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Abstract Vascular abnormality is a hallmark of most solid tumors and facilitates immune evasion. Target-

ing the abnormal metabolism of tumor endothelial cells (TECs) may provide an opportunity to improve the

outcome of immunotherapy. Here, in comparison to vascular endothelial cells from adjacent peritumoral tis-

sues in patients with colorectal cancer (CRC), TECs presented enhanced glycolysis with higher glyceralde-

hyde-3-phosphate dehydrogenase (GAPDH) expression. Then an unbiased screening identified that

osimertinib could modify the GAPDH and thus inhibit its activity in TECs. Low-dose osimertinib treatment

caused tumor regression with vascular normalization and increased infiltration of immune effector cells in tu-

mor, which was due to the reduced secretion of lactate from TECs by osimertinib through the inhibition of

GAPDH. Moreover, osimertinib and anti-PD-1 blockade synergistically retarded tumor growth. This study

provides a potential strategy to enhance immunotherapy by targeting the abnormal metabolism of TECs.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sci-

ences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Colorectal cancer (CRC) has high metabolic requirements and uses
multiple mechanisms to ensure sustained angiogenesis1. Tumor
vasculature is a chaotic labyrinth of malformed and unstable blood
vessels that is structurally and functionally abnormal2e4. Upon
vascularization, tumor blood vessels supply tumors with constant
oxygen and nutrients to support their continued growth and spread.
Due to their critical roles in promoting tumor growth and metastasis,
tumor blood vessels have become a major target for current anti-
cancer therapy5. However, CRC patients with anti-angiogenesis
therapy alone have no significant improvements in outcomes6. Ac-
cording to our previous studies, remodeling the homeostasis of tumor
vasculature may enhance cancer chemotherapy7,8. Furthermore, a
growing body of evidence has demonstrated that regulation of
angiogenesis in tumor microenvironment can improve immuno-
therapy and radiotherapy besides chemotherapy9e11. Vascular ab-
normality is a hallmark of most solid tumors and facilitates immune
evasion. Compelling preclinical and clinical evidence reveals that
anti-VEGF therapy creates a window of tumor vessel normalization
with increased recruitment and anticancer activity of immune cells in
the tumor microenvironment12.

Recent studies have not only highlighted the importance of
endothelial cell (EC) metabolism in angiogenesis13,14, but also
identified the specific metabolic profiles in ECs, which act as
gatekeepers of immune cell infiltration into tumor tissues15,16.
Under the circumstance of metabolic stress including hypoxia and
acidosis that promote ECs proliferation and angiogenesis, tumor
endothelial cells (TECs) upregulate the expression of a list of
mediators in the metabolic pathway3. Moreover, the activated ECs
tend to switch the metabolic phenotype17 in need of development
of a neovascular supply induced by angiogenic signals18. ECs then
generate the majority of their energy relying on glucose, gluta-
mine and fatty acids for migration and proliferation during
angiogenesis, even though their proximity to blood oxygen15,19.
Interestingly, recent studies have observed that enhanced glycol-
ysis in ECs is accompanied by inflammatory response20,21. Tar-
geting EC metabolism for the inhibition of pathological
angiogenesis has received increasing attention. However, it is
unknown whether targeting the metabolism of TECs could
improve the efficacy of immune-checkpoint inhibitors.

Here, to unveil the role of endothelial metabolism in CRC pro-
gression, we investigated the metabolic characteristics and GAPDH
expression pattern of ECs in malignant tumors versus peritumoral
tissues in humans and mice. On the basis of these results, we further
screened two libraries on GAPDH function and identified osimerti-
nib, an oral selective inhibitor of both epidermal growth factor re-
ceptor (EGFR)-TKI (tyrosine kinase inhibitor)-sensitizing and
EGFR T790M lung cancer, which might reduce the intensity of
glycolysis of TECs by alkylating residue Cys247 of GAPDH. Our
preclinical and clinical findings implied that low dose of osimertinib
could remodel immunometabolic microenvironment by reducing the
secretion of endothelial lactate, and thereby amplify the efficacy of
PD-1 antibody for CRC immunotherapy.

2. Materials and methods

2.1. Human samples

Human colon tumor tissues and peritumoral tissues were obtained
from the Affiliated Huaian No. 1 People’s Hospital of Nanjing
Medical University. This study was approved by the Human
Ethics Committee of the Affiliated Huaian No. 1 People’s Hospital
of Nanjing Medical University (ID: YX-2021-021-01). Written
informed consent was obtained from the patients.

2.2. Materials and reagents

Osimertinib (AZD9291) and almonertinib (HS-10296) were
kindly provided by Hansoh Pharma Co., Ltd. (Jiangsu, China). All
drugs were dissolved in dimethyl sulfoxide (DMSO) to create
stocks at a concentration of 40 mmol/L and stored in aliquots at
�80 �C. The drugs were warmed with 50 �C water bath for 30 min
before use. All therapeutic monoclonal antibodies (mAbs) were
purchased from BioXCell. Control IgG was rat IgG2a (BE0089,
BioXCell, New Hampshire, USA). For CD8þ T cell or macro-
phage depletion, 1 mg of anti-CSF1 antibody (BE0204) or anti-
CD8 antibody (BE0117) were intraperitoneally injected 2 days
before treatment initiation and then with 0.5 mg twice a week for
2 weeks study. Therapeutic mAb used in the study was rat anti-
PD-1 antibody (BP0146, 5 mg/kg). Therapeutic and control IgG
were administered twice a week. Treatment of C57Bl6/J mice
carrying subcutaneous MC38 tumors was started when the tumors
became palpable and had a mean volume of 50e100 mm3.

2.3. Animal experiment

Female C57BL/6 mice and BALB/c mice (6e8 weeks old,
18e22 g) were purchased from the Model Animal Genetics
Research Center of Nanjing University (Nanjing, China). Tumor
model was established by injection of 1 � 106 cancer cells sub-
cutaneously into the right flank of mice. The tumors were grown
for several weeks, either according to a “survival” schedule
(endpoint defined by tumor volume) or a fixed time-point
(endpoint defined as fixed time lapsed after tumor challenge).
Tumor size was determined by caliper measurements and calcu-
lated according to Eq. (1):

V Z0:5� �
L�S2

� ð1Þ
where S is the short, and L is the long tumor axis.

Tumor weight measurements were performed post-mortem. All
efforts were made to minimize the animals’ suffering and to
reduce the number of animals used. All animal care and experi-
mental procedures were conducted according to the National
Research Council’s Guidelines for the Care and Use of Laboratory
Animals and were approved by Animal Ethics Committee of
China Pharmaceutical University (Animal Authorization Refer-
ence Number: SYXK2016-0011).

2.4. Metabolomic profile assessment

For metabolites extraction, 2 � 106 cells were washed three times
with cold phosphate buffered saline (PBS) and pelleted by centri-
fugation. Cell pellets were then flash frozen in liquid nitrogen and
stored at �80 �C until further processing. After the addition of
200 mL of extract solution (acetonitrile:methanol Z 1:1, containing
isotopically-labelled internal standard mixture), the samples were
vortexed for 30 s, sonicated for 10 min in ice-water bath, and
incubated for 1 h at �40 �C to precipitate proteins. Then the
samples were centrifuged at 10,000�g for 15 min at 4 �C. The
resulting supernatant was transferred to a fresh glass vial for anal-
ysis. The quality control (QC) sample was prepared by mixing an
equal aliquot of the supernatants from all of the samples. These
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samples were then analyzed by tandem mass spectrometry coupled
with liquid chromatography (LCeMS/MS).

LCeMS/MS analyses were performed using an ultra-high
performance liquid chromatography (UHPLC) system (Thermo
Fisher Scientific, Waltham, MA, USA) with a UPLC BEH Amide
column (2.1 mm � 100 mm, 1.7 mm) coupled to Q Exactive HFX
mass spectrometer (Orbitrap MS, Thermo Fisher Scientific). The
mobile phase consisted of 25 mmol/L ammonium acetate and 25
ammonia hydroxide in water (pH 9.75) (A) and acetonitrile (B).
The auto-sampler temperature was set at 4 �C and the injection
volume was 3 mL.

The QExactive HFX mass spectrometer was used for its ability
to acquire MS/MS spectra in information-dependent acquisition
(IDA) mode in the control of the acquisition software (Xcalibur,
Thermo Fisher Scientific). The parameters were set as following:
sheath gas flow rate as 30 Arb, Aux gas flow rate as 25 Arb,
capillary temperature 350 �C, full MS resolution as 60,000,
MS/MS resolution as 7500, collision energy as 10/30/60 in NCE
mode, spray voltage as 3.6 kV (positive) or �3.2 kV (negative),
respectively.

The raw data generated from the MS were converted to the
mzXML format using ProteoWizard and processed with an in-
house program, which was developed using R and based on
XCMS, for peak detection, extraction, alignment, and integration.
Then an in-house MS2 database (BiotreeDB) was applied in
metabolite annotation. The cutoff for annotation was set at 0.3.

2.5. Drug affinity-responsive target stabilization assay

Approximately 106e107 cells were lysed with NP-40 (Beyotime,
Shanghai, China) at 4 �C for 30 min and protein concentration of
the lysate was measured by the BCA protein assay kit (Thermo
Fisher Scientific). Osimertinib dissolved in 1 � TNC buffer
(50 mmol/L Tris, 50 mmol/L NaCl, 10 mmol/L CaCl2, pH 7.4)
was added into the cell lysate to reach the indicated concentrations
and gently mixed. The lysates were then placed at room temper-
ature for 2 h to allow sufficient ligandeprotein target interactions,
and then digested by Pronase (Roche, Basel, Switzerland, dis-
solved in 1 � TNC buffer) at indicated concentrations for pre-
cisely 30 min at room temperature. Proteolysis was quenched by
mixing the lysate with 4 � loading buffer (Bio-Rad, Hercules, CA,
USA) and 5 min of boiling.

2.6. LCeMS/MS protein data processing and analysis

Recombinant GAPDH (10 mg) was diluted to 500 mL in PBS
treated with 200 mmol/L osimertinib for 2 h at room temperature
and stopped by 4 � loading buffer (Bio-Rad) and 5 min of boiling.
The samples were separated by SDS-PAGE, then stained by
Coomassie brilliant blue (CBB).

The tryptic digested peptides were obtained as the protocol
described previously22. The gel bands were cut into pieces and
washed with Milli-Q water, then, CBB dye was removed with
50% acetonitrile (ACN)/50 mmol/L ammonium bicarbonate. The
gel slices were dehydrated twice in 100% ACN for 30 min and
reconstituted in 50 mmol/L ammonium bicarbonate containing
10 ng/mL sequencing-grade trypsin (Promega, Madison, WI,
USA) to digest proteins at 37 �C for 16 h. The tryptic digested
peptides were extracted from the gel pieces with 50% ACN/0.1%
TFA and lyophilized by vacuum centrifugation.

The identification of the peptides of GAPDH was performed on
an EASY-nLC 1000 system coupled to an Orbitrap Fusion mass
spectrometer (Thermo Fisher Scientific) equipped with an online
nano-electrospray ion source. The peptides were resuspended with
10 mL solvent A (0.1% formic acid in water), and 8 mL peptide
sample was loaded onto the trap column (Acclaim PepMap C18,
100 mm � 2 cm, Thermo Fisher Scientific) with a flow rate of
10 mL/min for 3 min and subsequently separated on the analytical
column (Acclaim PepMap C18, 75 mm � 25 cm) with a linear
gradient. The gradient started from 2% phase B (90% acetonitrile,
0.1% formic acid in water) to 35% phase B in 75 min, 35%e60%
phase B in 5 min, 60%e90% phase B in 5 min, and 90%e2% phase
B in 5 min. The column flow rate was maintained at 300 nL/min.

The Orbitrap Fusion mass spectrometer was operated in the
data-dependent acquisition mode to switch automatically between
MS and MS/MS acquisition. Survey full-scan MS spectra (m/z
350e1600) were acquired in Orbitrap with a mass resolution of
60,000, the AGC target was set to 1 � 106, and the maximum
injection time was 50 ms. MS/MS acquisition was performed in
top speed mode with 3 s cycle time in orbitrap, the mass resolution
was set to 15,000, the maximum injection time was 80 ms, the
AGC target was set to 1 � 105, and the isolation window was set
at m/z 1.6. Ions with charge states þ2, þ3 and þ 4 were
sequentially fragmented by higher energy collisional dissociation
(HCD) with a normalized collision energy (NCE) of 30%. In all
cases, one microscan was recorded using dynamic exclusion of
30 s. MS/MS fixed first mass was set at 110. The spectra were
recorded with Xcalibur (version 3.0.63.3) software.

The raw mass files generated by the LCeMS/MS were then
processed using pFind (3.1.5) software23 for the identification of
the modified peptides on GAPDH protein. Data were searched
against the human HSPA8 protein (Uniport ID: P04406) fasta
sequence. The parameters for database search were set as follows:
(1) enzyme: Trypsin KR_C; (2) max missing cleavage number: 2;
(3) MS and MS/MS tolerance: 20 ppm and 0.2 Da; (4) variable
modifications: oxidation on M residue, osimertinib (C28H33N7O2,
499.269573 Da) on residue C; (6) the result filter was set as: the
false discovery rate (FDR) � 1% at peptide level, minimum
peptide length � 6. The MS/MS spectra were extracted by pBuild
(3.1.0), the compatible software in pFind suite.

2.7. Osimertinib distribution in mouse CRC model

Osimertinib (25 mg/kg) was administered orally to female
BALB/c mice bearing CT26 tumor xenografts with animals
terminated (rising CO2 dose) and blood and tumor samples
collected at 4 h postdose. Tumors tissues were dissociated using a
mouse tumor dissociation kit (130-096-730, Miltenyi Biotec,
Bergisch Gladbach, Germany). The digested cells were filtered
with a 40 mm nylon mesh to remove cell clumps and washed in
washing buffer (PBS containing 5 mmol/L EDTA and 2% FBS).
All single-cell suspensions were purified by CD31 MicroBead
(130-097-418, Miltenyi Biotec), the other cells were non-
endothelial cells.

Osimertinib in serum, tumors tissues or cells were extracted in
acetonitrile, containing internal standard (almonertinib), and then
can be quantitatively analyzed by a ultra-performance LC system
(Shimadzu, Japan) coupled to an API 4000 triple quadrupole mass
spectrometer (Applied Biosystems) outfitted with a turbo ionspray
ionization source. The chromatographic separation was achieved
on a Luna� column (Phenomenex, C18(2) 100 Å, LC
250 mm � 4.6 mm, 5 mm). The binary solvent system was
composed of 5 mmol/L ammonium acetate and 0.1% in H2O
(phase A) and methanol (phase B). The gradient of the binary
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solvent used a gradient as follows: 1% phase B maintained for
1 min, increased to 70% at 5 min and held for 3 min, and then
decreased to 1% at 9.5 min followed by 2.5 min for equilibration
at a rate of 0.2 mL/min. The following transitions were detected:
m/z 526.5 / m/z 451.3 (osimertinib), m/z 500 / m/z 455.5 (IS).
Data were processed by Analyst 1.5.2 (Applied Biosystems,
Waltham, MA, USA). Experiments were performed with biolog-
ical replicates (n Z 5).

2.8. Determination of thiol reactivity

As the thiol donor, cysteamine (SigmaeAldrich, Burlington,
MA, USA) aqueous (10 mmol/L) was diluted with 100 mmol/L
phosphate buffer (pH 7.4) to make 1 � cysteamine solution
(0.5 mmol/L). The stock solution of test compounds was diluted
with 100 mmol/L phosphate buffer (pH 7.4) to a given concen-
tration. For preparation of DTNB regent, 0.014 mmol DTNB
(SigmaeAldrich) and 0.5 mmol sodium hydrogen carbonate was
dissolved in 25 mL of 100 mmol/L phosphate buffer (pH 7.4).
Cysteamine solution (0.5 mmol/L) was mixed with an equal
volume of test compound solution, and quickly transferred into a
96-well plate. At different time points, reduced thiol groups were
quantified with DTNB. One minute after DTNB was added, the
absorption was measured at l Z 405 nm using a Synergy H1
microplate reader (BioTek, Winooski, Vermont, USA). The
quantification of the remaining cysteamine was carried out by the
calibration curve of thiol content vs. absorbance.

2.9. Statistical analysis

Error bars indicate the standard error of the mean (SEM). The
number of biological (nontechnical) replicates for each experi-
ment is indicated in the figure legends. Independent experiments
are presented individually or combined, as explained in the figure
legends. Analysis of experiments with more than two groups was
performed using one-way ANOVA with Tukey’s correction for
multiple comparisons, unless indicated otherwise. For experiments
with two groups, statistical analysis was performed using Stu-
dent’s t-test with 95% confidence interval. Statistical analyses in
the survival experiments were performed by log-rank (MantelCox)
test. Statistical significance is indicated in the figures.

3. Results

3.1. The expression of tumor endothelial GAPDH is enhanced in
CRC patients and mouse model

To examine the metabolic profile of CD31þ ECs in tumor tissues
and adjacent peritumoral tissues, we isolated human tumor
endothelial cells (hTECs) and paired adjacent endothelial cells
(hAECs) from 4 CRC patients and detected the purity of
CD45eCD31þ ECs by flow cytometry (Supporting Information Fig.
S1A). Liquid chromatographyetandem mass spectrometry
(LCeMS/MS) based metabolomics analysis was used to differen-
tiate metabolic differences between hAECs and hTECs (Fig. 1A).
Metabolic pathway analysis revealed that the relative intracellular
metabolite levels of glycolysis, pentose phosphate pathway (PPP)
and aminoacyl-tRNA biosynthesis pathway were changed in hTECs
relative to their paired hAECs (Fig. 1B). Notably, unlike the in-
termediates of PPP and aminoacyl-tRNA biosynthesis pathways,
most of the glycolytic intermediates were significantly altered in
hTECs (Fig. S1BeS1D). Measurements of the extracellular
acidification rate (ECAR) revealed significant enhancement of
aerobic glycolysis and glycolytic capacity in hTECs compared with
hAECs (Fig. 1C and D). Surprisingly, compared with hAECs, the
glycolysis increased by 43.23% in hTECs (Fig. 1D). Given that
GAPDH is the key glycolytic enzyme for immunoregulation24,25,
we next investigated whether the protein level of GAPDH was
related to the different levels of aerobic glycolysis between hTECs
and hAECs. Endothelial GAPDH levels in human CRC tissues were
significantly higher than those in adjacent peritumoral tissues by
both flow cytometry (Fig. 1E and Fig. S1E) and immunoblotting
(Fig. 1F).

The isolated CD45eCD31þ ECs from tumors and lungs in
xenograft mice were then investigated. As shown in Fig. 1G and
H, the glycolysis level in mouse tumor endothelial cells (mTECs)
was much higher than that in normal endothelial cells (mNECs).
Likewise, flow cytometry revealed that GAPDH expression in
mTECs was higher than that in mNECs (Fig. 1I, Fig. S1F and
S1G). Additionally, immunoblot assay demonstrated that robust
GAPDH expression in mTECs was visualized compared with
mNECs (Fig. 1J and Fig. S1H). According to these results, we
concluded that the glycolytic enzyme GAPDH and glycolysis are
increased in the TECs of CRC.

3.2. Osimertinib inactivates GAPDH via covalent modification
of cysteine residues

GAPDH activity assays in human umbilical venous endothelial
cells (HUVECs) and recombinant GAPDH were performed to
identify potential GAPDH inhibitors among all of U.S. Food and
Drug Administration (FDA)-approved kinase inhibitors (62 com-
pounds) and an in-house collection of FDA-approved non-kinase
inhibitor (27 compounds) in clinic. Of note, both screens yielded
an overlapping set of FDA-approved inhibitors in light of top five
candidates that were able to reduce GAPDH activity, an oral
EGFR-TKI osimertinib (Fig. 2A and B). Osimertinib also
exhibited a dose-dependent inhibitory effect on the catalytic ac-
tivity of GAPDH in HUVECs (Fig. 2C). Consistently, the re-
combinant GAPDH activity in cell-free system and the lactate
level in HUVECs were reduced by osimertinib (Supporting
Information Fig. S2A and S2B).

Next, drug affinity responsive target stability (DARTS) assay26

was performed to investigate whether GAPDH inhibition by osi-
mertinib can be attributed to the direct binding interaction. As
expected, GAPDH was conserved after a series of pronase ratios
to cell lysate with or without osimertinib treatment (Fig. 2D),
indicating that GAPDH is a potential target of osimertinib. Since
osimertinib is a covalent small-molecule inhibitor that modifies
EGFR at site of T790M mutation27, the modification of osi-
mertinib on GAPDH was further explored by LCeMS/MS. The
results revealed that the mass of GAPDH peptide (amino acid
residues 235e248) involving site Cys247 increased by 499.27 Da
following osimertinib treatment, which is consistent with alkylation
by osimertinib (Fig. 2E). In other words, Cys247 of GAPDH can be
modified by osimertinib (Fig. 2F and Fig. S2C). In contrast, the
modification was not observed at any cysteine in DMSO-treated
GAPDH (Fig. 2E). Additionally, determination of thiol reactivity
revealed that osimertinib reduced the concentration of free cyste-
amine in a dose- and time dependent manner (Fig. S2D and S2E).

There was a high accumulation of osimertinib in tumors from
xenograft mice compared to the plasma samples. In particular, the
concentration in the isolated mTECs was significantly higher than



Figure 1 The expression of tumor endothelial GAPDH is enhanced in CRC patients and mouse model. (A) Correlation heatmap and (B)

enrichment analysis of metabolites in CD31þ endothelial cells of tumors versus matched adjacent peritumoral tissues from 4 CRC patients. (C)

Representative trace of extracellular acidification rate (ECAR) values from a glycolysis stress test using XF-96 analyzer showing CD31þ

endothelial cells of CRC patients’ tumors versus matched adjacent peritumoral tissues. n Z 4. (D) Quantification of sequential compound in-

jections measuring glycolysis, glycolytic capacity, glycolytic reserve and non-glycolytic acidification. n Z 4. (E) Top, flow cytometry analysis of

GAPDH expression in CD45�CD31þ endothelial cells. Bottom, GAPDH levels in CD45eCD31þ endothelial cells were compared between

tumors and paired adjacent peritumoral tissues from 7 patients with CRC. (F) The protein level of GAPDH of CD31þ endothelial cells in tumors

and para-carcinoma tissues from CRC patients was detected by immunoblot. (G) Comparison of ECAR from CD31þ endothelial cells in mouse

transplanted CT26 tumors versus lungs. n Z 5. (H) Quantification of glycolysis, glycolytic capacity, glycolytic reserve and non-glycolytic

acidification as shown in G. n Z 5. (I) The mean of GAPDH fluorescence intensity analyzed by flow cytometry from CD31þ endothelial

cells in the indicated groups. nZ 5. (J) Immunoblot analysis of GAPDH in CD31þ endothelial cells from mouse tissues as shown in G. Statistical

analysis by unpaired Student’s t-test. Data are presented as mean � SEM. hTEC, human tumor endothelial cells; hAEC, paired adjacent human

endothelial cells; mTEC, mouse tumor endothelial cells; mNEC, normal mouse endothelial cells.
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that in the CD45eCD31e cells (169 � 38 vs. 70 � 22 ng/mg
protein) (Fig. 2G) without obvious toxicity28. In isolated mTECs
from osimertinib-treated group, GAPDH activity was remarkably
lower than that from vehicle group (Fig. 2H), but not in isolated
CD45eCD31e cells after the separation and removal of CD45þ

leukocytes and CD31þ endothelial cells (Fig. S2F). Consistent with
the DARTS in HUVECs, GAPDH became less susceptible to pro-
nase digestion in the isolated mTECs from CT26 tumor-bearing
mice (Fig. 2I). GAPDH protein contains a conserved region in
various species, whereas cysteine 245 is replaced by valine in
GAPDH of zebrafish (Fig. 2J). To further investigate whether the
covalent modification of GAPDH by osimertinib was based on



Figure 2 Osimertinib inactivates GAPDH via covalent modification of cysteine residues. (A) HUVECs were treated with the compounds from

the FDA-approved inhibitors at a concentration of 1 mmol/L for 12 h, followed by the assessment of GAPDH enzyme activity. Dots in gray

represent inhibitors. Osimertinib is indicated in fuchsine. Data represent the mean of three independent experiments. n Z 3. (B) Recombinant

GAPDH was treated with the FDA-approved inhibitors (final concentration 100 mmol/L) or DMSO for 2 h, followed by enzyme activity assay.

Data represent the mean of three independent experiments. nZ 3. (C) Dose-dependent inactivation of GAPDH enzyme activity in HUVECs were

treated with the indicated osimertinib concentrations for 12 h n Z 5. (D) Immunoblot confirmed the stabilization of GAPDH by osimertinib

(100 mmol/L) treatment for 2 h in HUVEC cell lysates in the DARTS assay. (E) Tandem mass spectrometry spectrum of the peptide in re-

combinant human GAPDH containing the osimertinib-adducted at residue Cys247. (F) Schematic diagram of GAPDH thiol group that was

1830 Yunlong Shan et al.



Targeting abnormal metabolism of tumor endothelial cells to enhance immunotherapy 1831
selective binding to the site of Cys247, interactions of GAPDH with
osimertinib was tested by DARTS in zebrafish embryos. The result
of DARTS confirmed that GAPDH could not bind with osimertinib
in zebrafish lysates (Fig. 2K), further demonstrating that Cys247 of
GAPDH acted as the modification site by osimertinib.

3.3. GAPDH inactivation by osimertinib reduces aerobic
glycolysis in TECs

To elucidate the effects of osimertinib on glycolysis in tumor
vessels, mTECs were isolated from tumor bearing mice in the
absence and presence of osimertinib. Continuous treatment with
osimertinib (1 mg/kg, intragastrically) for 14 days led to lower
ECAR in mTECs (Fig. 3A and Supporting Information Fig. S3A).
A prominent reduction in glycolysis and glycolytic capacity was
observed in mTECosimertinib compared with mTECvehicle (Fig. 3B
and Fig. S3B). The lower ECAR was detected in MC38 cells and
CT26 cells after osimertinib treatment (Fig. S3C and S3D), but
14-day treatment with osimertinib in mice subcutaneously trans-
planted MC38 cells had no effect on ECAR of the isolated tumor
cells (Fig. S3E and S3F). Given that ECs tended to switch the
metabolic phenotype for their energetic needs under stress17, we
also evaluated whether osimertinib would promote oxygen con-
sumption rate (OCR). We found that OCR was not altered either in
mTECs or in HUVECs treated with osimertinib (Fig. S3GeS3J).
In addition, the mRNA level of gene signatures associated with
oxidative phosphorylation (OXPHOS) in HUVECs treated with or
without osimertinib exhibited no difference (Fig. S3K). HUVECs
treated with osimertinib resulted in blockade in glycolytic flux at
GAPDH, as evidenced by the increased level of dihydroxyacetone
phosphate/glyceraldehyde 3-phosphate (the upstream metabolite
of GAPDH) and the reduced level of 2-phosphoglyceric acid/3-
phosphoglyceric acid (the downstream metabolite of GAPDH)
(Fig. 3C and Fig. S3L). The level of lactate (the end-product of
glycolysis) was further quantitatively detected. As shown in Fig.
3D, treatment with osimertinib decreased the generation of
lactate in HUVECs. In contrast, GAPDH overexpression reversed
the decreased lactate production and the impaired glycolytic flux
induced by osimertinib (Fig. 3C and D). The rate of glycolysis was
then measured using ECAR. The results showed that osimertinib
treatment significantly attenuated ECAR compared with the con-
trol group (Fig. 3E and F). Consistently, osimertinib-induced
ECAR inhibition was also reversed by GAPDH overexpression
(Fig. 3E and F), indicating that GAPDH was required for the
suppression of glycolysis by osimertinib in ECs.

3.4. Low dose of osimertinib leads to marked survival benefits
and increased tumor necrosis in mouse CRC models

After verification of the inhibition of cell viability in MC38, CT26
and HUVEC cells by osimertinib (Supporting Information
Fig. S4A), the functional roles of osimertinib were investigated
in vivo. As shown in Fig. 4A, low-dose osimertinib (1 mg/kg, daily
covalently modified by osimertinib. (G) Concentration of osimertinib in m

CD31e non-endothelial cells at 4 h after osimertinib treatment (25 mg/k

(25 mg/kg) by oral gavage; after 4 h, the mice were sacrificed and lysate

tumors were used for GAPDH enzyme activity assay. n Z 5. (I) Immunobl

vehicle for 4 h in CD31þ endothelial cell lysates from mouse transplanted

in the indicated species. (K) DARTS confirmed that GAPDH could not

(100 mmol/L) treatment for 2 h. Statistical analysis by unpaired Student’s
for 14 days by oral gavage) markedly inhibited the tumor growth
in MC38 tumor-bearing mice. Compared with vehicle group, the
tumor volumes in osimertinib group were reduced by 55.88% at
the end point of the study. Furthermore, the average weight of
tumors from osimertinib group was significantly decreased
(Fig. 4A). Osimertinib also extended the survival of the mice
[Median (50%) survival: vehicle group, 22 days and osimertinib
group, 27.5 days] (Fig. 4B). Similar effects of osimertinib on
CT26 tumors were also observed in xenograft mice (Fig. 4C).
These findings indicate that osimertinib gives rise to remarkable
survival benefits in mouse models of colon cancer.

Immunohistochemistry confirmed that osimertinib treatment
significantly decreased the proliferation of tumor cells in CRC
mice, as reflected by the reduction in Ki67þ cell percentage (Fig.
4D). Notably, while cell death labelled by cleaved caspase-3
(CC3) antibody was rarely observed in vehicle group, osimertinib
significantly increased cell death (Fig. 4E). Because osimertinib did
not affect cell viability of any colon cancer cells or ECs with
plasma concentration (Fig. 2G and Fig. S4A), osimertinib-mediated
cancer cell death did not account for direct effect. In addition, the
blockade of the glycolytic flux in TECs treated with osimertinib
was verified (Fig. S4B and S4C). Collectively, these data suggest
that low dose osimertinib significantly increases overall survival
through inducing regression of colon cancer.

3.5. Osimertinib ameliorates tumor angiogenesis and triggers
antitumor-macrophages infiltration

To explore the effects of osimertinib on tumor vessels in vivo, flow
cytometry and immunostaining were performed. Blood vascular
density was significantly decreased in tumor tissues from osi-
mertinib group (Fig. 5A and B). In line with this, flow cytometry
analysis showed that osimertinib decreased the number of
CD45eCD31þ vascular ECs from the tumors in mice (Fig. 5C). In
analysis of structural changes of tumoral vessels, osimertinib
group showed an increase in a-SMAþ pericyte coverage around
tumor vessels (Fig. 5A and D). In addition, immunofluorescence
staining revealed that osimertinib markedly reduced GLUT1
(alternative hypoxia marker) expression (Supporting Information
Fig. S5A). The reduction of tubulogenesis by osimertinib was
diminished or almost completely reversed by overexpression of
GAPDH in HUVECs (Fig. 5E and F). These results were also
confirmed by the migration assay of HUVECs (Fig. S5B). How-
ever, osimertinib failed to inhibit the length (Fig. 5G and H) and
number (Fig. 5I) of intersegmental vessels (ISVs) in zebrafish
embryos, which may be due to the different amino acid sequence
of GAPDH (C245V) in ECs of zebrafish. These results indicate
that low-dose osimertinib strikingly suppresses angiogenesis with
increased pericyte coverage of the remaining blood vessels via
alkylation of GAPDH at residue Cys245.

The suppression of angiogenesis along with the increased
pericyte coverage of tumor blood vessels is now considered as a
phenomenon of the improved vascular function in tumor, a
ouse plasma, whole tumor tissues, CD31þ tumor endothelial cells and

g) by oral gavage. n Z 5. (H) Mice were treated with osimertinib

s of CD45eCD31þ endothelial cells from mouse transplanted CT26

ot confirmed the stabilization of GAPDH by osimertinib (25 mg/kg) or

CT26 tumors in the DARTS assay. (J) Alignment of the GAPDH motif

bind with osimertinib in zebrafish embryos lysates after osimertinib

t-test or one-way ANOVA. Data are presented as mean � SEM.



Figure 3 GAPDH inactivation by osimertinib reduces aerobic glycolysis in TECs. (A) Comparison of ECAR in CD45eCD31þ endothelial

cells from transplanted CT26 tumors after treatment of mice with osimertinib (1 mg/kg) or vehicle daily for 14 days by oral gavage. (B)

Quantification of sequential compound injections measuring glycolysis, glycolytic capacity, glycolytic reserve and non-glycolytic acidification as

shown in (A). (C) HUVECs were treated with osimertinib or DMSO for 24 h after overexpression with GAPDH vector for 24 h. Glycolytic

intermediates were measured from lysates via LCeMS/MS. Heat map showed the blockade of the glycolytic flux at the level of GAPDH. (D)

Lactate levels of HUVECs treated as indicated in (C). (E) Glycolysis was measured via Seahorse extracellular flux analyzer in HUVEC as

indicated treatment. (F) Quantification of glycolysis, glycolytic capacity, glycolytic reserve and non-glycolytic acidification as shown in (E).

Statistical analysis by unpaired Student’s t-test or one-way ANOVA. Data are presented as mean � SEM (n Z 5). G6P, glucose-6-phosphate;

F6P, fructose-6-phosphate; GAP, glyceraldehyde-3-phosphate; DHAP, dihydroxyacetone phosphate; 3PG, 3-phosphoglycerate; 2PG,

2-phosphoglycerate and PEP, phosphoenolpyruvate.

Figure 4 Low dose of osimertinib leads to marked survival benefits and increased tumor necrosis in mouse CRC models. (A) Left, volume of

subcutaneous MC38 tumors treated with vehicle or osimertinib (1 mg/kg) daily for 14 days by oral gavage. Right, tumor weight at necropsy. (B)

KaplaneMeier survival curves of two indicated groups. (C) Left, volume of subcutaneous CT26 tumors in two indicated groups treated as (A).

Right, tumor weight at necropsy. Statistical analysis by unpaired Student’s t-test. (D) Left, representative images of Ki67 immunostaining and

nuclear staining of MC38 tumors in two indicated groups. Right, quantitative analysis of the relative nuclear Ki67 in vehicle group and osimertinib

group. Each dot indicates one tumor and represents the average of 5 images. n Z 8. (E) Left, representative images of cleaved caspase-3 (CC3)

staining (orange) and 40,6-diamidino-2-phenylindole (DAPI) nuclear staining (blue) of MC38 tumors in two indicated groups. Right, quantitative

analysis of the relative cell death in vehicle group and osimertinib group. Each dot indicates one tumor per mouse and represents the average of 5

images. n Z 8. Statistical analysis by unpaired Student’s t-test or log-rank test. Data are mean � SEM. Scale bar Z 100 mm.
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Figure 5 Osimertinib ameliorates tumor angiogenesis and triggers antitumor-macrophages infiltration. (A) Representative images of CD31

(green) and a-SMA (red) immunostaining, and DAPI nuclear staining (blue) of MC38 tumors treated with vehicle and osimertinib (1 mg/kg) daily

for 14 days by oral gavage. (B) Relative CD31þ area in tumors of two indicated groups. Each dot indicates one tumor per mouse and represents

the average of 5 images. n Z 8. (C) Total number of CD31þ cells from tumor in vehicle group and osimertinib group determined by flow

cytometry. n Z 6. (D) Relative proportion of a-SMAþ pericyte-covered blood vessels in tumors of two indicated groups. Each dot indicates one

tumor and represents the average of 5 images. n Z 8. (E) Representative images of endothelial tubular network in HUVECs treated with osi-

mertinib (1 mmol/L) or DMSO for 24 h after overexpression with GAPDH vector for 24 h. (F) Quantification of tubes in experiments as in (E). (G)

Representative photographs of the tail area of zebrafish embryos treated with osimertinib (1 mmol/L) or DMSO for 12 h. (H, I) Quantification of

filopodia length (H) and number of ISV (I) in experiments as in G. (J) Quantification of CD8þ T cells from MC38 tumors in vehicle group and

osimertinib group. (K) Ratio of CD8þ T cells to FOXP3þCD25þ regulatory T cells in MC38 tumors treated with vehicle or osimertinib. (L) Left,
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process referred to as “vascular normalization”3. Apart from
improving tumor oxygenation and drug penetration, vascular
normalization facilitates the trafficking and functions of immune
cells, including T cells, macrophages (MF), antigen-presenting
cells (APCs) in tumor29e31. Thus, the effects of osimertinib on
tumor immune microenvironment were further investigated.
Various immune cell subsets in tumors were analyzed by flow
cytometry (Supporting Information Fig. S6A and S6B). Osi-
mertinib remarkably increased the percentage of CD8þ T cells
(Fig. 5J), as well as the CD8/Treg (Foxp3þCD25þ) ratio
(Fig. 5K) in tumors. We also found that osimertinib increased
the absolute numbers of infiltration of CD8þ T cells especially in
the perivascular space of MC38 tumors (Fig. S6C). Both CD4þ

and CD8þ T cells in tumors from osimertinib group produced
more IFNg compared to those from vehicle group (Fig. S6D and
S6E). In addition, there were increased number of M1-like
macrophages following the treatment of osimertinib, but no
obvious changes in the local presence of APCs, myeloid-derived
suppressor cells (MDSCs), neutrophils, M2-like macrophages
and total MF (Fig. 5L). The combination of viSNE and heatmap
analysis of flow cytometric data revealed a complex cellular
landscape of MF with increased MHCII in osimertinib group
compared with vehicle group (Fig. 5M). Next, the average
mRNA level of GAPDH was used to estimate the cytotoxic T
lymphocyte (CTL) infiltration level in CRC from the GEO
database. It was found that high CTL level indicated improved
overall survival of CRC patients, but only when GAPDH was at
a low expression level (Fig. S6F and S6G). These observations
suggest that osimertinib may induce T cell infiltration or
recognition by antigen-presenting machinery of the macrophage
population.

We next determined whether osimertinib could convert the
immunosuppressive phenotype by repressing the glycolysis
pathway and the end product lactate in TECs. The lactate levels
were decreased in tumors treated with osimertinib (Supporting
Information Fig. S7A). In addition, the levels of VEGF and
TNFa (Fig. S7B and S7C) and the gene expression profiles
(Fig. S7D) revealed that osimertinib controlled M1-like/M2-like
macrophage recruitment or differentiation in tumors. To forge a
direct link between the lactate level and macrophage recruitment,
Boyden chambers were used to examine the migration of mac-
rophages derived from peripheral blood mononuclear cells
(PBMCs) of the same patient (Supporting Information Fig. S8A)
by plating them into the inserts with conditioned medium from
HUVECs in the lower wells. The transwell migration assay
demonstrated that the conditioned medium from HUVECs
increased the chemoattraction of M2-like macrophages compared
with M1-like macrophages (Fig. 5N). Furthermore, the
PhenoGraph of cellular distribution and clustering, as defined by tSNE1 a

group and osimertinib group. Data show all normalized viable single cells,

infiltrating immune (CD45þ) cells in Vehicle group and osimertinib group,

(CD45þCD11bþCD11cþMHCIIþ), MF (CD45þCD11bþGr-1�F4/80þ), M
M2-like macrophages (CD45þCD11bþGr-1�F4/80þCD11c�CD206þ

(CD45þCD11bþCD11ceGr-1þ). (M) Left, viSNE analysis of immune cell

expression of MHCII in MF. Right, flow cytometry analysis of the maj

tumors. (N) HUVECs were treated with osimertinib (1 mmol/L) or DMSO

LPS-activated M1-like or IL-4-activated M2-like macrophages attracted by

HUVEC-CMOS and treated with osimertinib (1 mmol/L) or DMSO, additio

shown. (EeN) n Z 5. Statistical analysis by unpaired Student’s t-test

bar Z 100 mm.
conditioned medium from osimertinib-treated HUVECs restored
the migration of M1-like macrophages. Interestingly, osimertinib
was not able to directly chemoattract M1-like macrophages. Either
GAPDH overexpression (Fig. S8B) or lactate treatment (Fig. S8C)
abolished the effect of osimertinib on the increased M1-like
macrophage migration, suggesting that osimertinib increased the
recruitment of M1-like macrophages by inhibiting lactate secre-
tion derived from ECs.

Altogether, these results indicate that osimertinib acts as a
GAPDH mitigator that favors the tumor blood vessel pruning and
antitumoral macrophages infiltration in CRC, independently of its
mutant-EGFR inhibition.

3.6. The antitumoral activity of osimertinib is macrophage-
dependent in the mouse CRC model

As mentioned above, osimertinib normalized the existing blood
vessels and favorably improved the infiltration of immune cells.
To solidify the role of osimertinib in the enhancement of immune
response in CRC, MC38 tumor-bearing Rag1�/� mice were used.
Osimertinib treatment in Rag1�/� mice partially delayed the
tumor growth, but there were no significant differences in the
tumor volume (Fig. 6A) or tumor weight (Fig. 6B) between
vehicle group and osimertinib group. However, osimertinib still
decreased the vascular density and increased a-SMAþ pericyte
coverage on tumor vessels in Rag1�/� mice (Fig. 6CeE). In
addition, immunostaining showed that osimertinib had no signif-
icant effect on the proliferation and apoptosis of tumor cells
compared with the vehicle group (Fig. 6F and G). To further verify
whether CD8þ CTLs were prerequisite effector cells responsible
for the tumor inhibition by osimertinib, CD8þ T cells were
depleted by CD8-antibodies in MC38 tumor-bearing mice treated
with osimertinib. Indeed, compared with vehicle group, osi-
mertinib showed little inhibition of the tumor growth after CD8þ

T cells depletion (Fig. 6H). Furthermore, osimertinib did not
provide substantial survival benefits in the above mouse model
(Fig. 6I). These results suggest that antitumor effect of osimertinib
is dependent on CD8þ T cell response.

Given the therapeutic effect of osimertinib on driving the
infiltration of M1-like macrophages, we proposed that macro-
phages induced the infiltration of CD8þ T cells. To verify this
hypothesis, macrophages were depleted in vivo using antibodies
against CSF-1. Similar results were obtained that CSF-1
depletion strategy abrogated the efficacy of osimertinib on
tumor growth (Fig. 6J) and survival (Fig. 6K) in the trans-
planted MC38 tumors. These data suggest that activated mac-
rophages are indeed required for the antitumoral effect of
osimertinib.
nd tSNE2, colored by cellular phenotype of MC38 tumors in vehicle

subjected to the PhenoGraph algorithm. Right, quantification of tumor-

assessed by flow cytometry. Cell populations were identified as APCs

1-like macrophages (CD45þCD11bþGr-1�F4/80þCD11cþCD206�),
), MDSCs (CD45þCD11bþGr-1þF4/80e), and neutrophils

s from vehicle group and osimertinib group tumors colored by relative

or histocompatibility complex class II (MHCII) on MF from MC38

in serum-free medium for 12 h. Left, statistical analyses of migrated

conditioned medium (100 �C, 5 min) from either HUVEC-CMDMSO or

nally. Right, representative images of Transwell migration assays are

or one-way ANOVA. Data are presented as mean � SEM. Scale



Figure 6 The antitumoral activity of osimertinib is macrophage-dependent in the mouse CRC model. (A) Volume of subcutaneous MC38

tumors form Rag1�/� mice in two indicated groups. n Z 6. (B) Tumor weight at necropsy in two indicated groups treated as A. n Z 6. (C)

Representative images of CD31 (green) and a-SMA (red) immunostaining, and DAPI nuclear staining (blue) of tumors in vehicle group and

osimertinib group. (D) Relative CD31þ area in tumors of two indicated groups. Each dot indicates one tumor per mouse and represents the

average of 5 images. (E) Relative proportion of a-SMAþ pericyte-covered blood vessels in tumors of two indicated groups. Each dot indicates one

tumor and represents the average of 5 images. (F) Left, representative images of Ki67 immunostaining (green) and nuclear staining (blue) of

tumors in two indicated groups. Right, relative nuclear Ki67 in vehicle group and osimertinib group. Each dot indicates one tumor and represents

the average of 5 images. (G) Left, representative images of cleaved caspase-3 (orange) and DAPI nuclear staining (blue) of tumors in two

indicated groups. Right, relative cell death in vehicle group and osimertinib group. Each dot indicates one tumor per mouse and represents the

average of 5 images. (H, J) Top, schematic of the workflow for treatment as indicated. Bottom, growth curves of individual tumors from indicated

groups. (I, K) KaplaneMeier survival curves of mice treated as indicated. (DeK) n Z 5. Statistical analysis by unpaired Student’s t-test or log-

rank test. Data are presented as mean � SEM. Scale bar Z 100 mm.
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3.7. Osimertinib and PD-1 blockade produces the synergistic
effect on the antitumor activity in the CRC patient and mouse
model

Tumor blood vessel imaging revealed a direct correlation between
osimertinib and the expression of PD-L1 on TECs in the trans-
planted MC38 tumors (Fig. 7A). Furthermore, flow cytometry
analysis showed that osimertinib raised the PD-L1 expression in
CD45�CD31þ ECs of tumors (Fig. 7B).

Next, we investigated whether osimertinib could be an immune-
enhancer for PD-1 antibody. Single treatment with anti-PD-1 (100 mg
per body intraperitoneally) had no therapeutic effect (Fig. 7C).
Notably, osimertinib potently synergized with anti-PD-1 therapy in
reducing mouse tumor burden (Fig. 7C). The administration of anti-
PD-1 and osimertinib significantly increased the survival compared
with anti-PD-1 alone (Fig. 7D), indicating that the combination
therapy could successfully elicit antitumor immunity. Additionally,
we did not observe any body weight loss of mice in the combination
treatment group (Supporting Information Fig. S9A). Collectively,
these data demonstrated that osimertinib in combination with anti-
PD-1 antibody potentiates the antitumor effect in the CRC mouse
model.

Based on the therapeutic effect of osimertinib in combination
with PD-1 antibody in mice, the possible efficacy and toxicity in
CRC patients were further investigated. A 53-year-old patient
underwent a radical resection of colon cancer, and the post-
operative pathological stage was pT3N1M0 (IIIB). After four
cycles of adjuvant chemotherapy with capecitabine and oxalipla-
tin, pulmonary metastases occurred in the patient. He then
received multi-line treatments with irinotecan, 5-fluorouracil,
raltitrexed, bevacizumab and regorafenib, but the metastatic foci
were not effectively attenuated. Considering the negative PD-L1
Figure 7 Osimertinib and PD-1 blockade produces the synergistic effec

Representative images of CD31 (red) and PD-L1 (green) immunostainin

osimertinib group. (B) Flow cytometry analysis of PD-L1 expression in CD

(C) Top, schematic of the workflow for treatment as indicated. Bottom, gr

survival curves of mice treated as indicated. (C, D) nZ 5. Statistical analys

are presented as mean � SEM. Scale bar Z 100 mm.
expression, low tumor mutation burden (TMB) and microsatellite
stability (MSS) phenotype in the tumor (Fig. S9BeS9D), the
patient was treated with osimertinib plus sintilimab (PD-1 anti-
body). Surprisingly, the lung metastatic foci shrank significantly
after four cycles without any obvious adverse reactions (Fig. S9E).
On the basis of this case, we can speculate that osimertinib
combined with PD-1 antibody might be a potential regimen for
MSS CRC patients who relapse after multi-line therapy.

4. Discussion

The sprouting of new blood vessels executes an insidious ability to
nourish expansive growth of cancer cells from nearby vessels of
neighboring nonmalignant tissues in solid tumors32. Endothelial
hyperglycolysis is an important metabolic signature that meets the
needs of rapid proliferation and increased motility in cancer, and
dictates the drug target to the treatment33,34. Previous studies have
focused on eradicating glycolysis in ECs35,36, while normalizing
hyperglycolysis back to basal condition has remained an un-
charted territory. ECs could reprogram metabolic adaptations,
including fatty acid metabolism, serine metabolism, glutamine
and asparagine metabolism, for angiogenesis after glycolysis
blockade19. Thus, it is important to study the normalization of
endothelial metabolism in solid tumors.

In the present study, we confirmed that endothelial glycolysis
was relatively high in the tumor stromal compartment compared
with glycolysis in the adjacent tissue compartment in the clinical
CRC patients and mouse models. GAPDH is a key stimulator of the
metabolic switch in the glycolytic pathway, which is profoundly
needed only in wildly proliferating cells37. Through screening FDA-
approved kinase and non-kinase inhibitors, we identified a glycolytic
mitigator osimertinib that inactivated GAPDH by modifying the
t on the antitumor activity in the CRC patient and mouse model. (A)

g and DAPI nuclear staining (blue) of tumors in vehicle group and

45eCD31þ endothelial cells of tumors in two indicated groups. nZ 6.

owth of individual tumors from indicated groups. (D) KaplaneMeier

is by unpaired Student’s t-test, one-way ANOVA or log-rank test. Data
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residue Cys247. In line with our study, Samson and colleagues38

provided the evidence that GAPDH diminished glycolytic activity,
when it possessed cysteine-free variant (C152S, C156S, and C247S).

Up to now, there are 62 protein kinase inhibitors and a lot of
small molecule non-kinase inhibitors approved by the FDA39.
However, major acquired resistance has been observed after
several months of treatment40. We intended to explore new ther-
apeutic effects of FDA-approved drugs. Osimertinib, a third
generation of EGFR-TKI, is an irreversible orally available
indole-pyrimidine derivative41. It has been approved for treatment
of advanced or metastatic non-small cell lung cancer (NSCLC)
patients with EGFR L858R mutation or T790M mutation in
clinic42. Moreover, osimertinib has shown favorable efficacy over
erlotinib or gefitinib in EGFR-positive NSCLC patients with brain
metastases43. Nevertheless, acquired resistance to osimertinib
occurs in almost all patients after 10e12 months of treatment44. In
addition, there are not many patients with NSCLC treated with
osimertinib, because only EGFR T790M mutates after TKI
resistance in NSCLC patients45. Our data identified a novel
combination strategy to extend the tolerability of osimertinib.

Metabolic normalization is receiving increasing attention as an
alternative therapeutic strategy19. Compared with the glycolytic
inhibitors 3PO or Compound 3K, which completely eliminate
glycolysis in all proliferating TECs36,46, osimertinib works as a
specific mitigator of endothelial glycolysis in anti-angiogenesis,
without affecting normalized glycolysis. Under the treatment with
very-low-dose osimertinib (1 mg/kg), TECs acquired maturation
and quiescence. Our ECAR assay showed that osimertinib sub-
stantially normalized the glycolysis level in mTECs, which was
consistent with that of mNECs in the preclinical study. It was
conceivable that ECs integrated into the vessel wall and stimulated
pericyte coverage by osimertinib. However, most previous preclin-
ical and clinical studies tended to use high-dose osimertinib for
directly killing tumor cells47,48, but they switched the endothelial
metabolism. This provides another rationale for osimertinib resis-
tance. Meanwhile, our data explained the results of Akamatsu’s
Figure 8 Diagram depicting the changes in tumor microenvironment t

cation in CRC. Figure created with BioRender (https://biorender.com).
study49, which showed that the combination of osimertinib with
bevacizumab failed to prolong the progression free survival (PFS) in
patients compared with osimertinib monotherapy, by proving the
new role of osimertinib in anti-angiogenesis.

This discovery that osimertinib emerges as a potential glyco-
lytic normalized drug might allow the design of better combina-
tional treatments, including therapy of immunometabolism. We
hypothesized that osimertinib could trigger overall antitumor
immunity response. Indeed, we found that osimertinib facilitated
the activated CD8þ CTL trafficking and subsequently increased
the CD8/Treg ratio. In addition, osimertinib induced M1-like
macrophage infiltration and extensive tumor necrosis in mouse
CRC models, which enhanced the cross-priming capacity for
tumor-specific T cell activation. The above results supported the
notion that normalization of tumor blood vessels not only allowed
for T cell extravasation, but also recruited innate immune cells,
thereby promoting the deployment of antitumor immunity50,51.

Next, we demonstrated that the antitumor efficacy of osi-
mertinib disappeared in Rag1�/� mouse, which cannot generate
mature T and B cells, while the inhibition of angiogenesis by
osimertinib still existed. Besides, depletion of CD8þ T cells or
macrophages by neutralizing antibodies abrogated the efficacy of
osimertinib in the mouse CRC models. These observations sug-
gested that macrophages might mediate crucial antitumor re-
sponses induced by osimertinib in the context of antiangiogenic
therapy. Our study enhanced the current understanding of anti-
angiogenic therapy combined with immunotherapy6. Another
intriguing finding was the increased M1-like macrophage
recruitment by osimertinib. These data could be explained by
reduced lactate secretion due to osimertinib treatment through
normalizing glycolysis in TECs. Although previous observations
shown that lactate delivery resulted in M2-like macrophages po-
larization13, our data revealed that endothelial lactate inhibited
M1-like macrophage infiltration into the tumor microenvironment.

Accumulating studies showed that lactate was critical for
facilitating tumor cell immune escape through maintaining
riggered by endothelial GAPDH inactivation via osimertinib modifi-

https://biorender.com
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immunosuppressive function of Tregs and tumor-associated
macrophages52e54. However, whether ECs or tumor autonomous
lactate is more essential depends on the different caner type33.
Here, we showed that osimertinib exhibited a high distribution in
tumor, predominantly in TECs compared with other cells in the
tumor tissues of the mouse CRC model. Thus, we inferred that the
reduction of lactate in tumors apparently relied on TECs.

In the osimertinib monotherapy experiments, we observed that
very-low-dose osimertinib (1 mg/kg) markedly extended the sur-
vival and delayed tumor growth, whereas upregulation of endo-
thelial PD-L1 induced by IFNg from activated T cells caused a
limited antitumor immune effect55. In our preclinical part of the
study, we uncovered that osimertinib in combination with PD-1
antibody had synergistic antitumor activity. Notably, our clinical
results further supported the hypothesis. Namely, lung metastatic
foci of a CRC patient disappeared rapidly after the combination
treatment with osimertinib and sintilimab. Although clinical data
was intriguing, we have also noticed a large number of studies
have found that the combination of TKI and anti-PD-L1 were
terminated due to a 40% pneumonitis rate in lung cancer56. Ac-
cording to EGFR mutations affect the tumor microenvironment in
NSCLC, EGFR mutation may be one of the causes for severe
pneumonia following the combination of TKI and anti-PD-L157.
So we emphasize that the preliminary human study requires larger
sample sets and prospective analyses.

5. Conclusions

Our findings demonstrated that TECs exploited higher glycolytic
characteristics to establish immunometabolic microenvironment
for suppressing immune surveillance. Osimertinib-induced alkyl-
ation of the residue Cys247 of GAPDH in TECs functionally
normalized hyperglycolysis back to baseline level, and subse-
quently reduced lactate secretion. Osimertinib can be effective in
boosting anti-angiogenesis effects, as well as subsequent re-
sponses to metabolic immunotherapy. This study provides a po-
tential strategy to enhance immunotherapy by targeting the
abnormal metabolism of TECs (Fig. 8).
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