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The S enantiomer of 2-hydroxyglutarate increases central memory CD8
populations and improves CAR-T therapy outcome
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m Cancer immunotherapy is advancing rapidly and gene-modified T cells expressing chimeric
antigen receptors (CARs) show particular promise. A challenge of CAR-T cell therapy is that

¢ S-2HG treatment
maintains human CD8

T cells in a central
memory state.

the ex vivo-generated CAR-T cells become exhausted during expansion in culture, and do

not persist when transferred back to patients. It has become clear that naive and memory
CD8 T cells perform better than the total CD8 T-cell populations in CAR-T immunotherapy

because of better expansion, antitumor activity, and persistence, which are necessary
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* CAR-T cells treated features for therapeutic success and prevention of disease relapse. However, memory 2
. ]
with S.'QHG. show CAR-T cells are rarely used in the clinic due to generation challenges. We previously v
SILRELET UL el reported that mouse CD8 T cells cultured with the S enantiomer of the immunometabolite E
responses. 2-hydroxyglutarate (S-2HG) exhibit enhanced antitumor activity. Here, we show that %
clinical-grade human donor CAR-T cells can be generated from naive precursors after culture %
o]
with S-2HG. S-2HG-treated CAR-T cells establish long-term memory cells in vivo and show =
superior antitumor responses when compared with CAR-T cells generated with standard S
B
clinical protocols. This study provides the basis for a phase 1 clinical trial evaluating the g
. . . . . . . o
activity of S-2HG-treated CD19-CAR-T cells in patients with B-cell malignancies. 3
Introduction 5
S
2
Adoptive T-cell transfer (ACT) with genetically modified T cells expressing chimeric antigen receptors g
(CARs) has transformed cancer therapy. However, CAR-T cell exhaustion and the resultant short-term &
immunosurveillance limit the clinical potential of CAR-T immunotherapy.'? It is well established that less- 5
differentiated T cells, such as central memory (Tgy) and stem cell memory (Tscwm) cells, display better ¢
expansion, antitumor activity, and persistence.>” However, most clinical trials use CAR-T cells generated ~ 2
from unsorted peripheral blood mononuclear cells (PBMCs).2 This approach leads to inconsistent results §
because PBMC compositions vary among patients,? and the use of terminally differentiated effector cells g
as CAR-T products reduces antitumor responses.'®'" Therefore, it is essential to develop new strategies 8
for generating well-defined and persistent CAR-T products in a consistent manner. =
Specific metabolites are intracellularly increased after T-cell receptor (TCR) triggering, through
a mechanism that involves the hypoxia-inducible factor 1 (HIF-1a)."*'® Although HIF-1a stabilization
after TCR activation results in a metabolic switch toward glycolysis and effector differentiation,'®"®
HIF-1a is also responsible for increased concentrations of the S enantiomer of the immunometabolite
2-hydroxyglutarate (S-2HG).'?> We have previously shown that S-2HG can regulate T-cell fate in
Submitted 11 May 2020; accepted 31 July 2020; published online 17 September data can be found at: https://data.mendeley.com/datasets/8pp5ywc4nf/draft?
2020. DOI 10.1182/bloodadvances.2020002309. a=eb53e8cb-39b0-4a5a-b6d1-2afb6bcb30de.
RNA-Seq data are available in the Gene Expression Omnibus database (accession The full-text version of this article contains a data supplement.
number GSE155715). For original data, please contact ipf28@cam.ac.uk. Analyzed © 2020 by The American Society of Hematology
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Figure 1. S-2HG treatment increases the CCR7*/CD45RO™ (Tcm) population in Pan T cells. (A) Flow cytometry plots of CD8 T cells showing surface expression of
CCR?7 and CD45RO following activation of pan T cells cultured with either IL-2 (30 U/mL) or IL-7/IL-15 (10 ng/mL) or IL-15 (10 ng/mL). Cells were treated with vehicle (H,O)
or S-2HG (0.6 mM) from days O to 8 and analyzed at day 8 by flow cytometry. Representative plots from 3 individual donors are shown. (B) Quantification of panel A. The
proportion of CD8 Ty (CCR7/CD45RO™) cells for the different conditions is shown (mean + standard error of the mean [SEM]). Two-way analysis of variance (ANOVA)
with the Sidak multiple comparison test comparing the means of S-2HG to the means of vehicle for each culturing condition. (C) Flow cytometry plots of CD4 T cells showing
surface expression of CCR7 and CD45RO following activation of pan T cells cultured with either IL-2 (30 U/mL) or IL-7/IL-15 (10 ng/mL) or IL-15 (10 ng/mL). Cells were
treated with vehicle (H,0) or S-2HG (0.6 mM) from days O to 8 and analyzed at day 8 by flow cytometry. Representative plots from 3 individual donors are shown. (D)
Quantification of panel C. The proportion of CD4 Ty (CCR7*/CD45RO™) cells for the different conditions is shown (mean = SEM). Two-way ANOVA with the Sidak multiple
comparison test comparing the means of S-2HG to the means of vehicle for each culturing condition. For all panels: **P = .01; ***P = .001; ****P = .0001.

mouse CD8 T cells."? Intracellularly, S-2HG inhibits a range of
a-ketoglutarate (a-KG)—dependent demethylases and hydroxy-
lases.'® A known S-2HG target is the ten-eleven translocation 2
(TET2) demethylase, the inhibition of which has been correlated
with the production of central memory CAR-T cells and complete
tumor remission in a patient.'”

Here, we demonstrate that clinical-grade tumor-specific Toy cells

can be efficiently and easily generated by isolating naive CD8
T cells and complementing T-cell medium with cell-permeable
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S-2HG. Importantly, naive S-2HG-treated CAR-T cells show
superior and long-lasting antitumor responses compared with
CAR-T cells generated with protocols used in clinical trials.

Methods

Cell culture and treatments

PBMCs from healthy donors were obtained from Cambridge
Bioscience or National Health Service (NHS) Blood and Transplant
(NHSBT; Addenbrooke’s Hospital, Cambridge, United Kingdom).
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Figure 2. S-2HG treatment increases the CCR7*/CD45RO™ (Tcyy) population in naive CD8 T cells. (A) Flow cytometry plots of CD8 T cells showing surface
expression of CCR7 and CD45RO following activation of naive CD8 T cells cultured with IL-2 (30 U/mL). Cells were treated with vehicle (H,O) or increasing concentrations of
S-2HG from days 0 to 12 and analyzed at day 12 by flow cytometry. Representative plots of n = 5 is shown. (B) Naive CD8 T cells were isolated from 12 individual donors
over 6 independent experiments. The isolated T cells were activated and treated with vehicle (H,O) or S-2HG (0.4 mM) from days O to 12 and analyzed at day 12 by flow
cytometry. The proportion of CD8 Ty (CCR7/CD45RO™), CD8 Tgy (CCR7 /CD45RO ™), and CD8 Tgr (CCR7 /CD45R0O ™) cells is shown. Paired 2-tailed Student ¢ test
was used. (C) Total cell number following activation of naive CD8 T cells isolated from 5 individual donors over 3 independent experiments. Cells were activated and treated
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PBMC isolation was performed within 8 to 12 hours after blood
collection. T-cell isolation was performed with Miltenyi Biotec
magnetic-activated cell sorting kits (Pan T cells, total CD8" T cells
negative selection, and naive CD8™ T cells) following manufacturer's
instructions. T cells were activated with aCD3/CD28 beads (1:1
bead-to-cell ratio; Gibco) and interleukin 2 (IL-2; 30 U/mL) for 4 days.
S-2HG treatment (Toronto Research Chemicals) started at day O (or
at day 4 for CAR-T cells) and was at 0.4 mM concentration, unless
stated otherwise. Every second day, fresh complete RPMI-1640
media containing IL-2 (30 U/mL) and the appropriate amount of S-
2HG or vehicle was added. Cell number and viability were measured
with an ADAM-MC automated cell counter (NanoEnTek) or by flow
cytometry using counting beads (Invitrogen). For the Pan—T-cell
experiments, cells were isolated and activated (as described earlier in
this section) for 4 days in IL-2 (30 U/mL); on day 4, the activation
beads were removed, and the cells were washed with phosphate-
buffered saline (PBS) and divided in 3 culturing conditions (IL-2 [30
U/mLl], IL-7/IL-15 [10 ng/mL], or IL-15 [10 ng/mLl]). Lenti-X 293T cells
were obtained from Takara; Raji-GFP-LUC and K562-LUC cells
were obtained from Biocytogen. Human cells were cultured in RPMI
(Gibco) or Dulbecco modified Eagle medium (DMEM; Gibco)
supplemented with 10% heat inactivated fetal bovine serum (FBS;
Gibco) and 1% penicillin/streptomycin  (Gibco). Recombinant
human IL-2 (30 U/mL; Roche) and IL-7 and/or IL-15 (10 ng/mL;
BD Biosciences) were used for stimulation.

CAR-T generation

Naive or total CD8 T cells were isolated from the same donor and
activated as in the previous paragraph. On day 1, lentiviral trans-
duction was performed. Untreated tissue-culture plates were used,
coated with RetroNectin (30 wg/mL; Clontech). The approximate
multiplicity of infection was 100. The following lentiviral vectors
purchased by Creative Biolabs were used: a truncated form of
epidermal growth factor receptor (tEGFR; vector-control), anti-CD19-
CAR with a 4-1BB endodomain, or an anti-CD19-CAR with a CD28
endodomain. All lentiviral constructs contained tEGFR as a surface
transduction marker. After addition of the virus in each well, the plate
was centrifuged at 2000g, at 32°C for 2 hours. After centrifugation,
the supernatant was removed and the appropriate amount of CD8
T cells were added in each well. On day 4, the activation beads were
removed, and the cells were cultured in the presence of S-2HG
(0.4 mM) or vehicle (H,O) until day 15. The CAR" cells were
quantified by flow cytometry after staining with an anti-EGFR antibody.

Flow cytometry

Flow cytometry was performed on day 12, unless otherwise stated.
Cells were pelleted by centrifugation and stained with antibodies in
fluorescence-activated cell sorting (FACS) buffer (6% fetal bovine
serum, 2 mM EDTA in PBS) at 4°C for 30 to 45 minutes. CCR7
staining was performed in RPMI-1640 media at 37°C for 20 minutes.
The stained cells were finally resuspended in 1X FACS-Fix

(BD Biosciences) and kept at 4°C in the dark until analysis. The
samples were processed 1 to 3 days after fixation. Flow cytometers
used were the BD LSR-Fortessa and AttuneX (Invitrogen). The flow
data were analyzed using FlowJo.

The following antibodies were used: Live/Dead (Invitrogen); CCR7
(3D12; BD Biosciences); CD3 (HIT3a), CD8 (HIT8a), CD45RO
(UCHL1), and CD62L (DREG-56) (all obtained from BioLegend);
and EGFR (528; Santa Cruz Biotechnology).

RNA-sequencing and gene-set enrichment analysis

Naive CD8 T cells from 3 independent human donors were
activated and treated with S-2HG (0.4 mM) or vehicle (H,0) for 12
days, then collected and lysed with RNA Lysis Buffer RLT (Qiagen)
containing (1:100) B-mercaptoethanol. Library preparation and
paired-end RNA sequencing using lllumina NextSeq 500, as well as
downstream data analysis, were performed by Active Motif. Se-
quenced reads were mapped to the genome using the STAR aligner
with default settings and uniquely mapped reads were counted.
Normalized counts per million and differential gene expression were
determined with DESeq2."® Significantly differentially expressed genes
were defined according to a false discovery rate (FDR) < 0.1
threshold. Hierarchical clustering of Z score and log fold-change
expression values used in heatmaps was carried out using the hclust
function in R version 3.6.1. RNA-Seq data are available at Gene
Expression Omnibus (GEO) under accession number GSE155715.

Gene set enrichment analysis (GSEA) analysis was performed on
a complete ranked list of our genes using gene sets from the Molecular
Signature Database at the Broad Institute (https://www.gsea-msigdb.
org/gsea/msigdb/index.jsp) as previously described.®

Cytotoxicity and cytokine release

Activated naive or total CD8 T cells were transduced on day 1 with
an anti-CD19-CAR (4-1BB) or with tEGFR (vector-control) lentiviral
construct, as described previously in “Methods.” Transduced cells
were treated with vehicle (HoO) or S-2HG (0.4 mM) from days 4 to
12. On day 12, the transduced cells were cocultured with CD19™"
Raji-GFP™ cells or CD197K562 cells in the stated effector/target
(E:T) ratio. The cytokines were quantified by Multiplex ElectroChemical
Luminescence Immunoassay (MesoScale Discovery) or by LEGEND-
plex (BioLegend), following the manufacturer's instructions. Cytotoxicity
was assessed by FACS as: ratio of green fluorescent protein—positive
(GFP™; target)/GFP~ (reference) cells for each test coculture divided
by the ratio from cultures without T cells.

Animal studies

Six- to 8-week-old female immunocompromised (NSG) mice
(Charles River) were used for ACT. Mice were IV injected with
1 X 10° CD19™" Raji-GFP-LUC cells on day —7. On day —1, the
tumor burdens were assayed and mice with similar tumor burden
were used for each condition. On day O, mice were IV injected with

Figure 2. (continued) with vehicle (H,O) or S-2HG (0.4 mM) from days 0 to 12. Cell number was quantified on the specified dates using the ADAM-MC automated cell
counter (NanoEnTek). Graph shows mean += SEM and a 2-way ANOVA was used, variance shown is treatment over time. (D) Naive CD8 T cells were isolated from 5

individual donors over 2 independent experiments. T cells were activated and treated with vehicle (H,0O) or S-2HG (0.4 mM) from days O to 12 and analyzed at day 12 by flow
cytometry. The total cell number of CD8 Ty (CCR7"/CD45RO™) cells was quantified by flow cytometry (mean + SEM). Paired 2-tailed Student ¢ test was used. (E-F) Naive
CD8 T cells were isolated from 3 individual donors over 2 independent experiments, activated and treated with vehicle (H,O) or S-2HG (0.4 mM) from days O to 12. The cells
were collected on day 12 and RNA-Seq analysis followed. GSEA of Kamminga_EZH2_target (E) and Delpuech_ FOXO3_targets_up (F) in S-2HG-treated vs vehicle-treated
CD8 T cells. Net enrichment score (NES) values and FDR are shown. For all panels: *P = .05; **P = .01; ***P = .001; ****P = .0001.
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2.5 X 10* CAR-T (4-1BB) cells or tEGFR T cells or PBS. The T-cell
dose was based on the percentage of CAR™ cells measured by
flow cytometry 2 to 3 days before in vivo injection. The tumor burden
was monitored twice a week by in vivo bioluminescent imaging with
an in vivo imaging system (Xenogen IVIS 200; PerkinElmer). Before
bioluminescent imaging, the mice were injected with Xenolight
d-luciferin (PerkinElmer; intraperitoneal injection 10 pL/g of body
weight from 15 mg/mL stock) resuspended in PBS. Both dorsal and
ventral views were obtained for all animals and the tumor bulk was
calculated as total flux from both images as photons per second.
Mice were euthanized when they developed signs of ill health (hind-
limb paralysis, loss of 15% of body weight or piloerection, and
hunched posture and/or when showing very high total-flux signal
>5 X 10° photons per second). Optical imaging data analysis was
carried out using Living imaging software 4.3 (PerkinElmer). Imaging,
survival measurements, and data analysis were performed by
a blinded operator. The animal experimental protocol was approved
by the UK Home Office and was in accordance with the ethical
regulations of the UK Home Office and the University of Cambridge.

Statistical analysis

Statistical analysis was performed with Prism-8 software (Graph-
Pad). Statistical significance was set at P < .05.

Results

S-2HG drives human Pan-T cells toward
a Tcm phenotype

To evaluate the effect of S-2HG on human T cells, we first isolated
Pan-T (CD8 and CD4) cells from healthy donors and treated them
with vehicle or S-2HG for 8 days under 3 different culturing
conditions (IL-2, IL-7/IL-15, and IL-15) (Figure 1A-D). S-2HG-treated
CD8 and CD4 cells showed a significant increase in the Tgy
population (CCR7*/CD45RO™) compared to vehicle, under all
culturing conditions (Figure 1B,D). It has been reported that
IL-7/IL-15-supplemented media maintain T cells in a less-
differentiated state compared with IL-2-supplemented media.°
However, in studies where differences were observed in T-cell
subsets between IL-2- and IL-7/IL-15-supplemented media, high

concentrations of IL-2 (50-100 U/mL) were used, in comparison
with our studies, where 30 U/mL IL-2 concentration was used.2°?"
High IL-2 concentrations in the culturing conditions result in
increased effector phenotype and function compared with low IL-
2- or IL-15-cultured cells.*'*> We found that S-2HG's effect on
the Tom population was independent of the cytokines used in
culture, suggesting a universal mechanism by which S-2HG favors
the production of memory cells.

Naive CD8 T cells treated with S-2HG show increased
memory subsets

To determine dose-dependency, we isolated naive CD8 T cells from
healthy donors and treated them with different concentrations of
S-2HG (Figure 2A; supplemental Figure 1). High concentrations of
S-2HG lowered total T-cell numbers (supplemental Figure 1A) but
cell viability was not impaired for S-2HG concentrations lower than
0.8 mM (supplemental Figure 1B). Importantly, S-2HG increased
the Tcw population (CCR7*/CD45RO™) of CD8 T cells in a dose-
dependent manner (Figure 2A; supplemental Figure 1C).

The titration experiments showed that 0.4 mM S-2HG was the
concentration that best balanced phenotypic outcome and cell
proliferation/viability. Isolation of naive CD8 T cells from 12 donors
and treatment with 0.4 mM S-2HG increased the proportion of Tcy
and T effector memory (Tgy; CCR77/CD45RO™) cells, whereas
0.4 mM S-2HG decreased the proportion of T effector (Tgr;
CCR7 /CD45RO") cells (Figure 2B).

Although S-2HG treatment reduced the total proliferation of the
activated cells compared to vehicle (Figure 2C), the number of
S-2HG-treated cells did not reach a plateau until day 12 of culture,
as opposed to vehicle-treated cells, which plateaued at day 10.
Additionally, the cell number of the Tcy population was significantly
increased after 12 days of S-2HG treatment compared to vehicle
(Figure 2D). These results highlight the long proliferative potential of
the S-2HG-treated cells, characteristic of memory formation.>®

We then performed RNA sequencing (RNA-Seq) comparing
activated CD8 T cells that were treated with either vehicle or S-
2HG for 12 days. Analysis of the most differentially expressed genes

Figure 3. In vitro assessment of S-2HG-treated CAR-T cells. (A) Naive CD8 T cells were isolated, activated, and transduced with an anti-CD19-CAR (4-1BB) lentiviral
construct on day 1. After activation, cells were treated with vehicle (H,O) or S-2HG (0.4 mM) from days 4 to 15 and analyzed at day 15 by flow cytometry. Proportion of live
CD8 CAR™ cells is shown (n = 8 donors, 4 independent experiments). Paired 2-tailed Student t test was used. (B-C) Naive CD8 T cells were isolated, activated, and
transduced with an anti-CD19-CAR (4-1BB) lentiviral construct on day 1. After activation, cells were treated with vehicle (H,O) or S-2HG (0.4 mM) from days 4 to 15 and
analyzed at day 15 by flow cytometry. (B) Proportion of live CD8 CAR™ Ty (CCR7*/CD45RO™) cells (n = 8 donors, 4 independent experiments). (C) The total cell number
of live CD8 CAR™ Tgy (CCR7*/CD45RO™) cells (n = 7 donors, 3 independent experiments; mean + SEM). Paired 2-tailed Student ¢ test was used. (D-E) Naive CD8

T cells were isolated, activated, and transduced with an anti-CD19-CAR (4-1BB) lentiviral construct on day 1. After activation, cells were treated with vehicle (H,0) or S-2HG
(0.4 mM) from days 4 to 15 and analyzed at day 15 by flow cytometry. (D) Proportion of live CD8 CAR™ Tgy (CCR7 /CD45RO™) cells. (E) Proportion of live CD8 CAR™ Tgr
(CCR77/CD45RO") cells. For both panels: n = 8 donors, 4 independent experiments; paired 2-tailed Student ¢ test was used. (F) Activated naive CD8 T cells were trans-
duced on day 1 with an anti-CD19-CAR (4-1BB) or with tEGFR (vector-control) lentiviral construct. Transduced cells were treated with vehicle (H,O) or S-2HG (0.4 mM)
from days 4 to 12. On day 12, the transduced cells (total population) were cocultured with CD19™ Raji-GFP* cells or CD19~ K562 cells at an effector:target (E:T) ratio of
5:1, 10:1, and 20:1. After 24 hours, cells were analyzed by flow cytometry and cytotoxicity was quantified. Results shown are the mean = SEM (n = 4 donors, 2 independent
experiments). A 2-way ANOVA with the Tukey multiple comparison test was used; variance shown is treatment over dilution. (G-l) Activated naive CD8 T cells were transduced
on day 1 with an anti-CD19-CAR (4-1BB) or with tEGFR (vector-control) lentiviral construct. Transduced cells were treated with vehicle (H,O) or S-2HG (0.4 mM) from days 4
to 12. On day 12, the transduced cells (total population) were cocultured with CD19™ Raji-GFP™ cells or CD19~ K562 cells at an E:T ratio of 1:1, 5:1, and 10:1. After 6
hours, cytokine levels in the supernatant were quantified. IFN-y levels (G), TNF-« levels (H), and IL-2 levels (I). For panels showing tEGFR (vector-control), the y-axis is set at
the same values as the anti-CD19-CAR panels. Results shown are the mean = SEM (n = 3 donors, 2 independent experiments). A 2-way ANOVA with the Sidak multiple

comparisons test was used; variance shown is treatment over dilution. *P = .05; **P = .01; ****P = .0001. ns, not significant.
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showed that S-2HG—treated cells primarily increased expression of
metabolism-related genes (such as CPT1A, ACADVL, PLIN2, and
GALM), whereas vehicle-treated cells increased expression of
adhesion- and migration-related genes (such as TIAM1, XCL1,
CXCRe6, and SLAMF?7) (supplemental Figure 2A). S-2HG treatment
increased expression of genes correlated with a Tey phenotype, and
decreased expression of genes correlated with STAT5 upregulation,
when compared to vehicle treatment (supplemental Figure 2B-C). It
has been reported that STAT5 maintains long-lived cytotoxic and
effector CD8 T-cell responses.®*?°

It is noteworthy that our RNA-Seq analysis of S-2HG- vs vehicle-
treated cells showed modest differences at the messenger RNA
level, suggesting alternative pathways by which S-2HG drives the
observed phenotypic differences. In support of this hypothesis,
GSEA of S-2HG- vs vehicle-treated cells showed enrichment in
pathways implicated in messenger RNA metabolism and translational
regulation (supplemental Figure 2D). Additionally, the GSEA analysis
showed an enrichment of gene sets of EZH2 targets and a decrease
in gene sets associated with FOXOS3 targets for the S-2HG-treated
cells (Figure 2E-F). EZH2 is expressed in T cells following activation,
preserves hematopoietic stem cell potential, and inhibits T-cell
differentiation into Tgr cells.?®2” Conversely, the transcription factor
FOXQO3 is a crucial regulator of differentiation, and increased FOXO3
can limit the number of long-lived memory CD8 T cells.2%°
Collectively, these results indicate that S-2HG treatment favors the
accumulation of CD8 Tgy cells, an ideal characteristic for ACT.

S-2HG increases memory subsets in engineered
CAR-T cells

To evaluate the functionality of the S-2HG—derived CD8 Tgy cells,
we generated anti-CD19-CAR-T cells containing the 4-1BB
costimulation domain by using a lentiviral construct. The transduced
CD8 T cells were activated and then treated with vehicle or S-2HG
for 12 to 15 days. S-2HG did not alter the transduction efficiency
of CD8 T cells and there were no significant changes in the
proportion of CAR"' cells between vehicle and S-2HG
(Figure 3A). Although it has been reported that CAR™ T cells
containing the 4-1BB domain drive T cells to a less-differentiated
state,®® we observed that S-2HG-treated CAR™ CD8 T cells

showed a further increase in the proportion and absolute cell
number of Tgy and Tgy cells (Figure 3B-D; supplemental
Figure 3A), one similar to that seen in the CD8-treated cells
without the CAR construct (Figure 2B,D). A general decrease in
the proportion of Tgr cells in CAR™ CD8 T cells was observed,
and there were no significant changes between vehicle and S-
2HG treatment (Figure 3E), however, the actual cell numbers of
the CAR™ Tgr cells were significantly decreased after S-2HG
treatment compared to vehicle (supplemental Figure 3B).

To examine whether the effect of S-2HG on CAR" CD8 T cells is
independent of the CAR-transactivation domain, we also generated
anti-CD19-CAR-T cells containing the CD28 signaling domain
and treated them with S-2HG or vehicle. CD28-containing anti-
CD19-CAR-T cells showed increased proportions of Ty cells
and decreased proportions of Tge cells after S-2HG treatment
(supplemental Figure 3C-E). In sum, these results demonstrate
that S-2HG can increase the central memory population of CAR™
cells independent of the transactivation domain of the CAR
construct.

To assess the functionality of the CAR-T S-2HG-treated cells, we
performed in vitro cytotoxicity and cytokine release assays. CD8
T cells were transduced with either anti-CD19-CAR (4-1BB) or
tEGFR (vector-control) constructs, and treated with S-2HG or
vehicle for 12 to 15 days. The transduced T cells were subsequently
cocultured with CD19™ Raji B-cell lymphoma (as target cells) and
CD19~ K562 myelogenous leukemia cells (as reference cells).
Interestingly, although S-2HG increases the memory population of
CAR™ CD8T cells, the immediate cytotoxic response toward target
cells was not impaired compared to vehicle (Figure 3F; supple-
mental Figure 3F-G). Similarly, despite the general skewing in
effector subsets after S-2HG treatment, there were no differences
in the release of interferon vy (IFN-y) and tumor necrosis factor a
(TNF-a) between vehicle- and S-HG-treated cells (Figure 3G-H;
supplemental Figure 3H). To the contrary, S-2HG treatment
increased IL-2 production (Figure 3l). This observation is in
agreement with our previous studies using S-2HG-treated mouse
CD8 T cells."? High IL-2 production is another characteristic of
less-differentiated CCR7 " memory cells, and it has been reported

Figure 4. S-2HG-treated CAR-T cells show enhanced antitumor activity. (A) Schematic representation of the in vivo model and the different CAR-T populations used.
NSG mice were injected IV with 1 X 10° Raji-GFP-LUC cells/mouse and 7 days after mice were treated with either anti-CD19-CAR-T cells or tEGFR (vector-control) T cells.
Naive or total CD8 T cells were isolated from the same donor, activated, and transduced with the appropriate lentiviral construct. The anti-CD19-CAR (4-1BB) was used for
CAR-T cells. After activation, cells were treated with vehicle (H,O) or S-2HG (0.4 mM) from days 4 to 15. The NSG mice received 2.5 X 10* CAR™ cells, or tEGFR cells or
PBS. (B) Bioluminescence imaging of tumor growth of mice treated with the following conditions: CAR-Vehicle (naive); CAR-S-2HG (naive); CAR-Vehicle (total); CAR-S-2HG
(total); tEGFR and PBS. The geometric mean is shown for each condition; n = 11 mice per condition for CAR-Vehicle (naive) and CAR-S-2HG (naive); n = 10 mice/condition
for CAR-Vehicle (total) and CAR-S-2HG (total); n = 6 mice for tEGFR and n = 5 mice for PBS. Two independent experiments using CD8 T cells from 2 different donors. On

the second experiment, the IVIS imaging on day 11 and day 32 was performed 1 day later. Statistical analysis was performed for the indicated groups by the Wilcoxon test in

the logy values. (C) Bioluminescence imaging of tumor growth for the individual mice per condition. Conditions shown: PBS; CAR-Vehicle (naive); CAR-S-2HG (naive);
tEGFR; CAR-Vehicle (total); and CAR-S-2HG (total). Two independent experiments using CD8 T cells from 2 different donors. On the second experiment the IVIS imaging

on day 11 and day 32 was performed 1 day later; n = 11 mice/condition for CAR-Vehicle (naive) and CAR-S-2HG (naive); n = 10 mice/condition for CAR-Vehicle (total) and
CAR-S-2HG (total); n = 6 mice for tEGFR and n = 5 mice for PBS. (D-E) Percentage of human live CD8 CAR" Ty (CCR77/CD45R0O™) cells in peripheral blood of mice
12/13 days post adoptive cell transfer (D), and 20/21 days post adoptive cell transfer (E). All conditions were compared with CAR-S-2HG (naive) with the unpaired Student
ttest; n = 10 to 11 mice/condition for CAR-Vehicle (naive) and CAR-S-2HG (naive); n = 10 mice/condition for CAR-Vehicle (total) and CAR-S-2HG (total), 2 independent
experiments using CD8 T cells from 2 different donors. (F) Kaplan-Meier survival curve of Raji-GFP-LUC-bearing mice treated as in (A) and using a 1 X 109 total flux cutoff;

n = 11 mice per condition for CAR-Vehicle (naive) and CAR-S-2HG (naive); n = 10 mice per condition for CAR-Vehicle (total) and CAR-S-2HG (total); n = 6 mice for tEGFR

and n = 5 mice for PBS; 2 independent experiments using CD8 T cells from 2 different donors. Statistical analysis was performed using a log-rank Mantel-Cox test. For all

panels: *P = .05; **P = .01; ***P = .001; ****P = .0001.
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that CD8 T cells progressively lose the ability to produce IL-2 as
they differentiate from naive cells to effectors.”’

S-2HG enhances antitumor activity of CAR-T cells

We next assessed the in vivo antitumor activity of the S-
2HG-treated CAR-T cells using both naive and total CD8 T cells
as starting material; the latter being more typically used clinically.
We performed xenografts in NSG mice by injecting 1 X 10°
CD19" Raji-GFP-LUC cells, followed by injection 7 days later of
2.5 X 10* CAR" T cells (vehicle- or S-2HG-treated) (Figure 4A;
supplemental Figure 4). Tumor progression was monitored via
bioluminescent (IVIS) imaging.

S-2HG-treated CAR-T cells (both naive and total) showed better
in vivo antitumor responses compared to their vehicle-treated
counterparts (Figure 4B-C). Specifically, we observed a significant
decrease in tumor progression in S-2HG- relative to vehicle-treated
naive-generated CAR-T cells, and between S-2HG- and vehicle-
treated total-generated CAR-Ts (Figure 4B). In addition, we observed
that tumor progression was significantly lower when naive populations
were used for CAR-T generation when compared with generation
of these cells from total CD8 T cells (Figure 4B). This result is
in agreement with other studies,?®* and demonstrates that CAR-T
cells generated by a homogenous naive T-cell phenotype have an
increased antitumor potential. However, it is clear by both the overlaid
average tumor growths (Figure 4B) and the tumor growths shown for
individual mice (Figure 4C) that S-2HG-treated naive-generated
CAR-T received mice had better antitumor responses compared with
all other conditions examined. Importantly, the antitumor effect of
S-2HG-treated naive-generated CAR-T cells was not lost when later
time points were assessed (supplemental Figure 5).

Examination of the CAR-T populations in the circulation at 12- and
20-days post-ACT showed that mice that received S-2HG-treated
CAR-T cells (naive-generated) had increased proportions of CAR™"
Tom population compared with the other treated conditions (Figure
4D-E). Finally, based on a 1 X 10° total flux (photon per second)
cutoff (1000-fold tumor increase from baseline prior to ACT),
we observed significantly increased survival in mice that received
naive-generated S-2HG-treated CAR-T cells relative to all other
conditions (Figure 4F).

Discussion

The high antitumor efficacy observed in these experiments, where
we inject 10 to 40 times fewer CAR-T cells than the number
typically used highlights the importance of CAR-T cell differen-
tiation profiles. Clinical trials have also shown that the number of
CAR-T cells used plays an important role. Generating CAR-T
cells from naive precursor cells could be challenging as patients
usually present low T-cell numbers with inconsistent cellular
compositions at the beginning of the procedure.® However,
recent advances in automated magnetic-bead T-cell isolation
and engineering systems have shown promising results with robust
and highly transduced T-cell products with strong proliferative
potential.®3° Those systems are already using clinical-grade reagents
for isolation of different T-cell populations (instead of unselected
PBMCs)® and they could be easily adapted to use reagents similar to
the ones used in this study for naive T-cell isolation.

Overall, enhancing immunologic memory is key for advancing CAR-
T immunotherapy against both hematological and solid tumors,*®

€ blood advances 22 sepTEMBER 2020 - vOLUME 4, NUMBER 18

and different approaches have been explored to augment long-
term persistence. For example, it has been shown that ex vivo
expansion of CD8 T cells with specific cytokines (such as IL-7,
IL-15, and IL-21) can increase memory T-cell formation, pro-
liferation, and survival.2%3437:38 |n addition, Tgcm cells can be
derived by limiting reactive oxygen species via pharmacological
inhibition* or targeting the Wnt/B-catenin pathway’ or using
a combination of IL-7, IL-21, and a glycogen synthase-33
inhibitor®® on naive CD8 T cells. Different costimulation domains
on the CAR constructs have also been used as a strategy for
increased immunologic memory.' !¢

In our study, S-2HG was able to generate Ty cells independent of
the cytokines used in culture and the CAR costimulation domain,
making this approach both simple and adaptable to already existing
clinical protocols. In addition, because S-2HG is a naturally occurring
metabolite found in healthy individuals, we believe that its presence
will have few side effects and low toxicity compared with chemical
inhibitors. In sum, this study demonstrates that the generation of
aclinically favorable subset of CAR-T cells with propitious phenotypic
and functional properties can be derived culturing naive-isolated CD8
cells with the S enantiomer form of 2HG.
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