot 
analysis and Image J was used for grayscale analysis.

RNA isolation and quantitative real-time PCR
Cells were seeded in 6-well plates in the presence or absence of cana-
gliflozin (20 μM) and IFN-γ (10 ng/mL), as indicated in the figure leg-
ends. Total RNA was extracted used TRIzol Reagent (TaKaRa) and 
quantified by the NanoDropND-1000 Spectrophotometer (Thermo 
Fisher Scientific). cDNA was synthesized from 2 μg purified total RNA 
with TransScript 1-Step gDNA Removal and cDNA Synthesis Super-
Mix (TransGen Biotech) according to the manufacturer’s instructions. 
Quantitative PCR was performed with iTaqTM Universal SYBR Green 
Supermix (Bio-Rad), in 7500 Fast Dx Real-Time PCR Instrument 
(Applied Biosystems). Quantification was calculated using the compar-
ative Ct method and was presented as fold change. HuPD-L1 mRNA 
levels were normalized to Huβ-Actin mRNA levels. Primers pairs used 
for quantitative real-time PCR are as follows: human CD274: forward, 
5′-TCACTACACAGCCCTCCTAA-3′, reverse, 5′-ACACCAGAATAT-
GGCCAAGAG-3′; human ACTB: forward, 5′-ATTCCTATGTGGGC-
GACGAG-3′, reverse, 5′-CCAGATTTTCTCCATGTCGTCC-3′.

siRNA-mediated silencing
Cells were seeded in 6-well plates and cultured for 24 hours, followed 
by transfection with the transfected reagent JetPRIME (Polyplus) and 
target siRNA (SGLT2, SGLT1, GLUT1, SPOP, STUB1, or β-TRCP) or 
scrambled siRNA (negative control [NC]), according to the manufac-
turer’s instructions. The siRNA sequences used are listed in Table 1.

CRISPR/Cas9-mediated KO of PD-L1
Through CDS analysis of human and mouse CD274 genes, exon 2 and 
3 were determined to be the knockout position. Using CRISPR design 
tool (http://crispor.tefor.net/), 4 targeted sgRNAs were obtained. The 
PX458-CD274 sgRNAs were generated by inserting the targeted sgR-
NAs into Bbs1-digested PX458 plasmid (Addgene), which were further 
confirmed by sequencing. To generate PD-L1 KO H1299 and CT26 
cells, H1299 and CT26 cells were electroporated with PD-L1 KO plas-
mids or control plasmid as previously described (50). Briefly, H1299 and 
CT26 cells were seeded into a 5 cm dishes with RPMI-1640 medium 
containing 10% FBS. Cells were electroporated using indicated trans-
fection regent after reaching 60%–70% confluence. Clones derived 
from single PD-L1 KO cells were obtained by fluorescence- activated 
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Figure 8. SGLT2 positively correlated with 
PD-L1 expression in lung cancer tissues. 
(A and B) Patient tissues were stained with 
SGLT2 and PD-L1. Representative images of 
IHC staining of SGLT2 and PD-L1 in human 
lung cancer tissues (n = 100) were shown. 
Scale bar: 2 mm. The correlation analysis 
between SGLT2 and PD-L1 was performed, 
and the P value was calculated by the Pearson 
correlation test (P < 0.0001, r = 0.70136). 
–, negative expression; +, low expression; 
++, medium expression; +++, high positive 
expression. (C and D) Kaplan-Meier survival 
curves of NSCLC patients’ PFS or OS. The low 
expression category includes those whose 
positive staining rate is smaller than 50%, 
whereas the high expression category greater 
than 50%. The Gehan-Breslow-Wilcoxon test 
was used to test for the difference between 
survival curves. (E) Tumor diameter based 
on the CT imaging was annotated with a red 
line. Scale bar: 10 cm. (F and G) Kaplan-Meier 
survival curves of NSCLC patients’ PFS or OS. 
The Gehan-Breslow-Wilcoxon test was used 
to test for the difference between survival 
curves. See also Supplemental Tables 3–5. (H) 
Diagram of the mechanism of SGLT2 regulat-
ing PD-L1.*P < 0.05, **P < 0.01; ***P < 0.001.
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In vivo humanized immune-transformation model experiment
4-week-old NSG (NOD-PrkdcscidIl2rgem1/Smoc) male mice were pur-
chased from Shanghai Model Organism Center Inc. for generation 
of humanized mice. Mice were bred and maintained under specific 
pathogen-free conditions at the Center for Drug safety Evaluation and 
Research of Zhejiang University. NSG mice were tail vein injected with 
activated human PBMC (1.5 × 107 per mouse), which was purchased 
from AllCells Biotech Shanghai Co. Ltd.; successful humanization 
of each mouse was quantified from mouse peripheral blood via flow 
cytometry using anti-hu-CD45+. CD34+ humanized mice, which were 
constructed by transportation of human umbilical cord blood and fetal 
liver hematopoietic stem cells, were purchased from All Cells Biotech 
Shanghai Co. Ltd. H292 cells (5 × 106) and shSGLT2 H292 cells (5 × 
106) were injected subcutaneously in 100 μL medium into the right 
flank of NSG mice. Tumor volume was measured with a caliper and 
when the tumor reached roughly 100 mm3, mice were pooled and 
randomly divided into 3 groups with comparable average tumor size. 
Mice were grouped into control, canagliflozin, and anti-PD-1 antibody 
treatment (Nivolumab, Opdivo). The canagliflozin group was treated 
daily with canagliflozin (50 mg/kg), and anti-PD-1 antibody treat-
ment were given by intravenous injection (5 mg/kg) twice a week for a 
total of 3 injections. Mice were euthanized a week after drug treatment 
and blood samples were harvested retroorbitally.

Metabolite analysis
H292 cells for metabolite analysis were seeded in 10 cm dishes with 
RPMI-1640 medium containing 10% FBS. Cells were treated with 
canagliflozin (20 μM) or DMSO alone (control) for 24 hours. For anoth-
er group, cells were transfected with GLUT1 or NC siRNA for 24 hours. 
Cells were washed with cold PBS 3 times gently and resuspended in 1 
ml 80% methanol at –80°C for 1 hour. The samples were thawed at 
room temperature and centrifuged for 20 minutes (14,000g, 4°C). The 

In vivo experiment in the CT26 mouse tumor model
CT26 cells (4 × 105 per mouse) were injected subcutaneously in 100 μL 
medium into 6-week-old BALB/c female mice. Tumor volumes were mea-
sured every 3 days with a caliper and calculated by the formula: length × 
width2 × 0.5. Mice were pooled and randomly divided into 5 groups with 
comparable average tumor size, and were grouped into control, canagli-
flozin (Selleck), anti-mouse PD-L1 treatment (BE0101, BioXcell), anti-
mouse CTLA-4 treatment (BE0131, BioXcell) and canagliflozin plus 
anti-CTLA-4 antibody treatment. Control and canagliflozin were treated 
daily with canagliflozin (50 mg/kg) or rat IgG2a isotype control (BE0089, 
BioXcell) only; anti-PD-L1 and anti-CTLA-4 antibody treatment were giv-
en by intravenous injection (5 mg/kg) twice a week. Mice were euthanized 
21 days after drug treatment or if the tumor volume exceeded 2,000 mm3. 
Blood samples were immediately harvested retroorbitally.

Table 1. siRNA sequences

Gene name Primer sequence (5′-3′)
SLC5A2 siRNA#1 GCAUAUUUCCUGCUGGUCAUU

siRNA#2 ACCAUGAUUUACACGGUGACA

siRNA#3 GGACAGUGUUGAACGUCAAUG

SLC2A1 siRNA#1 CCAAAGUGAUAAGACACCCGA

siRNA#2 GCGGAAUUCAAUGCUGAUGAU

siRNA#3 CUCCAACUGGACCUCAAAUUU

SPOP siRNA#1 CACAAGGCUAUCUUAGCAGCU

siRNA#2 CUCCUACAUGUGGACCAUCAA

STUB1 siRNA#1 GCAGUCUGUGAAGGCGCACUU

siRNA#2 CCCAAGUUCUGCUGUUGGACU

BTRC siRNA#1 GCGUUGUAUUCGAUUUGAUAA

siRNA#2 GCUGAACUUGUGUGCAAGGAA

 

Table 2. Primer sequences

Plasmid Primer sequence (5′-3′)
SGLT2-R300A Forward GACCAGGTCATCGTGCAGGCCTGCCTGGCCGG

Reverse GCCTGCACGATGACCTGGTCGCTGCACCAGTA

SGLT2-S392A/S293A Forward GCTGGCCGCGCTCATGGCCGCGCTGGCCTC

Reverse CGGCCATGAGCGCGGCCAGCATGACCGCCA

SGLT2-GFP Forward 1 CGGAATTCGCCACCATGGAGGAGCACACAGAGGCAG

Reverse 1 TGCTCACCATGGCATAGAAGCCCCA

Forward 2 CTTCTATGCCATGGTGAGCAAGGGC

Reverse 2 CCGCTCGAGTTACTTGTACAGCTCGTCCATGCCGA

SGLT2-Δ1-26-GFP Forward CGGAATTCGCCACCATGCTAGTCATTGCTGCATATTTC

Reverse CCGCTCGAGTTACTTGTACAGCTCGTCCATGCCGA

SGLT2-Δ548-650-GFP Forward 1 CGGAATTCGCCACCATGGAGGAGCACACAGAGGCAG

Reverse 1 TGACCACACGGCACAGGGAGACCGT

Forward 2 CTCCCTGTGCCGTGTGGTCAACCTC

Reverse 2 CCGCTCGAGTTACTTGTACAGCTCGTCCATGCCGA

PD-L1-RFP Forward 1 CGGAATTCGCCACCATGAGGATATTTGCTGTCT

Reverse 1 TGCTCACCATCGTCTCCTCCAAATG

Forward 2 GGAGGAGACGATGGTGAGCAAGGGC

Reverse 2 CCGCTCGAGCTTGTACAGCTCGTCCATGCC

PD-L1-Δ283-290-HA Forward GGGGTACCGCCACCATGAGGATATTTGCTGTCTTTATATTCATGACCTAC

Reverse CGGAATTCTTGCTTCTTTGAGTTTGTATCTTGGATGCC
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supernatant was dried in a vacuum centrifuge. For liquid chromatogra-
phy-mass spectrometry (LC-MS/MS) analysis, the samples were pro-
cessed by Applied Protein Technology. Briefly, the samples were redis-
solved in 100 μL acetonitrile/water 1:1, (v/v) and adequately vortexed. 
Centrifuged for 15 minutes (14,000g, 4°C). The metabolites of glycol-
ysis pathway were measured by LC-MS/MS and the values of key com-
ponents, such as fructose 1,6-bisphosphate, glucose-6-phosphate, and 
lactate shown in the results were percentages relative to NC.

Statistics
Data in the bar graphs are presented as the mean ± SD and represent 
fold change or percentage in relation to control or untreated groups 
with 3 independent experiments. GraphPad Prism v.6.0 was used for 
statistical analysis. Unpaired 2-tailed Students’ t tests were performed 
to determine statistical significance of experimental data, with P < 
0.05 being considered statistically significant. Representative immu-
nofluorescence results were based on SD of 3 independent cell culture 
experiments, and at least 3 images were collected in each replicate. 
For multiple group tumor growth analysis, 1-way ANOVA was used to 
test an overall difference at each group data collection time point. For 
the survival data analysis of patients with NSCLC, preclinical patients 
with different PD-L1 and SGLT2 expression levels were tested by the 
Kaplan-Meier method and Gehan-Breslow-Wilcoxon to detect differ-
ences in survival curves between groups.
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Review Board at Zhejiang Cancer Hospital Committee in Hangzhou 
(China) and all patients provided written informed consent (IRB-
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