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ABSTRACT

Accumulated oncometabolites in the tumor microenvironment (TME) suppresses the metabolism, expan-
sion, and function of T cells. Immunosuppressive TME also impeded Chimeric Antigen Receptor (CAR)-T
cells mediated cytotoxicity since CAR-T cells had to adapt the in vivo metabolic characteristics with high
levels of oncometabolites. We screened oncometabolites for the inhibition of glucose uptake in CD8 + T
cells and found Kynurenine (Kyn) showed the strongest inhibiting effect on glucose uptake. In vitro
experiments showed that 120 pM Kyn treatment in CD8 + T cells resulted in inhibiting the expansion of
CD8 + T cells, decreasing the production of granzyme B and interferon-y. CAR-T cells mediated cytotoxi-
city was also impaired by the high Kyn treatment from killing assay. We then explored the anti-tumor
effect of Kynureninase (KYNU) modified CAR-T cells through catabolism o oncometabolites Kyn. KYNU
over-expression (OE) CAR-T cells showed a superior killing effect against cancer cells even in the
immunosuppressive TME with high Kyn levels. In vivo experiments confirmed KYNU-OE CAR-T cells
showed an excellent anti-tumor effect in a TME with high Kyn levels since it improved the survival of
mice bearing NALM6 cancer cells and NALM6-IDO1 cancer cells. The KYNU-modified CAR-T cells displayed
distinct phenotypes related to the expansion, function, and memory differentiation status of CAR-T cells.
This study explores an immunotherapy strategy for patients with alterations in Kyn metabolism. KYNU-OE
CAR-T cells take advantage of Kyn catabolism to improve anti-tumor activity in the metabolic immuno-
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suppressive TME with high Kyn.

Chimeric Antigen Receptor (CAR) T cells therapy is an impor-
tant therapeutic strategy for refractory hematopoietic
malignancies." CAR acts as a synthetic supraphysiological sig-
naling molecule to initiate signal transduction modules of the
T cell receptor that enhances antigen recognition and
cytotoxicity.” Different strategy was developed via optimization
of costimulatory factors and coupling molecular to improve the
cytotoxicity effect.” Owing to CAR-T’s impressive clinical out-
comes, the relapsed or refractory leukemia and lymphoma
patients have high expectations of this therapy.* However,
only partial patients achieve complete responses during clinical
practice. Some patients who achieve remission with anti-CD19
CAR-T cells develop resistance and experience disease relapse
within 1 y of treatment.’

The immunosuppressive tumor microenvironment (TME)
and cellular characteristics of CAR-T cells are two important
factors that affected clinical response to CAR-T therapy.® Many
researchers have highlighted the CAR-T cell characteristics of
heightened cellular longevity, increased self-renewal and pro-
liferation capacity in determining the efficacy of CAR-T cell
therapy.” However, the phenotypic characteristics of T cells are
affected by the overall metabolic TME.? Different subsets and

functional status of lymphocytes have different metabolic path-
ways and fates.” The expression of indoleamine 2,3-dioxygen-
ase in cancer cells results in tryptophan depletion and T cell
dysfunction.'® Tumor-derived lactate can disrupt aerobic gly-
colysis and suppress T cell function.’ Tumor-imposed glucose
restriction directly impedes cytokine production in
lymphocytes.'> Accumulated oncometabolites were not only
associated with tumorigenesis, progression, and metastasis,
but could also suppress the expansion and function of T cells
and impair the metabolic adaption of T lymphocytes in the
immunosuppressive TME. Modulation of T cell metabolism
was proposed as a potential therapeutic approach to enhance
immune responses in immunotherapy since immunonutrition
plays key roles in regulating CD8+ expansion, function, long-
evity and differentiation."

During the last two decades, emerging evidence has demon-
strated that there are accumulated oncometabolites involved in
the metastasis of cancer cells and in the worsening of patients’
clinical outcomes.'®'” These oncometabolites are produced
and secreted by cancer and surrounding cells as
a consequence of mutations in oncogenes or alterations in
enzyme/gene  expression  signature. However, the
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oncometabolite generally accumulate in the body and sustains
an invasive neoplastic phenotype or therapy-resistant TME. In
the present study, we evaluated the effects of oncometabolite
on the CD8 + T cell metabolism and phenotype. Then, we
explored the anti-tumor effectiveness of modified CAR-T cells
by reprogramming metabolism. We aimed to take advantage of
catabolism of oncometabolite to enhance antitumor effect in
the immunosuppressive TME through modification of CAR-T
cells.

Materials and methods
Study approval

Normal healthy donors were enrolled for peripheral blood
collection and provided written informed consent for research
protocols approved by the Human Research Ethics Board of
the Shanghai Jiao Tong University Affiliated Sixth People’s
Hospital. Blood sample collection was conducted in accor-
dance with the Declaration of Helsinki. In vivo mouse experi-
ments were approved by the Animal Welfare Committee of
Shanghai Jiao Tong University Affiliated Sixth People Hospital,
and they were performed in the Laboratory Animal Center
according to the Institutional Animal Care and Use
Committee.

Plasmid construction

The cassette vector encoding the CD19-specific scFv (FMC63),
the CD8a transmembrane domain, the CD28 intracellular
domain and CD3{ chain was cloned into the lentivirus plasmid
backbone following promoter EFla. scFv FMC63 was pre-
viously identified and used in clinical studies.'® FLAG-tag
was included for the detection of CAR expression. We then
generated vector cassettes encoding the CAR in combination
with the KYNU cDNA (accession: CCDS33299.1) using a T2A
sequence peptide. Vectors encoding the fusion protein green
fluorescent protein (GFP) and luciferase (GL) were used for the
production of NALM6-GL cells as previously described.'” Full-
length human IDO1 (accession: CCDS47847.1) was PCR
amplified, sequenced, and cloned into the lentivirus vector
and used for the production of NALM6-IDO1 cells with accu-
mulation of Kyn.

Cell lines

The tumor cell line NALM-6 was purchased from the
American Type Culture Collection and grown in 90% RPMI
1640 medium + 10% fetal bovine serum (FBS) + 100 U/mL
penicillin-streptomycin. Lentiviruses with plasmids encoding
GFP and luciferase-containing plasmids were used to produce
NALMS6-GL cells through spinoculation (1900 g, 60 minutes at
37°C) in the presence of 4 mg/mL polybrene. Lentiviruses with
plasmids encoding IDO1 were used to produce NALM6-IDO1
cells. HEK293T cells were cultured in DMEM with 10% FBS
and 100 U/mL penicillin-streptomycin. All cell lines were
tested routinely for mycoplasma contamination using the
mycoplasma detection kit according to the manufacturer’s
instructions.

Blood samples and CD8 + T cell isolation

Peripheral blood mononuclear cells were isolated by centrifu-
gation using a Ficoll-Histopaque (Sigma) density cushion
according to the manufacturer’s instructions. CD8 + T cells
were negatively selected using a MACS CD8 + T Cell Isolation
Kit (Miltenyi Biotec, Bergisch Gladbach, Germany). Purified
CD8 + T cells were activated using microbeads coated with
anti-human CD3 and CD28 antibodies at a 1:2 bead: cell ratio.
Fresh RPMI-1640 medium supplemented with 10% heat-
inactivated FBS, 30 IU/ml recombinant human IL-2
(PeproTech), 10 mM HEPES, 2 mM glutamine, and 1% peni-
cillin/streptomycin was used for the culture of CD8 + T cells.
For the expansion of T cells, half of the cell supernatant was
replaced by fresh culture media every 2 d, and they were
maintained between 0.5 x 10" and 3 x 10° cells/mL.

Generation of CAR-T cells

CD8 + T cells from healthy donors (5 x 10%/well) were stimu-
lated with anti-human CD3 and CD28 antibodies in a 24-well
plate in culturing medium. After 48 hours, 1 mL of 3 x 10° cells
was transferred to another plate. Lentivirus transduction was
then performed by the addition of 500 pL of virus per well
followed by spinoculation (1900 g, 60 minutes at room tem-
perature) in the presence of 4 mg/mL polybrene. A second
transduction was conducted after 16 hours, replacing half of
the cell supernatant with freshly obtained virus (1 mL). Six
hours after the second treatment, half of the cell supernatant
was replaced by fresh culture media again. CAR expression
efficiency was measured by flow cytometry using FLAG-tag
after culturing for more than 72 hours.

Knockout of KYNU in CAR-T cells

We used a CRISPR/CAS9-based ribonucleoprotein (RNP) com-
plex for the knockout (KO) of KYNU in CAR-T cells. Stocked
Invitrogen TrueCut Cas9 v2 was provided by Thermo Fisher
and diluted to 5 ug/pL. The 5 sgRNA sequences for KYNU
knockout were designed using CRISPick (https://portals.broad
institute.org/gppx/crispick/public). The sgRNA for the KO of
KYNU was preferred as AATGCCACCCAACGGATGAG
based on preliminary experiments. tracrRNA and crRNA were
synthesized by Genscript Biotech (Nanjing, China). The gRNA
was formed after mixing tracrRNA and corresponding crRNA
at a ratio of 1:1 and undergoing an annealing procedure. The
RNP complex was formed by mixing diluted Cas9 protein and
sgRNA at a ratio of 1:1. The RNP complex was electrically
shocked with a program of 1,600 V, 10 ms, and 3 pulses, and
T cells were prepared at a density of 5 x 10 cells per 100 uL tip
reaction (Neon Transfection System Kits). The cells were imme-
diately transferred into prewarmed RPMI-1640 media with 5%
FBS and recombinant human IL-2 (30 U/mL) for continuing
culture. Five days later, the genomic DNA of KYNU-KO CAR-
T cells was extracted with QuickExtract Buffer according to the
manufacturers’ recommendations. One microliter of genomic
DNA was used for a 50 uL. PCR volume that contained
DreamTaq Green PCR Master Mix (Thermo Fisher Scientific),
primer pairs and nuclease-free water, followed by 36 cycles.
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Then, 200 ng of PCR products were added to a 19 uL hetero-
duplex reaction consisting of incubation at 95°C for 5 min in
a thermocycler followed by an annealing process. Heteroduplex
digestion was processed by adding 1 puL of T7 endonuclease
I (NEB) and incubating at 37°C for 60 minutes. All 20 pL
volumes of digested heteroduplexes were run on a 2% agar-
ose gel.

mMRNA expression analysis

CAR-T cells and control T cells were lysed in TRIzol reagents
(Life Technologies) and frozen at —80°C. Total RNA extraction
was performed according to the manufacturer’s instructions.
Reverse transcription of cDNA was performed using M-Mulv
enzyme (NEB), and qPCE was performed using 2 x SYBR Green
RT-PCR Mix. Expression analysis of mRNA was normalized to
B-actin, and data were analyzed by applying the 2A(-dCt) calcu-
lation method.

Western blot analysis

T-cell lysates were resuspended in RIPA buffer. All lysates were
separated in 10% SDS-PAGE gels and transferred to polyviny-
lidene difluoride membranes. Blots were probed with a human
CD3( Ab (Santa Cruz Biotechnology) or a KYNU Ab (Abcam)
diluted 1:1,000 in TBS-Tween/5% skim milk. Membranes were
then incubated with an HRP-conjugated goat a-mouse or
a goat a-rabbit IgG (Santa Cruz Biotechnology) at a dilution
of 1:5000 and imaged using the ECL Substrate Kit on a Tanno
bioimaging system according to the manufacturer’s
instructions.

Determination of intracellular Kyn concentration

NALMG6 cells and NALM6-IDO1 cells were cultured for
48 hours. Cells were counted and 1 million living cells were
used extraction of Kyn using 800 pL of 80% (vol/vol) methanol
(precooled to —80°C) on dry ice for 30 minutes twice. The
metabolite-containing supernatant was dried and analyzed
using an Agilent 6490- QQQ LC/MS System. Selective reaction
monitoring was used for the qualitative and quantitative ana-
lysis of intracellular Kyn after referencing the standard Kyn.

In vitro functional assays

CAR-T cells were incubated with NALM6-GL cells for in vitro
functional assays. Briefly, 5 x 10* cancer cells/well (target) were
seeded into 96-well plates, and different numbers of CAR-T
cells or mock T cells (target) were added to form serial dilu-
tions of effector cells to target cell (E:T) ratios of 1:1, 1:2, 1:4,
and 1:10. All cells were cultured in RPMI 1640 + 10% FBS+
30 ng/mL rhIL2 (PeproTech) + 100 U/mL penicillin-strepto-
mycin. After coculture for 24 hours, all cells were monitored by
adding 10 pl/well of 150 pg/ml D-luciferin (potassium salt)
(Thermo Fisher). Background luminescence was negligible
(<1% of the signal from wells containing only target cells).
The percent viability (%) was calculated as experimental sig-
nal/maximal signalx 100, and the percent lysis was equal to
100-percent viability.
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Xenogeneic models

Male 6- to 8-week-old NSG mice (NOD-Prkdcscidll2rgem1
/Smoc) were maintained in specific pathogen-free (SPF)-
grade cages and were provided autoclaved food and water.
All mice received intravenous tail injection of 1 x 10°
NALMSG6 cells. Three days after tumor engraftment, mice
received intravenous tail injection of 5 x 10°® mock T cells or
CAR-T cells in RPMI 1640 media (without FBS). No exogen-
ous cytokines were administered to the mice. Peripheral blood
was collected from 3 to 5 biological replicate samples from each
group at day 14 after T cell adaptation therapy. Body weights
were measured every other day. Survival and disease status
were followed after CAR-T cell treatment, and mice were
euthanized when tumor growth caused discomfort as per the
veterinarian’s recommendation.

Isolation of tumor-infiltrating cells

Tumor samples were minced with scissors and incubated with
collagen IV and DNase in RPMI at 37°C for 30 min. Samples
were then processed by repeated pipetting and filtered through
a 100-um nylon filter (Sangon) in RPMI to generate single-cell
suspensions. The single-cell suspensions were then subse-
quently washed with complete RPMI and purified on a Ficoll
gradient to eliminate dead cells. The remaining cells were
treated with red blood cell lysis buffer (ACK Lysing Buffer,
Lonza). Before flow cytometry analysis, the cells were further
washed and resuspended in MACS buffer (PBS+2 mM EDTA
+0.5% BSA) before incubation with antibodies.

Flow cytometry

To detect CD19 CAR expression in transduced T cells, we
cloned FLAG-tag ahead of scfv FMC63 and detected CAR
expression through detection of APC-antiFLAG (APC-
antiCAR) antibody. Activation of CD8 + T cells and CAR-T
cells was detected based on PE-antiCD8, BV510-antiCD8,
APC/Cyanine7-antiCD3, PE/Cyanine7-antiCD44 and FITC-
antiCD45RO antibodies. Memory T subsets were detected
based on PerCP/Cyanine5.5-antiCD62L, APC/Cyanine7-
antiCD197 (CCR7), PE/Cyanine7-antiCD44 and FITC-
antiCD45RO antibodies. Exhaustion of T cells was detected
based on APC/Cyanine7-antiCD366 (Tim-3) and PE/Cyanine?
anti-CD279 (PD-1) antibodies. Intracellular cytokines were
detected based on Pacific Blue™ anti-Granzyme B, APC/
Cyanine7 anti-IFN-y and FITC anti-TNF-a antibodies after
fixation and permeabilization. BV605 anti-mouse IgG was
used as control. FACS protein staining was performed with
diluted antibodies (1:200) on ice for 30 minutes. Cells were
then washed with PBS containing 1% FBS, and cytometry
analysis was performed using a CytoFLEX LX Flow cytometer
(Beckman Coulter, USA) or Attune NxT Flow Cytometer
(Thermo Fisher, USA). Each group had at least 3 biological
repetitions, and the data were analyzed using Flow]Jo software
version 10.3 (Treestar, Ashland, OR, USA). Conjugated anti-
bodies mainly obtained from Biolegend (San Diego, CA, USA)
and BD Biosciences (San Jose, CA, USA) were reacted with
human cells for flow cytometry. Peripheral blood and tumor
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infiltrating cells from mouse xenografts were treated with red
blood cell lysis buffer (Biolegend), and the cells were stained
with the corresponding antibodies, including BV510-anti-
CD45, PE-anti-CD8 and APC-anti-CAR antibodies.

Carboxyfluorescein succinimidyl ester-based proliferation
assay

CAR-T cells and control T cells were labeled with carboxy-
fluorescein succinimidyl ester (CFSE; Invitrogen) and seeded
into 96-well plates. On day 5, cells were collected and analyzed
for CFSE dilution by flow cytometry according to the manu-
facturer’s instructions.

2-NBDG glucose uptake assay

CAR-T cells and control T cells were washed with PBS and
incubated with 400 pL of PBS + 0.5% FBS. 2-NBDG reagent
(Thermo Fisher, Shanghai, China) to a final concentration of
200 pg/mL for 60 minutes at 37°C. After incubation, cells were
collected from the plate and washed with PBS. Glucose uptake
was determined by flow cytometry analysis immediately
according to the manufacturer’s instructions. 2-NBDG glucose
uptake was analyzed by calculating the 2-NBDG+ cell
proportion.

Granzyme B and IFN-y measurements

Culture supernatants were collected after 24 hours of coculture
to measure the release of granzyme B and IFN-y using specific
ELISAs (R&D Systems, Inc.). Plasma obtained from mice and
the cytokines IFN-y and TNF-a were also measured using
specific ELISAs (R&D Systems, Inc.) following the manufac-
turer’s instructions.

Statistical analysis

To compare the two paired groups, a two-sample paired t test
was used. Two-way ANOVA was used if there were two factors
in group comparisons. To compare multiple groups with
a single control, Dunnett’s test was used for multiplicity adjust-
ment. Kaplan-Meier curves were generated for survival analy-
sis, and the curves were compared by the log-rank test. For
survival curve comparison, an unadjusted P value was
reported.

Results

Kynurenine inhibited the metabolism of CD8 + T cells and
impaired CD8 + T cell expansion and cytotoxicity

To explore the effects of metabolites on CD8 T cell meta-
bolism, we listed cancer-related metabolic genes based on
the ccmGDB database (https://bioinfo.uth.edu/ccmGDB),
and 514 cancer-related genes were found (Table S1).
Functional annotations were included based on
Metascape,'® and the related metabolites were verified by
searching for oncometabolites. A total of 73 metabolites
were included (Supplementary materials Table S1), and

the functions were matched with the Human
Metabolome Database (www.hmdb.ca). After evaluating
the references based on the immunological function of
these metabolites, a total of 15 metabolites were found to
be related to T cell metabolism and the concentration of
metabolites were listed after referencing previous study
(Supplementary materials Table S2). Metabolism of
CD8 + T cells was directly associated with their effector
function and differentiation.'” Glucose is the predominant
fuel for T cells and essential biomarker for immune
function.® Changes in glucose uptake can reflect overall
metabolic changes. 2-NBDG is a fluorescent glucose ana-
log that has been used to monitor glucose uptake in live
cells as an indicator of cell viability.'” Thus, a 2-NBDG
assay was used to evaluate the effect of these metabolites
on CD8 + T cell overall metabolic activity. We purified
human CD8 + T cells and cultured them in complete
culturing media (Figure 1(a)). After activation with CD3/
CD28 microbeads, almost all lymphocytes were stained as
CD8+ CD45RO+ CCR7- CD62L-, which implied that
these cells showed a differentiation state as effector cells
(Figure 1(b)). After 15 metabolites were added and deter-
mined by flow cytometry, different metabolites showed
significantly altered glucose uptake ability (Figure 1(c)).
Kyn had the strongest inhibitory effect on CD8 + T cell
metabolism (Figure 1(d)).

Kyn is produced by catabolism of the essential amino
acid tryptophan (Trp), and high concentrations of Kyn can
be found in the plasma of multiple cancer types, such as
lymphoma, leukemia,?® melanoma,?! lung cancer,?? pan-
creatic cancer,”’> colon cancer,”* and renal cell
carcinoma,” depending on cancer type and individualized
gene expression profile. Referencing the previous study that
the pathological Kyn could produce and accumulate to
micromoles.”®*” We performed a titration to assess the
dose-response of Kyn on T cell metabolic inhibiting effect.
It was found 100 nM Kyn inhibited glucose uptake and
100 puM Kyn showed plateau inhibition efficiency
(Supplementary materials Fig S1). The dysregulated serum
Kyn/Trp ratio as an adaptive resistance mechanism was
associated with worse overall survival after PD-1 blockade
immunotherapy.”® Multiple studies have implied that Kyn
contributes to the immune-tolerant TME by several
mechanisms, including suppressing tumor-reactive effector
T-cell responses® and inhibiting the expansion of effector
T cells.>***! Thus, we used a CSFE assay to determine the
effect of Kyn on T cell proliferation. Kyn of 120 uM sig-
nificantly inhibited the proliferation of CD8 + T cells
(Figure 1(e)).

The cytotoxicity of CD8 + T cells was characterized by both
Iytic granule contents (particularly granzymes) and enhanced
cytokine production (particularly interferon-y). Based on
a preliminary experiment, when CD8 + T cells were treated
with 120 uM Kyn for 24 hours, intracellular interferon-y- and
granzyme B-positive cells were significantly decreased
(Figure 1(f)). This indicated that a high concentration of Kyn
would impair CD8 + T cell cytotoxicity. Previous studies
showed that Kyn treatment resulted in exhaustion of
CD4 + T cells after exposure to antigen.”> For CD8 + T cells,
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Figure 1. Kyn treatment showed the strongest inhibition of CD8 + T cell glucose metabolism proliferation and effector function. (a) Experimental strategy for 15
metabolite treatments in CD8 + T lymphocytes. (b) Typical FACS plots of subsets of memory cells after staining with CD45R0O, CCR7 and CD62L. (c) Typical FACS plots and
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with Dunnett’s post hoc analysis compared with the control group (*

Kyn treatment at 120 uM did not significantly change the
expression of the exhaustion marker PD-1 (Figure 1(g)).
Moreover, the subsets of memory T cells were not significantly
altered based on the expression of CCR7 and CD62L.

CAR-T cell-mediated cytotoxicity was weakened by Kyn
treatment

To confirm the immunosuppressive effect of Kyn, we pro-
duced CAR-T cells and designed experiments after the addi-
tion of Kyn to the media (Figure 2(a)). The CAR cassette

, P <.05; **, P <.01; ***, P <.005, ***, P <.001).

expressed soluble anti-CD19 scFv, followed by a CD28 intra-
cellular domain and CD3( chain (Figure 2(b)). The scFv for
anti-CD19 was previously used in clinical studies in
the second-generation lentivirus plasmid backbone. FLAG-
tag was included for the detection of CAR expression after
promoter EF1a. CD8 + T cells were spinfected with lenti-
virus and cultured in culture media. After culturing for 7 d,
the expression of CAR in CD8 + T cells was approximately
72% (Figure 2(c)). These CAR-T cells were then used for
phenotype research. Kyn (120 pM) and Trp (120 uM)
showed similar CD44 and CD69 expression, indicating that
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all cells were activated (Figure 2(d)). The CFSE assay
revealed that Kyn inhibited the expansion of CAR-T cells
and that Trp promoted the proliferation of CAR-T cells
(Figure 2(e)).

The direct cytotoxicity of CAR-T cells was evaluated using
a co-culture assay of effector CAR-T cells and target NALM6
cancer cells. CD8 + T cells showed limited killing ability of
cancer cells, and there was no significant increase in killing
ability when the effector CAR-T cell proportion was increased
(Figure 2(f)). While CAR-T cells showed a strong killing effect
of NALM-6 cancers cells, and there was a good correlation at
different effector CAR-T cells to target cancer cells ratios.
Then, killing assays were performed in media with additional
Kyn and Trp. Interestingly, when the effector CAR-T cell to
target NALM6 cancer cell ratio decreased to 1:2, the killing
ability of CAR-T cells in high Kyn media was significantly
decreased (Figure 2(g)). Moreover, when the effector-to-
target ratio decreased to 1:4, the killing ability of CAR-T cells
was significantly increased in high Trp media but decreased in
high Kyn media. These results clarified the weakening cyto-
toxicity of CAR-T cells under high Kyn conditions. We then
measured the subsets of CAR-T cells and found that almost all
CAR-T cells showed an effector subset that expressed CD45RO
+ CCR7- CD62L- (Figure 2(h)). This implied that anti-CD19
CAR-T cells are a potential strong effector subset. PD-1 expres-
sion was significantly increased after Kyn treatment and
decreased after Trp treatment (Figure 2(i)).

KYNU-modified CAR-T cells showed distinct proliferation
and metabolic phenotypes

Kyn is produced by cancer cells through over-expression (OE)
of Indoleamine 2,3 Dioxygenase 1 (IDO1) or Tryptophan
2,3-Dioxygenase 2 (TDO2) and catabolized by the enzyme
kynurenine (KYNU).”> IDO1 has been widely studied as
a tryptophan metabolizing enzymes that catalyze the initial
step of the Kyn pathway’* (Supplementary materials Fig S2).
Tumor overexpression of IDO1 increases local Kyn concentra-
tions and depletes tryptophan levels. However, KYNU cata-
lyzed the cleavage of Kyn and was recognized as the key
enzyme for the degradation of Kyn. There was weak expression
of KYNU staining in human immunocytes and the TME. The
high activation of IDO1/TDO2 and low expression of KYNU
in TME resulted in the accumulation of Kyn. To overcome the
immunosuppressive impact of TME with high concentrations
of Kyn, we modified CAR-T cells through overexpression (OE)
of KYNU or knockout (KO) of KYNU and explored their
phenotype (Figure 3(a)). KYNU-OE CAR-T cells was pro-
duced by placing the cDNA of KYNU after the anti-CD19
CAR cassette via T2A (Figure 3(b)). Then, lentivirus with anti-
CD19 CAR-T2A-KYNU shuttle plasmid was added to CD8 + T
cells, and KYNU-OE CAR-T cells were produced and purified.
KYNU-KO CAR-T cells was performed through a CRISPR/
Cas9-based ribonucleoprotein (RNP) complex. After the ver-
ification of preliminary experimental results (Supplementary
materials Fig S3), sgRNA for the KO of KYNU was preferred as
sgRNA1 and the sgRNA sequence was chosen as
AATGCCACCCAACGGATGAG. Analysis of KYNU mRNA
confirmed the increased gene expression of KYNU in KYNU-
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OE CAR-T cells and decreased KYNU gene expression in
KYNU-KO CAR-T cells (Figure 3(c)). The survey assay indi-
cated the knockout of the KYNU gene in CAR-T cells
(Figure 3(d)). Protein expression of the enzyme KYNU was
also confirmed by Western blot results (Figure 3(e)). After
culturing the cells for more than 7 d, the CAR expression was
above 50%, so the cells were used for phenotypic research. The
CSFE assay showed decreased proliferative activity of KYNU-
KO CAR-T cells and increased proliferative activity of KYNU-
OE CAR-T cells (Figure 3(f)). Glucose uptake was decreased in
KYNU-KO CAR-T cells but increased in KYNU-OE CAR-T
cells (Figure 3(g)). These data implied distinct metabolic and
expansion phenotype after KYNU modification in CAR-T
cells.

KYNU-modified CAR-T cells showed unique cytotoxicity
against cancer cells

Next, we designed a killing assay by co-culturing effector
CAR-T cells and target NALM6 cancer cells. The results
indicated that KYNU-KO CAR-T cells display inferior kill-
ing effect at all effector-to-target ratios, while KYNU-OE
CAR-T cells display supferior killing potential at all effec-
tor-to-target ratios (Figure 4(a)). To reveal the mechanisms
underlying the different cytotoxicities of CAR-T cells, we
further revealed the subsets of these KYNU-modified CAR-
T cells. The three groups showed different memory subsets
based on CD62L and CD127 markers (Figure 4(b)). KYNU-
OE CAR-T cells displayed increased eftector memory cell
and effector CAR-T cell percentages, while KYNU-KO
CAR-T cells displayed increased effector CAR-T cells and
intermediate CAR-T cells and decreased effector memory
CAR-T cells (Figure 4(c)).

The cytotoxicities of KYNU-modified CAR-T cells were
reflected by the expression of interferon-y and granzyme
B (Figure 4(d)). Consistent with the killing assay results,
KYNU-OE CAR-T cells contained high lytic granules of
granzyme B and enhanced cytokine production of inter-
feron-y, while KYNU-KO CAR-T cells contained signifi-
cantly  decreased lytic  granules of  granzyme
B (Figure 4(e)). This indicated that modification of KYNU
in CAR-T cells resulted in different cytotoxicity against
cancer cells. The exhaustion marker of PD-1 was also
analyzed and showed obvious alterations after modification
of KYNU (Figure 4(f)). PD-1 was significantly decreased in
KYNU-OE CAR-T cells but increased in KYNU-KO CAR-T
cells (Figure 4(g)).

KYNU-OE CAR-T cells display excellent killing effect in high
Kyn media

Based on the fact that the production and accumulation of Kyn
in the TME impairs the cytotoxicity of CAR-T cells,” we
explored the killing effect of KYNU-modified CAR-T cells in
high Kyn media. KYNU-OE CAR-T cells displayed a stronger
killing ability in high Kyn media than in normal media at all
effector-to-target ratios (Figure 5(a)). Moreover, CAR-T cells
and KYNU-KO CAR-T cells displayed weaker killing ability in
high Kyn media than in normal media. The KYNU modified
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Figure 3. CAR-T cells with KYNU modification displayed distinct proliferation and glucose uptake features. (a) Experimental strategy of KYNU modification of CAR-T cell
production, genotype, phenotype and functional analysis. (b) Simplified overview of KYNU-OE anti-CD19 (FMC63) CAR-T expression lentiviral vectors. (c) Analysis of
KYNU mRNA expression in KYNU-modified CAR-T cells. (d) Northern blot analysis of KYNU KO in KYNU-KO CAR-T cells by SURVEYOR T7E1 assay. (e) Western blot analysis
of KYNU-modified CAR-T cells by staining with KYNU. (f) Typical FACS plots and analysis of CAR-T cell proliferation after KYNU modification based on staining with CSFE.
(9) Typical FACS plots and analysis of CAR-T cell glucose uptake after KYNU modification based on staining with 2-NBDG. Data show the mean =+ SD of at least biological
triplicates. Statistical analysis was performed by one-way ANOVA with Dunnett’s post hoc analysis compared with the control group (¥, P < .05; **, P <.01; *** P < .005,

*** P <.001).

CAR-T cells displayed different killing effect in the high Kyn
immunosuppressive TME. PD-1 expression was also signifi-
cantly increased in CAR-T cells and KYNU-KO CAR-T cells
in normal media compared to media with high Kyn levels

(Figure 5(b)). The subsets of memory cells were analyzed based
on CD62L and CD127. Interestingly, KYNU-OE CAR-T cells
resulted in low effector memory CAR-T cells and a high effector
CAR-T cell subset proportion in high Kyn media (Figure 5(c)).
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Figure 4. CAR-T cells with KYNU modification displayed different killing effects and phenotypic characteristics. (a) Analysis of the killing assay based on the lysis
percentage of cancer cells by KYNU-modified CAR-T cells at different effector-to-target ratios. (b) Typical FACS plots of subsets of memory cells after KYNU modification
in CAR-T cells based on staining with CD127 and CD62L. (c) Analysis of a subset of memory cells after KYNU modification in CAR-T cells. (d) Typical FACS plots of effector
function after KYNU modification in CAR-T cells based on staining with Granzyme B and IFN-y. (e) Analysis of effector function of granzyme B and IFN-y after KYNU
modification in CAR-T cells. (f) Typical FACS plots of exhaustion after KYNU modification in CAR-T cells based on staining with PD-1. (g) Analysis of exhaustion after KYNU
modification in CAR-T cells. Data show the mean + SD of at least biological triplicates. Statistical analysis was performed by one-way ANOVA with Dunnett’s post hoc
analysis compared with the control group (¥, P < .05; **, P < .01; *** P < .005, ***, P < .001).

However, CAR-T cells and KYNU-KO CAR-T cells showed
significant proportions of effector CAR-T cells and low effector
memory CAR-T cell subset proportions. Since the longevity of
effector CAR-T cells is shorter than that of effector memory
CAR-T cells, the cytotoxicity of CAR-T cells and KYNU-KO
CAR-T cells was reasonably impaired in high Kyn media.

Based on the specific metabolic pathway of Kyn that
kynurenic acid may accumulated in the body (Supplementary
materials Fig S2), we further evaluated the killing effect of
KYNU-modified CAR-T cells in 120 uM kynurenic acid
media. There was significant decrease of overall killing effect
at high kynurenic acid media when compared with normal
media (Supplementary materials Fig S4). Though KYNU mod-
ified CAR-T cells showed no significant killing ability at effec-
tor to target ratios of 1:4 and 1:10 when compared with normal
CAR-T cells in high kynurenic acid media, KYNU-OE CAR-T
cells and KYNU-KO CAR-T cells showed significant different
anti-tumor acitivity against NALM6 cells. These implied the
distinct functional and phenotypic changes of KYNU modified
CAR-T cells.

KYNU-OE CAR-T cell treatment improved the survival of
mice bearing cancer cells

To verify the in vivo antitumor activity of KYNU-OE CAR-T
cells on cancer cells, we designed two independent experi-
ments. First, NALM6 cancer cells with CD19 expression in
the cell membrane were inoculated into NSG mice, and then
4.0 x 10° anti-CD19 CAR-T cells were injected at day 3 post
inoculation (Figure 6(a)). Disease progression was followed
until the discomfort status resulting in sacrifice, per the veter-
inarian’s recommendation. It was noted that anti-CD19 CAR-
T cells could significantly improve the overall survival of mice
bearing NALMS6 cancer (Figure 6(b)). This was consistent with
previous studies. KYNU-modified CAR-T cell treatment
resulted in significantly different survival profiles.
Interestingly, KYNU-OE CAR-T cells improved the survival
status, while KYNU-KO CAR-T cells shortened the average
survival span (Figure 6(b)). Since effector CAR-T cells lasted
for approximately 2 weeks,?” we collected blood at day 14 post
inoculation and analyzed the CAR-T cells by detection of CD3
and CAR using flow cytometry (Figure 6(c)). The CD3
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Figure 5. CAR-T cells with KYNU modification displayed different killing potentials and differentiation of memory subsets. (a) Analysis of the killing assay based on the
lysis percentage of cancer cells by KYNU-modified CAR-T cells in high Trp and Kyn media at different effector-to-target ratios. (b) Typical FACS plots and analysis of
exhaustion of KYNU-modified CAR-T cells in normal media and high Kyn media based on staining with PD-1. (c) Typical FACS plots of subsets of memory cells of KYNU-
modified CAR-T cells in high Kyn media based on staining with CD127 and CD62L. (d) Analysis of a subset of memory cells of KYNU-modified CAR-T cells in normal media
and high-Kyn media based on staining with CD127 and CD62L. Data show the mean + SD of at least biological triplicates. Data show the mean + SD of at least biological
triplicates. Statistical analysis was performed by one-way ANOVA with Dunnett’s post hoc analysis compared with the control group (¥, P < .05; **, P <.01; *** P < .005,

*** P <.001).

+ lymphocyte percentage decreased from 40% in the PBS con-
trol group to below 30% in all CAR-T cell therapy groups
(Figure 6(d)). When additional CAR-T lymphocytes were
injected into mice, the development of autologous lymphocytes
was inhibited, and the CD3 + T lymphocyte percentage was
decreased. However, the KYNU-KO CAR-T cell-treated mice
contained the lowest CD3 + T cell percentage. CAR-T cells
were found in all CAR-T cell therapy groups and ranged from
0.30% to 0.77% (Figure 6(e)). This was evident with the subsets
of memory T cells. Interestingly, the lowest proportion of
CAR-T cells was obtained from KYNU-KO CAR-T cell-
treated mice. This inferior survival effect of KYNU-KO CAR-
T cells clarified the importance of KYNU on CAR-T cell long-
evity and antitumor effects.

To overcome the immunosuppressive TME, we produced
NALMS6-IDO1 cells via lentivirus infection and antibiotic
screening. The protein expression of IDO1 was low in
NALMS6, while observed increasing in NALM6-IDO1 cells
(Supplementary materials Fig S5). When determined the
intracellular Kyn and it was found no signal of Kyn in
1 million NALM-6 cells after culturing for 48 hours, while

high Kyn in the NALM6-IDO1 cells (0 vs 4.14 + 1.11 uM).
These made the in vivo model of M-NSG mice bearing
NALM6-IDO1 cells more convincing of high Kyn TME.
KYNU-modified CAR-T cells were injected at day 3 post
inoculation for treatment as described strategy (Figure 6(f)).
NALMS6-IDOLI cancer cell-bearing mice showed similar sur-
vival status to wild-type NALM6 cancer cells. However,
CAR-T cell therapy resulted in shorter overall survival in
IDO1-OE NALMS6 cancer cell-bearing mice (Figure 6(g)). It
was noted that KYNU-OE CAR-T cell therapy significantly
improved the survival of NALM6-IDO1 cancer cell-bearing
mice, while KYNU-KO CAR-T cell therapy did not show
any effect on these mice (Figure 6(h)). KYNU catabolized
Kyn, which was produced by IDO1-overexpressing cancer
cells. KYNU-OE CAR-T cells could take advantage of high
Kyn and use these oncometabolites as metabolic fuel. The
percentages of lymphocytes and CAR-T cells were mea-
sured at day 14 post inoculation (Figure 6(i)). CD3 + T
lymphocytes ranged from 22% to 30%, as shown in pre-
vious studies (Figure 6(j)). The CAR-T cell percentage was
also only found in the CAR-T cell therapy groups
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Figure 6. CAR-T cells with KYNU modification displayed different overall survival and resident CAR-T cell percentages after treatment for 14 d. (a) Experimental strategy
of KYNU-modified CAR-T cells for the treatment of NALM6 cancer cell-bearing mice. (b) Analysis of overall survival of KYNU-modified CAR-T cells in mice bearing NALM6
cancer cells. (c) Typical FACS plots of CD3 and CAR-T cells after treatment with KYNU-modified CAR-T cells for 14 d based on CD3 and FLAG tags. (d) Analysis of CD3 + T
lymphocyte percentages after treatment with KYNU-modified CAR-T cells for 14 d in mice bearing NALM6 cancer cells. (e) Analysis of CAR-T cell percentages after
treatment with KYNU-modified CAR-T cells for 14 d in mice bearing NALM6 cancer cells. (f) Experimental strategy of KYNU-modified CAR-T cells for the treatment of
NALM6-IDO1 cancer cell-bearing mice. (g) Analysis of overall survival of CAR-T cells in mice bearing NALM6 cancer cells and NALM6-IDO1 cancer cells. (h) Analysis of
overall survival of KYNU-modified CAR-T cells in mice bearing NALM6-IDO1 cancer cells. (i) Typical FACS plots of CD3 and CAR-T cells after treatment with KYNU-
modified CAR-T cells for 14 d based on CD3 and FLAG tags. (j) Analysis of CD3 + T lymphocyte percentages after treatment with KYNU-modified CAR-T cells for 14 d in
mice bearing NALM6-IDO1 cancer cells. (k) Analysis of CAR-T cell percentages after treatment with KYNU-modified CAR-T cells for 14 d in mice bearing NALM6-IDO1
cancer cells. Each group had 10 mice, and the FACS data show the mean + SD of biological triplicates at minimum. Statistical analysis was performed by one-way ANOVA
with Dunnett’s post hoc analysis compared with the control group (¥, P < .05; **, P < .01; ***, P < .005, ***, P < .001).
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(Figure 6(k)). However, there was a significant difference in
CAR-T cell percentages among the KYNU-modified CAR-T
cells, and the KYNU-OE CAR-T cell therapy group con-
tained the highest CAR-T cell percentage.

Discussion

n the present study, we screened oncometabolite through
evaluation of the inhibition of the overall metabolism of
CD8 + T cells. Kyn showed a dose-response effect of
inhibiting glucose uptake and 120 uM Kyn showed a dis-
tinct phenotypic change of expansion, function and differ-
entiation status in CD8 + T cells and anti-CD19 CAR-T
cells. Specifically, the in vitro experiment confirmed Kyn
significantly inhibited CAR-T-mediated cytotoxicity, while
catabolism of Kyn through KYNU over-expression in
CAR-T cells could improve the killing effect against cancer
cells even in the immunosuppressive TME of high Kyn.
The in vivo experiment confirmed that KYNU-OE CAR-T
cells provided a therapeutic advantage of anti-tumor effec-
tiveness against NALM6 cancer cells and NALM6-IDO1
cancer cells when compared with CAR-T cells and KYNU-
KO CAR-T cells. All of these results implied the immu-
nosuppressive effect of high Kyn and superior anti-tumor
effect of KYNU-OE CAR-T cells.

Kyn is an oncometabolite with up-regulated IDO1 and
TDO2 expression/activity.”> The Kyn pathway contributed
approximately 95% of Trp metabolism. Less than 1% of
dietary Trp was used for protein synthesis under physio-
logical conditions. IDO1 up-regulated expression/activity
has been observed in tumor cells as well as in tumor-
surrounding endothelial cells, fibroblasts, and mesenchy-
mal cells.”* IDO1 up-regulated expression has also been
documented in the peripheral blood and tumor infiltrating
immune cells.>®* Moreover, IDO1 could be induced by IFN
since the promoter region of IDO consists of several IFN-
stimulated response elements and gamma activation
sequences.”’ Investigation into the transcription of IDO1
and its induction by IFN-y heralds a new era in immuno-
logic research.

Knockout of IDOI in mice showed a beneficial effect on
the survival of mice bearing cancer and even robust rejec-
tion of tumors.’® Several efforts have been made to block
the IDO1 pathway. More recently, the inhibition of the
IDO1 pathway among unselected patient populations in
a large phase III trial (ECHO-301/KEYNOTE-252) did not
improve the therapeutic outcome of PD-1 blockade® but
heralded a new area of immunotherapy that investigate the
regulation of Trp/Kyn pathway for the treatment of cancer.
More researchers were designed to analyze the correlation
to Kyn and the dosage of IDO1 blocker epacadostat,*’ the
selection of patients,*' and the optimization of novel IDO1
inhibitor.**>**

We confirmed the dose-response effect of Kyn on inhibi-
tion of glucose uptake in CD8 + T cells and the immunosup-
pressive effect of Kyn on CAR-T cells. Tumor-infiltrating
CD8 + T cells could experience a loss of function or altered
metabolic function in the immunosuppressive TME that was

characterized by accumulated Kyn. Based on the immuno-
suppressive function of Kyn accumulation in TME, we mod-
ification of CAR-T cells for the catabolism of Kyn and
explorer the phenotype of KYNU-modified CAR-T cells. We
highlighted how the catabolism of Kyn improved T cells
mediating cytotoxicity through KYNU-OE, as revealed by
in vitro and in vivo experiments. This was consistent with
previous study that modified KYNU mediated depletion of
Kyn in the TME and reversed the modulatory effects of IDO1/
TDO upregulation in the TME.**

As a supraphysiological signaling pathway, CAR mod-
ification results in a distinct phenotype.’ It is known that
inclusion of CD28 domains in the CAR architecture tends
to yield effector memory cells by enhancing glycolysis,
while 4-1BB in CAR can promote the formation of central
memory T cells through metabolic reprogramming by
increasing fatty acid oxidation and enhancing mitochon-
drial biogenesis.*” Engineering immunomodulatory fusion
proteins of Fas-4-1BB could also significantly enhance
human T cell function by enhancing mitochondrial bio-
genesis and metabolic reprogramming.*® In the present
study, we modified CAR-T cells through overexpression
or knockout of KYNU. The antitumor activity of KYNU-
modified CAR-T cells were verified through in vivo
experiments. KYNU-OE CAR-T cells not only catabolized
the accumulated Kyn but also changed the phenotype,
such as regulating the metabolic activity, expansion, dif-
ferentiation and longevity of CAR-T cells. For the animal
experiment, we injected CAR-T cells into mice, and blood
was collected at day 14 for the analysis of resident CAR-T
cells. There was an approximately 0.3% percentage of
CAR-T cells, and the KYNU-OE CAR-T cell treatment
group contained the highest CAR-T cell percentage.
Based on a lifespan of effector T cells of approximately
2 weeks,”>" these resident detected CAR-T cells were the
main fighters against the antitumor effect.

It was noted that the production and accumulation of
Kyn were found in various cancers. To proof the hypoth-
esis that the catabolism of Kyn for the improvement of
anti-tumor effectiveness through tandem KYNU and CAR,
we used commercialized anti-CD19 CAR-T cells and
NALMG6 leukemia cell line. However, there were weak
expressions of IDO1, IDO2, and TDO2 protein and no
signal of intracellular Kyn in NALMS6 cells. This made the
addition of Kyn in the media for the killing assay more
convincing. In the in vivo experiment, we produced
NALM6-IDO1 cells to establish high Kyn TME. There
were high IDO1 protein expression and intracellular Kyn
concentration in NALM6-IDOI1 cells. KYNU-OE CAR-T
cells showed superior antitumor efficacy, while KYNU-KO
CAR-T cells showed inferior antitumor potential. The
distinct antitumor immunotherapy efficacy of KYNU
modified CAR-T cells implied further clinical trial for
the rescue of the immunosuppressive effect of Kyn.

In conclusion, we produced KYNU-OE CAR-T cells for
the treatment of hematopoietic malignancies with a high
concentration of the immunosuppressive oncometabolite
Kyn. KYNU-modified CAR-T cells displayed distinct phe-
notypes of expansion, function and differentiation status.



KYNU-OE CAR-T cells enhance the killing potential
through increased production of lytic granule contents
granzyme B and cytokine IFN-y. This enhanced antitumor
effect was consistent with the prolonged survival of mice
bearing NALM6-IDO1 cancer cells. This study explores an
immunotherapy strategy for patients with alterations in
Trp metabolic disorder through catabolism of the immu-
nosuppressive oncometabolite Kyn.
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