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The effect of immunotherapy is limited by oncometabolite D-
2-hydroxyglutarate (D2HG). D2HGDH is an inducible enzyme
that converts D2HG into the endogenous metabolite 2-oxoglu-
tarate. We aimed to evaluate the impairment of CD8 T lympho-
cyte function in the high-D2HG environment and to explore
the phenotypic features and anti-tumor effect of D2HGDH-
modified CAR-T cells. D2HG treatment inhibited the expan-
sion of human CD8 T lymphocytes and CAR-T cells, increased
their glucose uptake, suppressed effector cytokine production,
and decreased the central memory cell proportion. D2ZHGDH-
modified CAR-T cells displayed distinct phenotypes, as
D2HGDH knock-out (KO) CAR-T cells exhibited a significant
decrease in central memory cell differentiation and intracel-
lular cytokine production, while D2ZHGDH over-expression
(OE) CAR-T cells showed predominant killing efficacy against
NALMBS6 cancer cells in high-D2HG medium. In vivo xenograft
experiments confirmed that D2HGDH-OE CAR-T cells
decreased serum D2HG and improved the overall survival of
mice bearing NALM6 cancer cells with mutation IDH1. Our
findings demonstrated that the immunosuppressive effect of
D2HG and distinct phenotype of D2HGDH modified CAR-T
cells. D2HGDH-OE CAR-T cells can take advantage of the
catabolism of D2HG to foster T cell expansion, function, and
anti-tumor effectiveness.

INTRODUCTION

The treatment of relapsed and refractory hematopoietic malignancies
remains challenging despite advancements in immunotherapy and
targeted therapy.' Specifically, chimeric antigen receptor (CAR)-
modified T cell therapy targeting CD19 has demonstrated substantial
efficacy in highly refractory hematologic malignancies; thus, applica-
tion of this therapeutic approach is currently the hope for patients
when the standard cancer treatment fails."*> CAR-T cell therapy
works by harnessing the host immune system via importing a func-
tional domain in an antigen-specific manner to recognize and elimi-
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nate cancer cells through direct cytolytic function and indirect induc-
tion of the destruction of tumor cells by external inflammatory
stimuli.” However, this strategy remains challenging, since immune
cells can develop tolerance within the tumor microenvironment
(TME).*” Active research is now underway to overcome the resis-
tance of the “immunologically cold” TME by uncovering key mole-
cules that impair the cytotoxicity of CAR-T cells to cancer cells.*”

Metabolic reprogramming in lymphocytes is accomplished by pheno-
typic shifts in T cell-specific function, differentiation, expansion, and
fate.® D-2-hydroxyglutarate (D2HG) is an oncometabolite in the
TME and has emerged as a critical regulator of tumorigenesis, mainte-
nance, genetic instability, and ultimately malignant transformation.”°
D2HG is produced via somatic gain-of-function mutations in IDH1/2
in cancer cells in the TME and is now recognized as an immunosup-
pressive mediator.'' Previous studies have revealed that D2HG treat-
ment impaired activated T cell migration, proliferation, and cytokine
secretion.'” I vivo experiments showed that mice bearing mutational
IDH1 gliomas displayed accumulated D2HG, down-regulated leuko-
cyte chemotaxis, and reduced immune cell infiltration of macrophages,
monocytes, and neutrophils."® Clinical evidence revealed that D2HG
concentration could be significantly increased up to the millimole level
in IDH1-mutant leukemia and glioma patients.'*'” These patients with
mutational IDH1 quickly develop tolerance to immunotherapy and
have a poor prognosis.''” In this research study, we modified a
CAR vector to metabolize high accumulated D2HG and subsequently
evaluated its effectiveness against anti-tumor activities in a metaboli-
cally immunosuppressive TME.
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Figure 1. Phenotypic characteristics of CD8+ T cells treated with D2HG

(A) Flowchart showing the strategy for experimental D2HG treatment on CD8+ T lymphocytes.

(B) Representative FACS plots showing CD8 and CD45RO with gating selection of activated T lymphocytes.

(C) Representative FACS plots showing CFSE with gating selection of proliferating cells after different concentration of D2HG treatment for 3 days from 3 biological replicates
for each group.

(D) Histogram showing the cell proliferating differences after gradient final concentration of D2HG.

(E) Representative FACS plots showing 2-NBDG with gating selection of glucose uptake after different concentration of D2HG treatment from 3 biological replicates for each
group.

(F) Histogram showing the glucose uptake differences after gradient final concentration of D2HG.

(G) Representative FACS plots showing CD45RO versus CD62L for the memory subset after D2HG treatment of 500 uM from 3 biological replicates for each group. Dif-
ferences of memory cell subsets are labeled in the histogram.

(H) Representative FACS plots showing CD8 versus the intracellular cytokines IFN-y, TNF-a, and lytic granule protease granzyme B after 500 uM D2HG treatment from 3
biological replicates for each group. Differences are labeled in the histogram.

() Representative FACS plots showing PD-1 and Tim-3 for CD8 T cells after 500 uM D2HG treatment from 3 biological replicates for each group. Differences are labeled in the
histogram. The data and statistical results are in Table S1.

RESULTS

Phenotypic characteristics of CD8+ T cells treated with D2HG

It was reported that D2HG could accumulate up to millimole levels
in cancer cells through gain-of-function of IDH1/2 mutations.'*"
To verify the effects of D2HG on CD8" T lymphocyte proliferation,
activation, cytotoxicity, and differentiation, we isolated peripheral
blood mononuclear cells (PBMCs) from healthy donors, purified
CD8+ T lymphocytes through positive selection, and treated the pu-

rified cells with D2HG (Figure 1A) in accordance with the related
protocol.'®' After incubation with anti-human CD3/CD28 anti-
body-coated microbeads, CD8" T lymphocytes were activated, as
indicated by positive CD45RO expression (Figure 1B). Activated
T cell proliferation is susceptible to glucose metabolism; thus, we
measured the proliferation by a carboxyfluorescein succinimidyl
ester (CFSE) assay. To reveal the metabolic intervention effect, we
added D2HG stock solution to the medium to form a series of
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D2HG solutions with concentrations ranging from 100 to 10 mM.
After purified CD8+ T lymphocytes had been cultured for 5 days,
the T cell proliferation was significantly inhibited after D2HG treat-
ment, and there was a concentration-effect relationship of D2HG on
the inhibition of T cell proliferation (Figures 1C and 1D). Activation
of CD8+ T lymphocytes relies on glycolytic metabolism to sustain
effector function, as glucose is the primary source of energy.”’
Glucose uptake was then measured by a 2-NBDG assay after the pre-
liminary experiment (Figure 1E). We found that glucose uptake was
significantly increased when the final concentration of D2HG
reached above 100 pM (Figure 1F). Moreover, 500 uM D2HG treat-
ment resulted in scattered 2-NBDG-positive cells. The D2HG con-
centration of 500 pM was a physiologically relevant concentration
and was thus used for the following experiments. The unique meta-
bolic characteristics of T cell were associated with memory subsets;
thus, we investigated the protein expression of CD62L and CD45RO
after treatment with 500 uM D2HG for 7 days. A typical FACS plot
depicted an increased effector memory cell (Tem, CD45RO *
CD62L") proportion and a decreased central memory cell (Tcm,
CD45RO " CD62L") proportion from 3 different biological duplica-
tions (Figure 1G). Previous studies reported that memory cell sub-
sets were related to intracellular metabolism and functional proper-
ties.”' Then, we treated activated CD8+ T lymphocytes with D2HG
solution and found that 500 uM D2HG suppressed effector cytokine
production, as intracellular cytokine IFN-y*, TNF-a" and lytic
granule protease granzyme B cells were significantly decreased
when the cells were cultured for more than 7 days (Figure 1H).
Furthermore, D2HG treatment resulted in significantly increased
proportions of PD-1- and TIM-3"positive cells when they were co-
cultured with NALMG6 cells for 7 days (Figure 1I).

CAR-T cell-mediated cytotoxicity was impaired in high-D2HG
medium

To evaluate CAR-T cell-mediated cytotoxicity in high-D2HG medium,
we used second-generation anti-CD19 CAR-T cells (Figure 2A). CAR
expression was detected with an anti-FLAG-tag antibody. It was found
that CAR-T cells gradually decreased from approximately 70% on day
3-to 20% on day 14 (Figure 2B). Interestingly, CAR-positive cells were
dispersible before day 10 and scattered beginning on day 14. The scat-
tered CAR-positive cells were sorted and cultured. On day 7, cells were
harvested for the detection of CD3e protein expression using western
blotting (Figure 2C). CD8+ T cells expressed only endogenous CD3e,
whereas CAR-T cells expressed monomeric CD3e and dimeric
CD3¢” (Figure 2C). This indicated that CAR expression was consistent
with the FACS results. Moreover, CAR expression in CD8+ T lympho-
cytes resulted in a slightly increased percentage of apoptotic cells after
culturing for 14 days (Figure 2D).

We then evaluated CAR-T cell-mediated cytotoxicity through co-
culture of effector anti-CD19 CAR-T cells and target NALM6 can-
cer cells (with high CD19 expression) at different ratios. To detect
the lysis of cancer cells, a lentivirus carrying luciferase-green fluo-
rescent protein (GL) was introduced through lentiviral inocula-
tion, and NALMG6-GL monoclonal stable cell lines were then
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generated and sorted. As predicted, approximately 84% of the
target cancer cells were lysed by effector CAR T cells at an
effector-to-target ratio of 1:1 when co-cultured for 24 h, and the
lysis rate gradually decreased when the effector CAR T cell propor-
tion decreased (Figure 2E). This indicated that our CAR-T cells
effectively killed target NALM6 cancer cells. However, when we
added D2HG to a final concentration of 500 uM into the medium,
the proportion of lysed cancer cells significantly decreased
compared with the normal medium at all effector-to-target ratios.
Cells co-cultured at an effector-to-target ratio of 1:1 were washed
and used to verify the CAR-T cell and cancer cell proportions (Fig-
ure 2F). None of the cancer cells expressed CD8 or DYKDDDDK
(FLAG tag)-CAR, whereas CAR-T cells exhibited high expression
of CAR and CDS8. It was noted the CAR-T cell proportion was
approximately 87.8% in normal medium and 70.9% in high-
D2HG medium. After antigenic stimulation, the formation and
development of different memory subsets were measured. D2HG
treatment resulted in a significant decrease of Tcm after co-culture
of CAR-T cells with NALM6 cells for more than 7 days (Figures
2G and 2H). This was consistent with previous results that high
D2HG inhibited the formation of Tcm cells.

Catabolism of D2HG by D2HGDH over-expression enhanced
CAR-T cell-mediated cytotoxicity

To overcome the immunosuppressive effect of D2ZHG on CD8+ T
lymphocytes and CAR-T cells, we analyzed the catabolic pathway
of D2HG and regulatory proteins. The metabolic pathway analysis
points enzyme D2HGDH, since it catalyzes irreversible catabolism
of D2HG. Several studies have focused on the value of D2HGDH
for the treatment of D-2-hydroxyglutaric aciduria.”> D2HGDH en-
codes D-2-hydroxyglutarate dehydrogenase and participates in reac-
tions that produce energy for cell activities.”* Specifically, D2HGDH
converts D2HG into 2-oxoglutarate, which is an intermediate metab-
olite of the citrate cycle.”> Across two independent experiments, we
produced D2HGDH-over-expression (OE) and D2HGDH-knock-
out (KO) CAR-T cells. First, we obtained the cDNA sequence of
D2HGDH and added T2A before the sequence. Then, we designed
oligos with restriction sites and synthesized the oligos. The T2A-
D2HGDH ¢DNA products were cloned through PCR amplification,
and cDNA was inserted into a digested CAR shuttle plasmid. After-
ward, we produced D2HGDH-OE CAR-T cells with the previously
described CAR-T cell production process. D2ZHGDH-KO CAR-T
cells were produced through CRISPR/CAS9-mediated knock-out
and ribonucleoprotein (RNP) delivery methods in CAR-T cells. A
schematic illustration of the anti-CD19 CAR tandem gene cDNA
construct is included, and the experiment strategy is shown (Fig-
ure 3A). There was similar high-CAR expression among the
D2HGDH -modified CAR-T cells (Figure 3B). The mRNA expression
of D2HGDH in CAR-T cells was similar to that in CD8+ T lympho-
cytes but was significantly decreased in the D2HGDH-KO group and
increased in the D2HGDH-OE group (Figure 3C). The protein
expression of D2ZHGDH showed consistent results of the mRNA
expression (Figure 3D). To confirm the KO of D2HGDH in CAR-T
cells, we extracted DNA from cells and added the T7E1 enzyme to
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Figure 2. CAR-T cell-mediated cytotoxicity was impaired in high-D2HG medium
(A) Flowchart showing the strategy for CAR-T cell production, phenotype analysis, and killing assay.
B) Representative FACS plots of CAR expression in CD8+ T lymphocytes.

D) Representative FACS plots showing annexin V and 7-AAD with gating selection of apoptotic cells.

(
(
(C) Western blot analysis showing endogenous CD3e, monomeric CD3e, and dimeric CD3e in CD8 and CAR-T cells.
(
(

E) Lysis of cancer cells in normal medium and in 500 uM D2HG medium at different effector CAR-T cell-to-target NALM6-GL cell ratios. Each groups included 5 biological

replicates.

(F) Representative FACS plots showing CD8 and CAR for surviving cells in the killing assay. Most cancer cells were killed, and the surviving cells were mostly CAR-T cells.
(G) Representative FACS plot based on CD62L and CD45RO for surviving cells in the killing assay and the memory subset from 3 biological replicates for each group.
(H) Histograms of memory cell subsets at different times and the differences are marked. The data and statistical results are in Table S2.

catalyze the cleavage of DNA mismatches.*® Digestion of the ampli-
con yielded fragments of ~200 and ~400 bp in addition to the
parental band of ~650 bp. The T7E1 mismatch cleavage assay showed
a high-DNA mismatch for D2HGDH in CAR-T cells and indicated
high KO of D2HGDH (Figure 3E). A CFSE-based proliferation assay
showed that D2HGDH-KO resulted in a significant delay in CAR-T
cell expansion, whereas OE of D2HGDH resulted in a significant ac-

celeration of CAR-T cell expansion (Figure 3F). A glucose uptake
assay utilizing 2-NBDG indicated accelerated CAR-T cell metabolism
in the D2HGDH-KO group and similar glucose uptake in the
D2HGDH-OE group compared with the CAR-T cell group (Fig-
ure 3G). The release of the effector cytokines IFN-y and TNF-a
was decreased in D2HGDH-KO CAR-T cells but significantly
increased in D2ZHGDH-OE CAR-T cells (Figure 3H). This indicated
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Figure 3. CAR-T cell-mediated cytotoxicity was impaired in high-D2HG medium
A) Flowchart showing the strategy for D2HGDH-OE/KO CAR-T cell production, phenotype analysis, and killing assay.
B) Representative FACS plots of CAR expression after D2HGDH OE/KO, histogram displaying CAR-T cells percentage.

C) mRNA expression of D2HGDH after D2HGDH OE/KO.

(D) Western blot analysis showing the expression of D2HGDH after D2HGDH OE/KO.

F) Representative FACS plots showing CFSE with gating selection of proliferating cells from 3 biological replicates for each group. Differences are labeled in the histogram.
G) Representative FACS plots showing 2-NBDG with gating selection of glucose uptake from 3 biological replicates for each group. Differences are labeled in the histogram.

(
(
(
(E) Surveyor assay showing the DNA mismatches of D2HGDH in CAR-T cells after D2HGDH KO.
(
(
(

H) The release of the cytokines IFN-y and TNF-« into the supernatant was determined using ELISA, and differences are labeled in the histogram. Each group included 3

biological replicates.

(I) Lysis of cancer cells by D2HGDH-KO/OE CAR-T cells in normal medium and in 500 uM D2HG medium at different CAR-T cell effector-to-NALM6-GL target cell ratios.
Three biological replicates were used for the normal medium, and 4 biological replicates were used for the high-D2HG medium.
(J) Histogram of the CAR-T cell proportion in the D2HGDH-modified CAR-T cells among the surviving cells in the killing assay. The data and statistical results are in Table S3.

differential cytotoxicity of D2HGDH modified CAR-T cells. As pre-
dicted, in normal medium, D2HGDH-OE CAR-T cells showed pre-
dominant lysis of cancer cells, whereas D2ZHGDH-KO CAR-T cells
showed limited lysis of cancer cells (Figure 3I). Furthermore, in me-
dium supplemented with 500 uM D2HG, D2HGDH-OE CAR-T cells
also showed predominant lysis of cancer cells, whereas D2HGDH-
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KO CAR-T cells showed poor lysis of cancer cells. To reveal the effects
of the metabolite D2HG and enzyme D2HGDH on CAR-T cell-medi-
ated cytotoxicity, we compared the killing effect of D2HGDH-modi-
fied CAR-T cells in normal and high-D2HG media. Interestingly,
cancer cell lysis by normal CAR-T cells and D2HGDH-KO CAR-T
cells was decreased after co-culture in high-D2HG medium; however,
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Figure 4. D2HGDH-modified CAR-T cells have distinct phenotypic characteristics
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A) Representative Seahorse extracellular flux analysis of OCR of D2HGDH-modified CAR-T cells.

B) Histogram showed the differences of basic OCR and maximal OCR of D2HGDH-modified CAR-T cells.

C) Representative FACS plots showing CD62L versus CD45RO for the memory subsets from 3 biological replicates for each group after co-culture for 7 days.

D) Histogram showing the differences of memory cell subsets of D2HGDH-modified CAR-T cells.

E) Representative FACS plots showing PD-1 and Tim-3 for CAR-T cells from 3 biological replicates for each group after co-culture for 7 days.

(F) Histogram showing the differences of PD-1 and TIM-3 expression of D2HGDH-modified CAR-T cells.

G) Representative FACS plots showing CD8 versus the intracellular IFN-y and TNF-a. for specific cytokine-producing cells from 3 biological replicates for each group.

Histogram showing the differences of IFN-y- and TNF-a- positive cells of D2HGDH-modified CAR-T cells after co-culture for 7 days.

(H) Representative FACS plots showing CD8 versus the intracellular granzyme B for specific cytokine-producing cells from 3 biological replicates for each group. Histogram
showing the differences of granzyme B-positive cells of D2HGDH modified CAR-T cells after co-culture for 7 days.

() The intracellular concentration change of D2HG and 2-oxoglutarate from 3 biological replicates for each group. The data and statistical results are in Table S4.

D2HGDH-OE CAR-T cells killed almost all cancer cells when they
were co-cultured in a high-D2HG medium. The surviving resident
cells in high-D2HG medium from the killing assay were then used
to analyze the CAR-T cell proportions. Surviving cancer cells were
rare when the number of CAR-T effector cells was equal to that of
NALMG6-GL target cells after co-culturing for 24 h (Figure 3]). How-
ever, there was an obvious decrease of CAR-T cells in the groups of
CAR-T cells and D2HGDH-KO CAR-T cell groups when the co-
cultured effector CAR-T cell-to-target NALM6-GL cell ratio was
0.1:1. Notably, the relative stability of the D2HGDH-OE CAR-T cells
in high-D2HG medium indicated that D2ZHGDH-OE CAR-T cells
took advantage of the D2HG catabolism to adapt to the high-
D2HG environment.

D2HGDH-modified CAR-T cells have distinct phenotypic
characteristics

D2HG impaired CD8+ T lymphocyte and CAR-T cell glucose uptake,
expansion, and function, whereas D2HGDH-OE CAR-T cells ex-

hibited enhanced cytotoxicity in the high-D2HG medium. It was
reasonable to analyze the metabolic function through measuring ox-
ygen consumption rate (OCR). D2ZHGDH-modified CAR-T cells
showed different metabolic capacities due to their different basic
and maximal OCR (Figure 4A). Quantitative analysis displayed
similar basal OCR of both CAR-T cells and CD8+ T cells while
increasing basal OCR in D2ZHGDH-OE CAR-T cells and decreasing
basal OCR in D2HGDH-KO CAR-T cells (Figure 4B). It was noted
that CAR-T cells and D2HGDH-KO CAR-T cells showed signifi-
cantly increased maximal OCR, whereas D2HGDH-OE CAR-T cells
showed significantly decreased maximal OCR. These results indicated
the excellent metabolic adaptability of D2ZHGDH-OE CAR-T cells.
The metabolic characteristics of CAR-T cells shaped memory subsets,
since D2ZHGDH-KO and D2HGDH-OE resulted in significant de-
creases in central memory cells, while D2HGDH-OE also resulted
in significant increases in effector memory cells (Figures 4C and
4D). Interestingly, D2ZHGDH-KO in CAR-T cells resulted in signifi-
cant increases in the expression of PD-1 and TIM-3, whereas
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Figure 5. NALM6-mIDH1 cancer cells inhibit the
killing potential of CAR-T cells
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D2HGDH-OE resulted in significant decreases in the expression of
PD-1 and TIM-3 after being co-cultured with cancer cells for
7 days (Figures 4E and 4F). Intracellular cytokine staining results
showed different cytotoxicity of D2HGDH-modified CAR-T cells.
D2HGDH-KO CAR-T cells displayed a decreased producing poten-
tial of IFN-y and TNF-q, whereas D2ZHGDH-OE CAR-T cells dis-
played an increased producing potential of TNF-a after these CAR-
T cells were co-cultured with cancer cells for 7 days (Figure 4G).
Intracellular lytic granule protease granzyme B staining results
showed similar trends (Figure 4H). Moreover, we measured the intra-
cellular D2HG and 2-oxoglutarate and found that D2HGDH-KO
CAR-T cells accumulated about six times the D2HG, while
D2HGDH-OE CAR-T cells catabolized 93% of D2HG compared
with CAR-T cells (Figure 4I). The production of 1.86 times the 2-ox-
oglutarate in D2ZHGDH-OE CAR-T cells indicated the metabolic
adaptability of D2ZHGDH-OE CAR-T cells in the high-D2HG envi-
ronment. These results indicated that D2ZHGDH-OE CAR-T cells
took advantage of D2HG catabolism to drive the metabolism of 2-ox-
oglutarate as additional energy sources for their function of increasing
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as an experimental control to match the original

assays after co-culture for 48 h. With additional
D2HG supplements in the medium, D2ZHGDH-OE CAR-T cells
showed increasing killing potential against NALM6 cancer cells,
whereas D2ZHGDH-KO CAR-T cells exhibited inferior killing poten-
tial against NALM6 cancer cells (Figure 5A). It was interesting that
the import of mutational IDH2 into NALM6 cancer cells also
impaired the killing effect of CAR-T cells in normal medium (Fig-
ure 5B). Moreover, D2ZHGDH-OE CAR-T showed an outstanding
killing effect on NALM6-mIDH]1 cancer cells, whereas D2HGDH-
KO CAR-T showed an attenuated killing effect on NALM6-mIDH1
cancer cells. The intracellular D2HG concentration was measured us-
ing a LC/MS system. There was more accumulated D2HG in the
D2HGDH-KO CAR-T group, but less intracellular D2HG in the
D2HGDH-KO CAR-T group after the additional D2HG supplement
in the medium when co-cultured with NALM6 cancer cells (Fig-
ure 5C). The results were consistent with groups from co-culture of
D2HGDH-modified CAR-T and NALM6-mIDH1 cancer cells (Fig-
ure 5D). The absence of intracellular D2HG concentration in the
D2HGDH-OE CAR-T group indicated the catabolism of D2HG by
D2HGDH-OE CAR-T cells.
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D2HGDH-OE CAR-T cell treatment improved the survival of mice
bearing NALM6-mIDH1 tumors and extended the survival of
CAR-T cells in vivo

To evaluate the in vivo effects of D2ZHGDH-modified CAR-T cells on
mice, we designed animal experiments, as shown in a flowchart (Fig-
ure 6A). Mice bearing NALM6-mIDH1 cancer cells showed relatively
short survival compared with mice bearing wild-type (WT) NALM6
cancer cells (Figure 6B). Furthermore, three types of CAR-T cells
were injected into mice for treatment on day 3 after implantation of
NALM6-mIDHI1 cancer cells. CAR-T cell treatment could prolong
mouse overall survival, since anti-CD19 CAR-T cells could target the
CD19 antigen of NALM6-mIDH] cells. Furthermore, D2HGDH-OE
CAR-T cell treatment resulted in a significant improvement in survival,
whereas D2HGDH-KO CAR-T cell treatment resulted in significantly
shorter survival compared with only CAR-T cell therapy (Figure 6C).
The body weight of the D2HGDH-OE CAR-T cell treatment group
steadily increased, whereas that of the D2HGDH-KO CAR-T cell treat-
ment group decreased (Figure 6D). As expected, NALM6-mIDHI can-
cer cells could produce D2HG, whereas CAR-T cells therapy decreased
the serum D2HG level. Furthermore, D2ZHGDH-KO CAR-T cells ther-
apy did not significantly change serum D2HG levels, whereas
D2HGDH-OE CAR-T cells therapy significant decreased serum
D2HG levels compared with only CAR-T cell therapy (Figure 6E).
These results implied that D2ZHGDH-OE CAR-T cells enhanced their
anti-tumor effect through catabolism of D2HG. Serum cytokine levels
were measured using ELISA, and the results showed that CAR-T cell
treatment significantly enhanced cytotoxicity, as indicated by high
serum IFN-y, TNF-q, and IL-2 levels (Figure 6F). D2HGDH-OE
CAR-T cell treatment resulted in increased serum IFN-y, TNF-q,
and IL-2 concentrations, whereas D2HGDH-KO CAR-T cell treatment
resulted in decreased serum IFN-y, TNF-q, and IL-2 concentrations.
On day 14 after injection of CAR-T cells, blood was collected, and
circulating CAR-T cells were analyzed using FACS (Figure 6G). The
percentage of residual CAR-T cells was approximately 2.39% in the
CAR-T-cells-only treatment group. Conversely, the percentage of re-
sidual CAR-T cells was decreased to 0.11% in the D2HGDH-KO
CAR-T-cell-treated group, while increasing to 4.07% in the
D2HGDH-OE CAR-T-cell-treated group (Figure 6H).

DISCUSSION

In the present study, we confirmed that the high D2HG concentration
impaired CD8+ and CAR-T cell proliferation, glucose metabolism,
and cytokines production. D2ZHGDH-OE CAR-T cells took advan-
tage of their own metabolic adaptability in the high-D2HG environ-
ment to improve the anti-tumor effect in vitro and in vivo. D2ZHGDH-
OE in CAR-T cells displayed multiple distinct phenotypic character-
istics, including the formation and differentiation of effector memory
cells and enhanced cytokine production after antigen stimulation.

The field of immunometabolism has recently attracted growing atten-
tion.”” CAR-T cell-based immunotherapy has revolutionized im-
muno-oncology and highlighted the use of adoptive cell transfer for
the treatment of cancer. However, many patients fail to respond to
these therapies, and metabolic barriers in the TME mainly contribute

to T cell disorder.”® Cancer cells fuel their rapid growth and prolifer-
ation mainly via aerobic glycolysis.”” Activated T cells also undergo a
metabolic switch from oxidative metabolism to aerobic glycolysis.*’
Competition for glucose and amino acids between cancer cells and
immune cells impairs the proliferation of CD8 T cells and their devel-
opment of effector functions. The inadequate metabolism also leads
to the accumulation of metabolic waste or intermediate metabolites.
Oncometabolites derived from dysfunctional regulation of meta-
bolism result in multiple adverse effects. The oncometabolite
D2HG is considered a biomarker of poor prognosis in recognition
of its critical regulation of tumorigenesis, maintenance, genetic insta-
bility, and ultimately malignant transformation.’® It was reported to
impair T cell metabolic adaptation and function.'' "> Here, in vitro,
we elucidated the immunosuppressive characteristics of D2HG,
including impaired T lymphocyte proliferation, decreased intracel-
lular production of the cytokines, and inhibited effector memory
cell formation and differentiation. The effect of accumulated D2HG
defined the metabolic TME as immunologically cold. The catabolism
of D2HG is a fascinating strategy for immunotherapy.”'

The importation of exogenous genes would induce different meta-
bolic and phenotypic characteristics. It was known that the editing
of co-stimulatory factors of 4-1BB and CD28 in the second-genera-
tion CAR-T cells reprogram metabolic adaptability as well as differ-
entiation and exhaustion characteristics of CAR-T cells.’ In the pre-
sent study, we found that D2HGDH-modified CAR-T cells displayed
distinct phenotypic characteristics. D2HGDH-KO in CAR-T cells re-
sulted in significant inhibition of the differentiation of central mem-
ory cells, decreases in the production of cytokines IFN-y and TNF-q,
and lytic granule protease granzyme B and increases of PD-1 and
TIM-3 expression. In contrast, D2HGDH-OE in CAR-T cells
improved the CAR-T cell differentiation of effector memory cells
and enhanced the production of IFN-y, TNF-q, and granzyme B.
The phenotypic characteristics of D2HGDH-OE CAR-T cells were
consistent with the excellent cytotoxicity in high-D2HG medium.
These results prompted D2GHDH as an immune-regulated molecule,
since the modification of D2HGDH in CAR-T cells resulted in
distinct phenotypic characteristics.

Based on previous studies of the effects of D2HG on immunosuppres-
sion, D2HG was produced through mutated IDH1/2 and was found in
many cancer types, such as leukemia,>? glioblastoma,34 lung cancer,”’
and cholangiocarcinoma.”® Patients with IDH1/2 mutation showed
worse outcomes and shorter overall survival.’” Moreover, IDH1/2-
mutant patients were not sensitive to immunotherapy.”® IDH encodes
isocitrate dehydrogenases that catalyze the oxidative decarboxylation of
isocitrate to 2-oxoglutarate. IDH mutation resulted in a gain of func-
tion to catalyze 2-oxoglutarate into D2HG. D2HG was found only in
cancer patients with IDH mutations and gradually accumulated up
to the millimole level."*'” The most frequent mutation sites of
IDH1/2 were found to be R132 (IDH1) and R172 (IDH2), which
involve the active site and result in neomorphic enzyme activity. We
cloned IDHI1-mutant cancer cells and found that mice bearing IDH1
(R132H)-mutant cancer cells had shorter overall survival. The
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improved survival of D2HGDH-OE CAR-T cells and the poor survival
of D2HGDH-KO CAR-T cells proved that catabolism of D2HG is
beneficial for CAR-T cell therapy in IDH1/2-mutant cancer. The effec-
tiveness of D2HGDH-OE CAR-T cells in the treatment of IDHI-
mutant cancer was consistent with the increase in the CAR-T cell per-
centage and high production of IFN-y and TNEF-a.

On the basis of the fact that the phenotypic characteristics and
effector function of CD8+ T lymphocytes were impaired by the onco-
metabolite D2HG, we stated the hypothesis that catabolism of D2ZHG
would improve CAR-T cell-mediated anti-tumor activity. D2HGDH
modification was achieved through synthetic biology, such as intro-
duction of enzymes D2HGDH into CAR-T cells. Then, in vitro and
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In conclusion, D2HG accumulation in the body
restrained CD8+ T lymphocyte expansion,
increased glucose uptake, suppressed effector
cytokine production, and decreased the central memory cell propor-
tion. Catabolism of D2HG through D2HGDH-OE in CAR-T cells
enhanced anti-tumor activity by improving T lymphocyte expansion,
glucose uptake, cytokine production, and memory cell differentiation.
Moreover, D2HGDH-OE CAR-T cells took advantage of the catabo-
lism of D2HG to improve anti-tumor effectiveness through an in-
crease in the CAR-T cell proportion in an in vivo experiment. This
study not only demonstrated the effects of the oncometabolite
D2HG as an immunosuppressive mediator in the TME but also
explored the potential of D2HGDH-OE CAR-T cells for immuno-
therapy. D2HGDH-OE CAR-T cells take advantage of the catabolism
of D2HG to support T cell expansion and function, thus generating a
distinct phenotype for outstanding anti-tumor effectiveness.
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MATERIALS AND METHODS

Isolation and expansion of primary human T lymphocytes

This study was approved by the Human Research Ethics Board of the
Shanghai Jiao Tong University Affiliated Sixth People’s Hospital and
conformed to the Declaration of Helsinki. Informed consent was ob-
tained from participants. PBMCs were isolated from the blood of
healthy donors by using Ficoll-Hypaque (Sigma, St. Louis, MO,
USA) density gradient according to the manufacturer’s instructions.
T cells were positively selected from PBMCs using the MACS
CD8+ T cell Isolation Kit (Miltenyi Biotec, Bergisch Gladbach, Ger-
many) and activated using microbeads coated with anti-human
CD3 and anti-human CD28 antibodies at a 1:2 bead/cell ratio. The
cells were cultured at a density of 2 x 10° cells/mL for 2 days in
RPMI 1640 medium supplemented with 10% heat-inactivated fetal
bovine serum (FBS; GIBCO, Grand Island, NY, USA), 30 IU/mL re-
combinant human IL-2, 10 mM HEPES, 2 mM glutamine, and 1%
penicillin-streptomycin.

Recombinant vector constructs

The anti-CD19 CAR vector was composed of an anti-CD19 FMC-63
single-chain variable fragment (scFv), a human IgD hinge, transmem-
brane domains, a CD137 (4-1BB) costimulatory moiety, and a
CD3zeta activation domain.”” The FLAG tag sequence (5'-GATTA-
CAAAGACGATGACGATAAG-3") was inserted before the CD8a
leader peptide fragment and was used for detection of the CAR.
CAR-modified sequences were inserted into a second-generation re-
combinant lentiviral plasmid backbone under the regulation of the
EF-1a promoter. The human D2HGDH domain sequence was ob-
tained from the UniProt database (Q8N465), and the cDNA template
(CCDS33426.1) was procured by PCR amplification. The T2A linker
was used for co-expression of the CAR and D2HGDH.

Cells and culture conditions

Low-passage HEK293T cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) (GIBCO). NALM-6 cells were maintained
in RPMI 1640 medium. DMEM and RPMI 1640 medium were sup-
plemented with 10% heat-inactivated FBS, 10 mM HEPES, 2 mM
glutamine, and 1% penicillin-streptomycin. All cells were cultured
at 37°C in an atmosphere of 5% carbon dioxide. NALMS6 cells were
infected with a lentivirus carrying luciferase-green fluorescent protein
(GFP) by spinoculation. After incubation for 2 days, GFP + cells
(NALM6-GL) were sorted, and NALM6-GL stable cell lines were
generated. IDH1-mutant NALM6 (NALM6-mIDHI) cells were
generated using the above method. Tests for mycoplasma on culture
fluid confirmed that all the cells were mycoplasma free.

Lentivirus production

Lentiviral particles were produced in HEK293T cells after polyethyle-
neimine (Polysciences, Warrington, PA, USA)-mediated transfection.
The shuttle plasmid and two packaging plasmids, psPAX2 and
pMD.2G, were co-transfected into HEK293T cells. Lentivirus-con-
taining supernatants were harvested at 48 and 72 h posttransduction.
Cell debris was removed by centrifugation (5 min at 400 rpm). Len-

tiviruses were concentrated using AmiconUltra 100-kDa ultrafiltra-
tion centrifugal tubes (Millipore, Burlington, MA, USA). All virus
was aliquoted and stored at —80°C.

Over-expression of the CAR in CD8+ T cells via lentivirus
spinfection

For integration of the CAR-modified DNA cassette and D2HGDH-
OE modified CAR into CD8+ T cell genomic DNA, spinfection was
used to enhance the transduction efficacy of the T cells. Briefly,
3 days before spinfection, T cells were activated with a 1:1 ratio of hu-
man anti-CD3/anti-CD28 beads (CD3/CD28 Dynabeads; Thermo
Fisher, Danvers, MA, USA) for 16 h, which were later removed
with a magnetic separation rack. T cells were incubated for 2 days.
Then, CD8 T cells were prepared at a density of 2 x 10° cells/mL
in medium and seeded in 0.8 mL in each well of a 24-well plate.
For each 0.8 mL of cell suspension, 0.2 mL of concentrated lentivirus
and 1.5 pL of polybrene stock (8 mg/mL) were added, and the solu-
tion was mixed well by pipetting up and down several times. The plate
was then spin-infected at 900 x g for 60 min at 37°C and cultured for
16 h. The next day, all the cells were counted and suspended in RPMI
1640 medium supplemented with 5% FBS and recombinant human
IL-2 (30 U/mL). Every 2 or 3 days, fresh medium was added, and
T cells were seeded in wells at a density within the range of 0.5-
2x10° cells/mL.

Knock-out of the D2HGDH gene in CAR-T cells via CRISPR/
CAS9-based ribonucleoprotein delivery

The CRISPR/Cas9 sgRNA sequences for D2HGDH-KO were de-
signed using CRISPick (https://portals.broadinstitute.org/gppx/
crispick/public). The optimal sgRNA sequence for D2HGDH was
identified as 5-GAAGCAGCTGTTCATCGGGT-3', based on a pre-
liminary experiment. tracrRNA and crRNA were synthesized by Gen-
script Biotech (Nanjing, China). Each gRNA was formed by mixing
tracrRNA and the corresponding crRNA at a 1:1 ratio through an an-
nealing process. Stocked Cas9 Protein v2 (Thermo Fisher) was then
mixed with diluted Cas9 protein at a molar ratio of 1:1. The RNP
complex was formed after incubation at room temperature for
15 min. T cells were prepared at a density of 5 x 10° cells per 50-
uL tip reaction in electroporation Buffer R (Neon Transfection Sys-
tem Kits). D2HGDH KO was performed via RNP-based delivery
through electroporation at 1,600 V, 10 ms, and three pulses. Immedi-
ately, the cells were transferred into prewarmed RPMI 1640 medium
supplemented with 5% FBS and recombinant human IL-2 (30 U/mL)
for continued incubation.

T7E1 surveyor assay

D2HGDH-KO CAR-T cells were lysed with QuickExtract Buffer ac-
cording to the manufacturer’s recommendation. One microliter of
genomic DNA was used for PCR with a 50-uL reaction volume that
contained DreamTaq Green 2X PCR Master Mix (Thermo Fisher),
primer pairs and nuclease-free water. The PCR conditions were 1 cy-
cle of 3 min at 95°C; 36 cycles of 30 s at 95°C, 30 s at 60°C, and 45 s at
72°C; and, finally, a 4-min incubation at 72°. The PCR products were
550-800 bp. Then, 200 ng of PCR products obtained from WT and
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KO samples were included in a 19-pL heteroduplex reaction by heat-
ing at 95°C for 5 min in a thermocycler following an annealing pro-
cess. Heteroduplex digestion was processed by adding 1 uL of T7
endonuclease I (T7E1; NEB, Rowley, MA, USA) and incubating at
37°C for 45 min. All 20 pL of digested heteroduplexes was run on a
2% agarose gel stained with ethidium bromide, and the 100-bp
DNA ladder was run with the sample for reference.*

RNA extraction, reverse transcription, and quantitative PCR
Total RNA was extracted using TRIzol Reagent (Invitrogen, Carlsbad,
CA, USA) following standard RNA extraction protocols. First-strand
cDNA was synthesized from the isolated RNA with SuperScript IV
Reverse Transcriptase (Invitrogen). After normalizing the concentra-
tions of cDNA with nuclease-free water, quantitative PCR (qPCR)
was performed by adding designated primers for genes of interest,
and beta-actin was used as an internal positive control.

Protein extraction and western blotting

Protein was extracted from cells with ice-cold 1x RIPA buffer con-
taining protease inhibitors (Beyotime Biotech, Shanghai, China) by
following standard RNA extraction protocols. After incubation on
ice for 30 min, the protein supernatant was collected after centrifuga-
tion at 12,000 x g and at 4°C for 15 min. The protein concentration
was measured using a BCA assay kit (Thermo Fisher), and the sam-
ples from different groups were adjusted to the same concentration by
adding 1x RIPA buffer. Then, 5x loading buffer was added and
boiled for 5 min. Protein from each sample (30 pg) was loaded into
a 10% SDS-PAGE gel for electrophoresis. Proteins were separated
in the gel and transferred to PVDF membranes. The membranes
were blocked at room temperature for 1 h using 3% BSA in TBST
buffer. The primary antibodies were diluted with 3% BSA in TBST
buffer at a ratio of 1:1,000. The membranes were then incubated
with the indicated primary antibody at 4°C overnight and washed
three times with TBST. Horseradish peroxidase (HRP)-conjugated
secondary antibodies were diluted with TBST buffer at a ratio of
1:5,000. The membranes were then incubated with the appropriate
diluted secondary antibody at room temperature for 1 h and washed
three times with TBST. A chemiluminescent substrate was mixed and
added to the membranes for the detection of protein expression. The
blots were imaged using a camera-based CCD (Biotanon, Shanghai,
China).

Chemical modulation

We used D-a-hydroxyglutaric acid disodium (catalog no. S7873 from
Selleckchem) for all the in vitro experiments. For a killing assay per-
formed with a high concentration of D2HG, we prepared prewarmed
medium with increasing concentrations of D2HG from 100 to
10 mM." To evaluate the effect of D2HG on CD8+ T lymphocytes
and CAR-T cells, we gradually added D2HG to the final concentra-
tion of 500 pM.

Flow cytometry
Conjugated antibodies for flow cytometry were reacted with human
cells and were mainly obtained from BioLegend (San Diego, CA,
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USA) or BD Biosciences (San Jose, CA, USA). Transduced T cells
were stained with APC-conjugated anti-DYKDDDDK (FLAG tag)
for detection of the CAR. PE-conjugated anti-CD8, BV510-conju-
gated anti-CD8, APC/Cyanine7-conjugated anti-CD3, PE/
Cyanine7-conjugated anti-CD44 and Alexa Fluor 610-conjugated
anti-CD45RO antibodies were used for the detection of activated
CD8+ T cells and CAR-T cells. PerCP/Cyanine5.5-conjugated anti-
CD62L, APC/Cyanine7-conjugated anti-CD197 (CCR7), PE/
Cyanine7-conjugated anti-CD44 and FITC-conjugated
CD45RO antibodies were used for the detection of memory T cells.
APC/Cyanine7-conjugated anti-CD366 (Tim-3) and PE/Cyanine7-
conjugated anti-CD279 (PD-1) antibodies were used for the detection
of exhausted T cells. Pacific blue-conjugated anti-granzyme B, APC/
Cyanine7-conjugated anti-IFN-vy, and FITC-conjugated anti-TNF-a
antibodies were used for the detection of intracellular cytokines. Bril-
liant violet 605-conjugated anti-mouse IgG was used as a control. Sur-
face protein staining was performed with diluted antibodies (1:200)
on ice for 30 min, and the cells were then washed with PBS containing
1% FBS before flow cytometry analysis using a CytoFLEX LX flow cy-
tometer (Beckman Coulter) or Attune NxT flow cytometer (Thermo
Fisher). Intracellular staining was achieved with a fixation/permeabi-
lization solution (plus brefeldin A from eBioscience). Peripheral
blood from mouse xenografts was treated with red blood cell lysis
buffer (BioLegend, San Diego, CA, USA), and cells were stained
with the corresponding antibodies. Each group included at least three
biological repetitions, and data were analyzed using Flow]Jo software
version 10.3 (TreeStar, Ashland, OR, USA).

anti-

CFSE labeling and an ex vivo proliferation assay

CD8+ T cells or CAR-T cells from different groups were incubated
with PBS (without Ca** and Mg**) containing 5 uM CFSE (Thermo
Fisher) at 37°C for 8 min. Heat-inactivated FBS was then added for
1 min, and the cells were washed three times in RPMI medium +5%
FBS. CFSE-labeled cells (2 x 10°) were seeded in triplicate in a 96-well
flat-bottom plate for 5 days. Proliferation was evaluated by flow cy-
tometry by calculating the CESE-FITC + cell proportion.

2-NBDG glucose uptake assay

CD8+ T cells or CAR-T cells from different groups were washed with
PBS and treated with 400 pL of PBS with 0.5% FBS. 2-NBDG reagent
(Thermo Fisher) was added to the cells at a final concentration of
200 pg/mL, and the plate was then incubated at 37°C for 60 min. After
the incubation, the cells were collected from the plate and washed
with PBS, and glucose uptake was immediately determined by flow
cytometry analysis. 2-NBDG glucose uptake was evaluated by calcu-
lating the 2-NBDG-FITC + cell proportion.

Analysis of metabolic parameters

Mitochondrial function was assessed with an extracellular flux
analyzer of XF24 cell-culture microplates (Seahorse Bioscience).
When CD8+ T cells and CAR-T cells were cultured for more than
14 days and displayed a distinct phenotype, the cells were used to
assay mitochondrial function. Briefly, the cells were centrifuged at
1,200 x g for 5 min and then suspended in XF assay medium
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containing 5.5 mM glucose, 2.0 mM L-glutamine, and 1.0 mM so-
dium pyruvate and seeded at 1 x 10° cells per well. Then the micro-
plate was centrifuged at 1,000 x g for 5 min and incubated in standard
culture conditions for 60 min after individual wells were coated with
CellTak in accordance with the manufacturer’s instructions. Cell
adherence and equilibration were processed, and cellular OCRs
were measured under basal conditions and, following treatment
with 1.5 uM oligomycin, 1.5 pM FCCP, and 40 nM rotenone, with
1 uM antimycin A (XF Cell Mito Stress kit, Seahorse Bioscience).

Metabolite extraction and quantitative determination of D2HG

Two million CAR-T cells were extracted in 1,000 puL of prechilled 80%
MS-grade methanol. After centrifugation at 14,000 x g for 15 min, the
supernatants were transferred to polypropylene tubes and evaporated
under vacuum. The residues were reconstituted with 50 puL of meth-
anol-water (90%:10%, v/v), and 10 pL was injected into an Agilent
6490 Triple Quadrupole LC/MS System. Liquid chromatography
was optimized with the Kinetex 2.6-um PS C18, LC column 150 X
2.1 mm (Phenomenex, Torrance, CA, USA). Each sample was tested
using three replicates. Multiple reaction monitoring was used for the
qualitative and quantitative analysis of purified standards. The fea-
tures of spectra were extracted using Agilent Mass Hunter Qualitative
Analysis Software (version B 6.0.633.0). Sera D2HG were measured
with the same methods after extraction with MS-grade methanol.

Cytotoxicity assays

A total of 100 puL of 2x 10° NALM6-GL cells (target cells) were seeded
in each well of flat-bottom 96-well plates. Modified CAR-T cells were
then added to each well at the indicated ratio and cultured for 24 or 48
h. Target cell viability was evaluated by adding 10 uL/well 150 pg/mL
D-luciferin (potassium salt) (Thermo Fisher). The fluorescence signal
was measured within 10 min, and background luminescence was
negligible (<1% of the signal from wells containing only target cells).
The percent viability (%) was calculated as experimental signal/
maximal signal x 100, and the percent lysis was equal to 100 — percent
viability. The remaining viable cells were harvested and stained for the
CAR and CD8 markers to distinguish different subsets. Viable cells
were then quantitatively analyzed through flow cytometry.

Enzyme-linked immunosorbent assay

NALM6-GL cells (target) were co-cultured with modified CAR-T
cells (effector) at different effector-to-target ratios for 24 h without
exogenous cytokines. Then, the supernatant was collected and
analyzed for secretion of the cytokines IFN-y (DIF50C), granzyme
B (DGZB00), and TNF-o. (DTA00D) with cytokine-specific ELISA
kits (R&D Systems, Minneapolis, MN, USA) according to the kit
instructions.

Xenograft models and in vivo assessment

All animal procedures were approved by the Animal Welfare Com-
mittee of Shanghai Jiao Tong University Affiliated Sixth People’s
Hospital, and animal experiments were performed in the Laboratory
Animal Center according to the Institutional Animal Care and Use
Committee (IACUC). All M-NSG mice (NOD-PrdedeIZngeml/

Smoc) were maintained in specific pathogen-free (SPF)-grade cages
and provided autoclaved food and water. To develop the xenograft
models, 1 x 10° NALMS6 cells in 100 pL of PBS were injected into
each mouse via the tail vein as in a previous report.”” Modified
CAR-T cells in RPMI 1640 medium were injected via the tail vein
3 days after the injection of NALMS6 cells. Peripheral blood was
collected from three to five biological replicate mice in each group af-
ter the treatment of CAR-T cells for 14 days. Body weight was
measured every other day, and the survival/disease status was re-
corded as per a veterinarian’s instructions.

Statistics

GraphPad Prism 8.0 was applied for statistical analysis. The data were
considered parametric and are shown as the means + SD. For
comparing two groups, student’s t test was performed. For analyzing
more than two groups, one-way ANOVA followed by Sidak’s or Tu-
key’s multiple comparison test was performed. For analyzing two var-
iables, two-way ANOVA followed by Tukey’s multiple comparison
test was performed. Survival analysis was done by the Kaplan-Meier
method, and significance was evaluated with the log rank test. Statis-
tical tests were two-sided where data were considered , with a p value <
0.05 where the order of significant defined by ***p < 1 x 10~ * **p <
2 x 1074 #p <2 x 1072, *p < 0.0332. Statistical details of experi-
ments are provided in the figure panels, figure legends, and supple-
mentary materials.
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