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Abstract
Engineered T cells transiently expressing tumor-targeting receptors are an attractive form of engineered T
cell therapy as they carry no risk of insertional mutagenesis or long-term adverse side-effects. However,
multiple rounds of treatment are often required, increasing patient discomfort and cost. To mitigate this,
we sought to improve the antitumor activity of transient engineered T cells by screening a panel of small
molecules targeting epigenetic regulators for their effect on T cell cytotoxicity. Using a model for
engineered T cells targetting hepatocellular carcinoma, we found that short-term inhibition of G9a/GLP
increased T cell antitumor activity in in vitro models and an orthotopic mouse model. G9a/GLP inhibition
increased granzyme expression without terminal T cell differentiation or exhaustion and resulted in
speci�c changes in expression of genes and proteins involved in pro-in�ammatory pathways, T cell
activation and cytotoxicity.

Introduction
Adoptive cell transfer (ACT) has been highly effective in targeting certain refractory cancers and remains
potentially effective for other cancers as new targets of cancer-immune interactions are revealed 1. ACT
involves isolating immunocompetent cells from cancer patients, expanding them ex vivo, and infusing
them back into the patient. Cells used for ACT can be unmodi�ed tumor-in�ltrating lymphocytes (TILs)
isolated from the patient or effector cells, typically T cells, isolated from the patient’s peripheral blood
then engineered to target the tumor by incorporating a T cell receptor (TCR) or chimeric antigen receptor
(CAR), with additional modi�cations to improve immune cell proliferation and persistence 2.

While cell therapies for various lymphomas have led to dramatic tumor regressions and have FDA
approval, response in solid tumours remains varied. Solid tumors present unique challenges, such as
tumor heterogeneity and the lack of tumor-speci�c targets, but also an immunosuppressive tumor
microenvironment (TME) characterised by poor T cell in�ltration and terminal T cell differentiation and
exhaustion at the tumor 3. To overcome the hostile TME, lymphodepleting regimens combined with
infusion of large numbers of the T cells is often used 3. However, introducing large numbers of T cells
signi�cantly increases the risk of on-target/off-target toxicity, neurotoxicity, and cytokine release
syndrome 1,4. The use of engineered T cells that transiently express TCRs or CARs by mRNA gene
transfer, reduces these risks. Additionally, they avoid the use of viral vectors, hence there is no risk of
insertional mutagenesis and can be manufactured more easily at low cost and on a larger scale 5. Such
transient engineered T cells have shown signi�cant antitumor activity in a phase I clinical trial 6 and in
preclinical animal models 7,8. However, multiple infusions are often required, increasing patient
discomfort and treatment cost. To minimise this, strategies to improve the antitumor activity of transient
engineered T cells are required.

Using small molecule inhibitors is a simple and cost-effective method for modulation of T cell behavior
and cell therapy e�cacy 9, and has been shown to limit terminal differentiation and promote proliferation
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when used during engineered T cell production 10–14. T cell subpopulations are transcriptionally
regulated, and such rapid and precise differentiation is thought to be epigenetically controlled 15,16.
Epigenetic inhibitors are a unique class of small molecule inhibitors with the potential to induce heritable
changes in the epigenome and therefore persistent change in T cell behaviour 16. In this study, we
screened a panel of epigenetic inhibitors for their effect on T cell cytotoxicity when added during ex vivo
T cell expansion, using a model for transient TCR-T cells targeting hepatocellular carcinoma (HCC) 7. We
found that short-term G9a/GLP inhibition during the production of transiently engineered T cells
improved antitumor cytotoxicity.

Results

G9a/GLP inhibitors improve the cytotoxicity of TCR-
engineered T cells
Engineered transient-expressing TCR+ T cells have previously been shown to be effective against
hepatitis B virus-positive (HBV+) hepatocellular carcinoma 7. We therefore used this model to screen for
small molecule inhibitors targeting epigenetic regulators that could increase TCR+ T cell cytotoxicity
(Figure 1A). T cells derived from healthy donors were isolated and treated with drugs for 5 days, in
accordance with existing clinical practices for expanding patient T cells for T cell therapy 7. After drug
treatment, T cells were transfected with HBV envelope S183–191-speci�c TCR mRNA by electroporation
to generate TCR+ T cells. TCR+ T cell toxicity against the target cell line, HepG2-preS1, was evaluated with
2D CellTox™ assays. From 24 pre-selected small molecule inhibitors, 8 increased TCR+ T cell cytotoxicity
by more than 50% (Figure 1B), with A366 resulting in the highest increase (83% relative cytotoxicity).
A366 is a selective inhibitor of G9a/GLP 17, a hetero or homodimeric enzyme mainly responsible for
mono- and di-methylation of lysine 9 of histone H3 (H3K9me1/2) 18,19.

To con�rm the effect of G9a/GLP inhibition on T cell viability and cytotoxicity, we selected two other
chemically distinct compounds that selectively inhibit G9a/GLP, UNC0638 20 and UNC0642 21. We
identi�ed a concentration that did not affect T cell proliferation (Supplementary Figure 1A), and resulted
in effective inhibition of G9a/GLP activity, as assessed by a reduction of H3K9me2 levels (Supplementary
Figure 1B-C). We observed a greater decrease in H3K9me2 levels in UNC0638-treated T cells, consistent
with previous reports of its higher IC50 20. TCR+ T cell cytotoxicity after treatment with the 3 different

drugs was evaluated using a previously described 3D micro�uidic device assay 22 (Figure 1C). Brie�y,
HepG2-preS1 cells were seeded in a collagen matrix in micro�uidic channels, and TCR+ T cells were
introduced into one channel and allowed to migrate into the matrix toward target cells, and the proportion
of target cells killed by T cells was quanti�ed after 24 h. While TCR+ T cell cytotoxicity generally improved
after G9a/GLP inhibition, TCR+ T cell cytotoxicity did not improve for some donors with UNC0638 and
A366 (Figure 1C). UNC0642-treated T cells showed the most consistent and greatest increase in target
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cell killing (Figure 1C). UNC0642 also has a better pharmacokinetic pro�le than UNC0638 or A366 21;
hence, UNC0642 was used in further experiments.

To verify the effect of UNC0642 treatment and account for donor-dependent variation, we repeated the 2D
and 3D cytotoxicity assays with additional donors (Figure 1D-J). TCR+ T cell cytotoxicity was assayed in
2D in real time during co-culture with target cells using the xCELLigence® RTCA DP (Figure 1D-F). By 48
h, TCR+ T cells (blue, Figure 1D) restricted HepG2-preS1 cell growth more than mock electroporated TCR−

T cells (purple, Figure 1D), indicating that expression of the transfected TCR improved T cell targeting and
cytotoxicity as previously reported 7. UNC0642 treatment of TCR+ T cells (red, Figure 1D) further
increased T cell cytotoxicity, with a dramatic decrease in target cell number observed at approximately 40
h. Electroporated TCR+ T cells lose most of their TCR expression at 72 h post-electroporation (Figure 1G,
Supplementary Figure 1D) 7, but UNC0642 treatment did not affect TCR expression (Supplementary
Figure 1E). UNC0642-treated TCR+ T cells sustained an increase in cytotoxicity compared to untreated T
cells over at both 48 h (Figure 1E) and 72 h (Figure 1F).

Using the 3D cytotoxicity assay, we evaluated both the cytotoxicity and migration of TCR+ T cells (Figure
1H-J). Similar to our observations in 2D, TCR expression improved target cell killing in 3D, and UNC0642-
treated TCR+ T cells resulted in increased target cell killing (Figure 1I). UNC0642 treatment did not
increase cytotoxicity of TCR− T cells or naïve T cells (Figure 1I). TCR expression improved T cell migration
into the collagen matrix (Figure 1J), however there was no difference in T cell migration for UNC0642-
treated TCR+ T cells, suggesting that UNC0642 treatment increases the intrinsic cytotoxicity of T cells
rather than their ability to migrate.

Overall, the data indicate that G9a/GLP inhibition during T cell expansion increases TCR+ T cell target cell
killing e�ciency by increasing cytotoxicity.

The G9a/GLP inhibitor UNC0642 increases the expression of markers of T cell activation and effector
function without affecting T cell subpopulations

Epigenetic factors regulate T cell differentiation potential and phenotype 23, and T cell subpopulations
such as CD8+ and cytotoxic CD4+ cells are associated with target cell killing. We therefore investigated if
our observed change in T cell cytotoxicity was associated with different T cell subpopulations. UNC0642
treatment did not affect CD4+ and CD8+ proportions (Figure 2A, Supplementary Figure 2A). We also did
not observe any changes in distinct CD4+ T cell subpopulations (Treg, Th1, Th2, and Th17)
(Supplementary Figure 2B), CD4+ memory subtypes (Supplementary Figure 2C) or CD8+ memory
subtypes (Supplementary Figure 2D).

Increased T cell cytotoxicity is also linked to terminal differentiation of effector T cells, and subsequent
deterioration of T cell function, or T cell exhaustion 24. We therefore investigated T cell activation and
exhaustion after UNC0642 treatment (Figure 2B-C). UNC0642 treatment resulted in a signi�cant increase
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in granzyme B (GzmB) and small increase in Interleukin-2 (IL-2) expression while there were no changes
in Perforin (Perf), Interferon gamma (IFNγ) and Tumour Necrosis Factor alpha (TNFα) expression (Figure
2A). UNC0642 treatment also led to a small increase in the expression of Programmed Cell Death protein
1 (PD1) and CD39 but had no effect on Cytotoxic T-Lymphocyte Associated Protein 4 (CTLA4),
Lymphocyte Activating Gene 3 (LAG3) or T-cell Immunoglobulin domain and Mucin domain 3 (TIM3)
expression (Figure 2C). Because CD4+ and CD8+ T cells play different roles in T cell cytotoxicity, and
UNC0642 might differentially affect these subpopulations, we further assessed activation and exhaustion
markers in these two populations (Figure 2D-E). UNC0642 treatment increased GzmB expression
dramatically in CD4+ and CD8+ T cells, while we observed a lesser increase in IFNγ, TNFα and IL2
expression that was not signi�cant due to donor-dependent variability (Figure 2D). We observed a small
increase in CTLA4 expression in CD4+ T cells, and small increases in PD1, CTLA4 and CD39 expression in
CD8+ T cells.

T cell terminal differentiation and exhaustion are proposed occur in a multi-step process induced by T cell
activation, and expression of activation markers can overlap with exhaustion markers alone 25. This is
consistent with our observations, in which T cell cytotoxicity and effector markers (GzmB and IL2) were
upregulated simultaneously with some markers of activation/exhaustion (PD1 and CD39). To more
accurately simulate T cell activation and exhaustion, we investigated the effect of UNC0642 on CD4+ and
CD8+ T cell GzmB, PD1, CTLA4, CD39 and TIM3 expression when TCR+ T cells were co-cultured with
HepG2-preS1 target cells for up to 48 h, which is within the window of TCR+ T cell cytotoxicity (Figure 1D-
I). Measurements were taken just after UNC0642 treatment/ before TCR transfection (-48 h from co-
culture), 24 h after transfection (-24 h), and 24 h or 48 h after co-culture with target cells (Figure 2F-G,
Supplementary Figure 2E-H). GzmB expression in CD4+ and CD8+ T cells increase after TCR transfection,
and increased further after co-culture with target cells, peaking at 24 h (Figure 2F-G). UNC0642 treatment
resulted in a higher expression of GzmB in both populations of T cells before (-48 h) and after TCR
transfection (-24 h) (Figure 2F-G). This increase was sustained in CD8+ T cells after 24 h of co-culture
with target cells (Figure 2G). PD1 expression levels were unchanged for CD4+ T cells, while they increased
after co-culture for CD8+ T cells (Supplementary Figure 2E). However, UNC0642 treatment did not affect
PD1 expression in these cells (Supplementary Figure 2E). CTLA4 expression increased to a lesser degree
in CD4+ and CD8+ T cells, and we observed a small increase in CTLA4 expression in UNC0642-treated
CD4+ T cells before co-culture (Supplementary Figure 2F). CD39 and TIM3 expression remained relatively
unchanged for CD4+ T cells, while their expression increased after co-culture for CD8+ T cells
(Supplementary Figure 2G-H). However, their expression after UNC0642 treatment was not dramatically
increased in CD4+ or CD8+ T cells (Supplementary Figure 2G-H).

Taken together, the data suggested that UNC0642 treatment increases T cell cytotoxicity by increasing
GzmB expression, without modifying T cell subpopulations or T cell activation or exhaustion.

The G9a/GLP inhibitor UNC0642 changes chemokine
expression and cytotoxicity pathways at the transcriptional
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level
Because UNC0642 inhibits the epigenetic regulator G9a/GLP, to understand the impact of UNC0642 at the
genetic level, we conducted a targeted genomics screen using the NanoString nCounter CAR-T
characterization gene expression panel that assays 770 genes known to be involved in T cell activation,
exhaustion, metabolism, persistence, toxicity and phenotype. UNC0642 treatment resulted in differential
expression of various chemokines (upregulated: CCL18, CCL23, CCL1, CXCL8, XCL1/2, and
downregulated: CX3CR1) as well as genes related to T cell costimulatory activity (upregulated: CTLA4)
and exhaustion (upregulated: FOXP3) (Figure 3A, Supplementary Figure 3A). Increased transcription of
CCL18, CCL23, and CCL1 was validated by qPCR (Figure 3B). Additionally, we determined by ChIP-qPCR
that levels of H3K9me2, a key G9a/GLP target and regulator of transcription, at CCL18 and CCL23 were
signi�cantly decreased (Figure 3C). Increase in CCL18 expression at the translational level was con�rmed
by ELISA (Figure 3D and 3E).

Using the NanoString nSolver analysis platform, we observed that UNC0642 treatment increased the
expression of genes associated with the Th2 pathway, cytotoxicity, innate-like T cells, Th17 and Treg
signaling and glycolysis (Figure 3F). By contrast, the expression of genes related to the Th1 pathway and
type II interferon signaling was decreased (Figure 3F). These results are consistent with our �ow
cytometry data suggesting that UNC0642 treatment increases T cell cytotoxicity to a large degree and
activation to a smaller degree (Figure 2A-B). Changes to cellular metabolism were also suggested in the
Nanostring data, hence the mitochondrial and glycolytic capacity of T cells after UNC0642 treatment was
analysed by extracellular �ux. We found that UNC0642 treatment increased the maximum mitochondrial
respiration and spare capacity of T cells (Figure 3G), indicating that oxidative phosphorylation was
increased. UNC0642 treatment did not affect the glycolytic pro�le of T cells (Figure 3H). Exhausted T
cells suppress mitochondrial respiration and glycolysis, while effector T cells rely mainly on aerobic
glycolysis to produce energy 25. We observe an increase in mitochondrial respiration and no changes in
glycolysis after UNC0642 treatment, which is consistent with our �ow cytometry data showing that
UNC0642 treatment increased the expression of effector T cell markers, but not not exhaustion markers
(Figure 2A-B and Supplementary Figure 2F-G). Overall, the data indicate that UNC0642 is affecting the
expression of speci�c genes related to T cell effector function, such as cytotoxicity, activation and
mitochondrial respiration.

Proteins associated with T cell activation and cytotoxicity
are increased after UNC0642 treatment
To fully characterise the effect of UNC0642 on T cells and to account for possible post-transcriptional
modi�cations, we performed a high-throughput proteomic screen with quantitative proteomics using
tandem mass tags (TMT). Brie�y, T cells were treated with UNC0642, and samples from treated and
untreated T cells were collected every 24 h until day 5. Protein samples were labeled using distinct TMT
tags and the protein abundance was determined by comparing treated and untreated T cells over time. A
total of 4,918 proteins were identi�ed and quanti�ed; of these, 2,243 (approximately 45%) were identi�ed
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on all 5 days. Only a small number of proteins exhibited changes in abundance (log2 fold change ± 0.5, P
≤ 0.05) over time in UNC0642-treated T cells compared to untreated T cells (6, 22, 10, 15 and 7 on days
1–5, respectively) (days 1–4: Supplementary Figure 4A-D and day 5: Figure 4A). On day 1, we observed
an increase in proteins involved in gene regulation such as zinc �nger protein 587B (ZNF587B) and
primase and DNA directed polymerase (PRIMPOL), as well as lysosomal protein transmembrane 5
(LAPTM5), Interleukin 32 (IL32) and Serine Incorporator 1 (SERINC1) (Supplementary Figure 4A). On Day
2, we observed increases in proteins involved in post-translational protein modi�cation and regulation
such as DnaJ Heat Shock Protein Family (Hsp40) Member C10 (DNAJC10), G Protein-Coupled Receptor
Associated Sorting Protein 2 (GPRASP2), Ankyrin Repeat Domain 28 (ANKRD28), and ST3 Beta-
Galactoside Alpha-2,3-Sialyltransferase 3 (ST3GAL3); as well as increases in proteins involved in gene
expression regulation such as TMF1 Regulated Nuclear Protein 1 (TRNP1) and CCHC-Type Zinc Finger
Nucleic Acid Binding Protein (CNBP) (Supplementary Figure 4B). On Day 3, there was an increase in
Mediator Complex Subunit 1 (MED1), involved in gene transcription, and Dishevelled Associated Activator
Of Morphogenesis 1 (DAAM1), involved in Wnt and Rho signalling, as well as an increase in proteins
associated with the lysosomal pathway – LAPTM5, NPC Intracellular Cholesterol Transporter 2 (NPC2)
and Serpin Family B Member 6 (SERPINB6) (Supplementary Figure 4C). On day 4, we observed an
enrichment for granzyme B, proteins involved in immune cell signalling – Major Histocompatibility
Complex, Class II, DR Alpha (HLA-DR), HCLS1 Binding Protein 3 (HS1BP3), Immunoglobulin Lambda
Constant 2 (IGLC2), Immunoglobulin Lambda Like Polypeptide 5 (IGLL5) (Supplementary Figure 4D).

On the last day of UNC0642 treatment, granzymes B and H (GZMB, GZMH), lysosomal-associated
membrane protein 1 (LAMP-1), macrophage-capping protein (CAPG) and epididymal secretory protein E1
(NCP2) were signi�cantly upregulated, while only DEAD-box helicase 54 (DDX54) was downregulated
(Figure 4A). GO enrichment of the top 50 upregulated proteins revealed functions related to processes
including immune response, cell activation and cell killing, while GO enrichment of downregulated
proteins showed only a small enrichment in metabolic processes (Figure 4B). We validated the changes
in expression of GZMB and GZMM, and con�rmed an increase after UNC0642 treatment, and perforin
expression, which did not increase signi�cantly (Figure 4C). Notably, the degree of change detected by
�ow cytometry matched that detected in the proteomics analysis, providing additional con�dence in the
validity of the hits (Figure 4C).

To identify trends in protein abundance over the 5 days of UNC0642 treatment, unsupervised k-means
clustering was applied to the 2,243 proteins identi�ed across all 5 days, resulting in 10 different clusters
with similar abundance pro�les during UNC0642 treatment (Figure 4D and Supplementary Figure 4E).
Majority of proteins were classi�ed in clusters with a transient change in abundance (clusters 5, 6, 7 and
10, Supplementary Figure 4E) or no change over the 5 days (clusters 1, 2, 3 and 9, Supplementary Figure
4E). By contrast, proteins in cluster 8 had an increased abundance while proteins in cluster 4 had a slight
decrease in abundance. Proteins that were upregulated at day 5 (Figure 4A) were identi�ed in cluster 8
(GZMB, CAPG, GZMM, NCP2, GZMH) (Figure 4D), indicating a sustained increase in the expression of
these proteins during treatment. GO analysis of the proteins in cluster 8 showed enrichment in immune
response, immune cell activation and effector processes (Figure 4E), while proteins with slightly
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decreased expression in cluster 4 were enriched in metabolic processes (Figure 4E). Overall, the data
indicate that UNC0642 treatment affects T cell behavior at the protein level, with a sustained increase in
proteins associated with T cell activation and cytotoxicity. Additionally, the data suggest that UNC0642
treatment triggers early changes in proteins involved in gene expression and post-translational protein
modi�cation and regulation, and later changes in proteins in the lysosomal pathway and T cell signalling.

UNC0642 treatment improves engineered TCR+ T cell antitumor activity in an orthotopic mouse model of
HCC

Given the encouraging data for engineered T cells in vitro, we next examined the ability of UNC0642
treatment to increase the cytotoxicity of transient engineered TCR+ T cells in vivo. We established an
orthotopic xenograft model in NSG mice by intrahepatic injection of HepG2-2.2.15 target cells expressing
luciferase, to better recapitulate the T cell targeting and cytotoxicity to the liver than in a subcutaneous
xenograft model. One week later, intravenous injection of untreated or UNC0642-treated TCR+ T cells on
alternate days were administered for a total of �ve injections (Figure 5A) and the tumor burden was
monitored by in vivo bioluminescence imaging (IVIS) (Figure 5B). We observed a signi�cant reduction in
tumor growth in mice injected with UNC0642-treated TCR+ T cells (red) compared to mice injected with
untreated TCR+ T cells (blue) or not treated with T cells at all (green) at day 18 post-tumor injection
(Figure 5B-C). Mice injected with UNC0642-treated TCR+ T cells also had less weight loss than mice in the
other two groups (Figure 5D). It is worth noting that mice injected with untreated TCR+ T cells had a
similar tumor growth rate and weight loss to mice with no T cells injected (compare blue and green,
Figure 5C). One possibility might be that the immune-tolerant environment of the liver inhibits T cell
in�ltration and cytotoxicity 26. Histological analysis con�rmed that injected TCR+ T cells were
appropriately targeting the liver tumor in mice receiving untreated or UNC0642-treated TCR+ T cells
(Figure 5E), suggesting that increased antitumor activity in UNC0642-treated T cells is due to increased T
cell cytotoxicity rather than T cell targeting. This is consistent with our in vitro 3D cytotoxicity assays
(Figure 1I-J). Additionally, the data suggest that UNC0642 treatment improves engineered TCR+ T cell
ability to overcome immunosuppressive environments.

UNC0642 treatment improves the cytotoxicity of patient-
derived TCR-T cells, CAR-T and NK cells
Engineered TCR+ T cells used in the clinic are usually generated by modifying T cells obtained from
patients, which may have impaired cytotoxicity due to prolonged tumor progression or chemotherapy 27.
We therefore investigated the ability of UNC0642 treatment to improve engineered TCR+ T cells generated
from patients diagnosed with HBV-related HCC. T cells were isolated from blood from two HBV-related
HCC patients, and processed in the same way as those obtained from healthy donors (Figure 6A).
UNC0642 treatment increased expression of granzymes B and M and perforin (Figure 6B, Supplementary
Figure 5A). In Patient 1, UNC0642 treatment did not result in any signi�cant changes in target cell lysis
compared with the untreated T cells in the 2D or 3D cytotoxicity assays (top panel, Figure 6C-D). By
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contrast, in Patient 2 UNC0642 treatment resulted in a dramatic increase in target cell death compared to
untreated TCR+ T cells (bottom panel, Figure 6C-D). Notably, TCR+ T cells were much more e�cient at
target cell killing than TCR- T cells in Patient 1 (compare pink and blue lines in Figure 6C, TCR− and TCR+

blue points in Figure 6D), suggesting that the impact of UNC0642 treatment on cytotoxicity might be
masked by the e�ciency of TCR engineering in this patient. T cell migration into the 3D matrix was also
higher for Patient 1 than Patient 2 (Figure 6E), and UNC0642 treatment did not affect T cell migration.

T cells stably-expressing chimeric antigen receptors (CARs) are also an important adoptive cell therapy
product with synthetic immunoreceptors that speci�cally target cancer cells 28. We investigated the effect
of UNC0642 on CAR-T cells targeting CD133 (Figure 6E), expressed by cancer stem cells originating from
various epithelial cells 29, including the liver cancer cell line Hep3B (99.6% CD133+) (Supplementary
Figure 5B). UNC0642 treatment signi�cantly increased the production of granzymes B and M and perforin
in CAR-T cells (Figure 6F, Supplementary Figure 5C). In functional killing assays, untreated CAR-T cells
exhibited remarkable target cell lysis, and UNC0642 treatment improved CAR-T cell cytotoxicity slightly
(Figure 6G-H), and there was no observable difference at day 3 of the 3D cytotoxicity assay (Figure 6H).
There was also an increase in CAR-T cell migration in the 3D matrix from day 2 to day 3, suggesting that
as more CAR-T cells migrate towards the target cells, their effective cytotoxicity increases such that the
increase in granzymes due to UNC0642 did not drive further target cell killing.

To assess whether UNC0642 treatment might also increase granzyme expression and cytotoxicity in
other cytotoxic cell types, we evaluated the effect of UNC0642 on NK cells. NK cells play a critical role in
immune activation against abnormal cells, including cancer cells and perform an essential function in
tumor immunosurveillance 30. NK cells were isolated from four different donors and treated for 5 days
with UNC0642 (Figure 6J). UNC0642 treatment signi�cantly increased the levels of granzymes B and M
and perforin in NK cells from all four donors compared to the untreated NK cells (Figure 6I,
Supplementary Figure 5D), suggesting an increase in the NK cytotoxicity similar to the increase observed
in T cells. Accordingly, UNC0642 treatment increased NK cell cytotoxicity in a 2D cytotoxic assay (Figure
6J). Overall, G9a inhibition appears to increase granzyme expression and antitumor cytotoxicity of
multiple engineered and innate cytotoxic cell types.

Discussion
Transient engineered TCR+ T cells are a valuable and effective antitumour therapy, while also carrying
low to no risk of cytokine release syndrome or insertional mutagenesis. However, their transient nature
does mean they have a shorter window of antitumour activity and multiple infusions are required, and so
there is a need to improve their e�cacy further to minimise patient cost and discomfort. By screening
small molecules that regulate epigenetic players, we have exploited epigenetic T cell regulation to
improve the cytotoxicity of transient engineered TCR+ T cells. We found that low-dose inhibition of
G9a/GLP by UNC0642 treatment of T cells during their ex vivo expansion phase resulted in increased T
cell cytotoxicity in multiple in vitro and in vivo assays. This increase in cytotoxicity is likely due to an
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increase in granzyme expression, especially GZMB. Interestingly, G9a/GLP inhibition during cell
expansion protocols increased the granzyme expression and cytotoxic capability of TCR-engineered T
cells (from healthy and patient donors), CAR-T cells and NK cells, suggesting that G9a/GLP is involved in
granzyme expression and cytotoxicity across multiple cytotoxic immune cell types.

G9a/GLP has been reported to regulate immune cell differentiation and functions 23, such as type II
cytokine production 31, and Th17/ Treg differentiation 32. In accordance with this, our targeted genomics
screen revealed changes in genes related to Th2, Th17 and Treg cells. However, we did not detect any
changes to the T cell sub-populations after UNC0642 treatment during the expansion phase. It is likely
that while UNC0642 treatment at 1.25  for 5 days was su�cient to reduce H3K9me2 levels by
approximately 50%, this dose was insu�cient to result in the re-programming of T cells observed in other
studies in where knock-out models or higher pharmacological doses were used. Additionally, most studies
investigated the role of G9a/GLP on naïve T cell differentiation, while our study involves differentiated T
cells, where the epigenetic landscape is different. In differentiated immune cells, G9a has been implicated
in CD8+ effector memory cell persistence 33, as well as macrophage tolerance to chronic endotoxin
infection 34–36. Similarly, our data shows that the antitumor activity of CD4+/CD8+ T cells is improved
following G9a/GLP inhibition, due to an increase in T cell cytotoxicity, via an increase in granzyme
production, rather than T cell targeting. Notably, the increase in cytotoxicity was not accompanied by
characteristic features of T cell exhaustion, such as a decrease in cell proliferation, expression of T cell
exhaustion markers, or decreases in mitochondrial respiration and glycolytic capability. Our �ndings also
highlight the importance of using a range of functional assays, such as 3D in vitro models and orthotopic
in vivo models to evaluate T cell effector function, as the expression of activation and exhaustion
markers alone was not always indicative of T cell function.

Both genomic and proteomic analyses revealed increases in T cell activation and cytotoxicity, although
the same genes were not identi�ed. Discordance between genomic and proteomic pro�les are common
35; however, comparing differentially expressed genes and proteins provides greater con�dence in the
data 37. Differences could be due to the read-outs used and changes at the post-transcriptional level. We
found that UNC0642 treatment predominantly led to an upregulation of gene or protein levels, which is
consistent with the canonical role of G9a/GLP as an epigenetic repressor. Previous studies where G9a
was silenced in germ cells found only eight genes upregulated by more than 2-fold, despite signi�cant
loss of H3K9me2/1 38. We observed a similar phenomenon, where G9a reduction by UNC0642 treatment
affected only a handful of genes and proteins. G9a/GLP has also been reported to regulate methylation
of non-histone targets, including G9a itself 23; hence changes in cell behavior may be induced by changes
in protein interactions rather than through changes at the genetic or protein level. Our targeted genomics
screen revealed signi�cant changes in chemokine expression after UNC0642, most signi�cantly of which
was CCL18. CCL18 is a chemoattractant for naïve T cells, T and B lymphocytes and NK cells 39. CCL18 is
also predominantly produced by M2 macrophages and TAMs, and can induce the differentiation of
effector T cells into Tregs 40. CCL18 can also promote cancer cell invasion by inducing epithelial-
mesenchymal transition (EMT) 41–45. In our study, Treg subpopulations were unchanged following

μM
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UNC0642 treatment, and we did not observe an increase in the tumor invasive front in our in vivo model
following the transfer of UNC0642-treated T cells. Given that post-translational modi�cations can
signi�cantly modify chemokine activity 46 and their effects can be highly context-dependent, further
research is needed into the functional role of CCL18 and other cytokines involved in T cell cytotoxicity
and their regulation by G9a/GLP.

Our proteomic screen revealed an increase immune effector process, and con�rmed an upregulation in
proteins involved in the granzyme-mediated apoptotic signalling pathway. We observed early changes in
proteins involved in gene expression, followed by changes in protein post-translational modi�cations,
followed by changes in proteins involved in the lysosomal pathway, T cell signalling and granzyme
production. The data suggests that UNC0642 is acting upon the granzyme production pathway by
triggering a molecular cascade, starting with gene expression. Blimp1/G9a has been suggested to
negatively regulate Granzyme B expression 33. Although changes in Blimp1 were not found in our study,
our data suggests a similar role of G9a/GLP in suppressing granzyme expression in effector T cells.
Further studies involving the proteins we found differentially regulated in our screen and possible
interactions with Blimp1 are warranted.

We demonstrated that G9a/GLP improved cytotoxicity in a range of cytotoxic cell types – TCR-engineered
T cells from healthy and patient donors; CAR-T cells, as well as NK cells. This suggests that G9a/GLP-
regulated H3K9me2 may be involved in a general mechanism that underlies the repression of
cytotoxicity-related genes in terminally differentiated T cells and NK cells. Consistent with this, a general
consensus is emerging whereby immune cell differentiation is associated with progressive increases in
epigenetic repressive markers, such as H3K9me2 or H3K9me3 47. Epigenetic regulation results in
heritable changes in T cell behavior; however, we did not evaluate long-term T cell cytotoxicity and
epigenetic changes. Additionally, it would be interesting to see if UNC0642 treatment has a similar effect
on other cytolytic immune cell types, such as lymphokine-activated killer (LAK) cells.

In conclusion, we show that the use of a small molecule inhibitor of an epigenetic regulator, G9a/GLP,
during ex vivo expansion is a convenient and effective method of improving the cytotoxicity of transiently
engineered TCR-T cells, as well as other cytotoxic cell types such as CAR-T cells and NK cells, via increase
of granzyme secretion. Notably, the increase in T cell cytotoxicity was able to overcome the
immunosuppressive environment of solid tumors in an orthotopic model of HCC. G9a/GLP inhibition
resulted in speci�c changes at the genetic and protein levels, and further research is required to fully
elucidate the role of G9a/GLP in cytotoxic cell types. Overall, our results add to a growing body of
evidence that supports epigenetic modulation of ACT products to improve antitumor e�ciency, which in
turn, could reduce the risk of adverse side-effects and the cost of ACT.

Materials And Methods

Study design
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The objective of this study was to evaluate the potential therapeutic effect of small molecule inhibitors
on T cells during ex vivo expansion. A panel of small molecule inhibitors was screened using the
CellTox™ cytotoxicity assay. After selection of the G9a/GLP inhibitor UNC0642 using different 2D and 3D
assays, a wide range of in vitro and in vivo assays were performed to con�rm the e�cacy of UNC0642 in
boosting the cytotoxicity of T cells against cancer cells. For in vitro studies, at least three independent
experiments were carried out, and in the case of primary cells isolated from blood, at least three donors
were tested unless otherwise indicated. NOD-SCID-IL2RGnull (NSG) mice (aged 8–10 weeks) were used
for in vivo experiments, with 5 to 10 mice per group to ensure statistical power. Mice were euthanized
humanely at de�ned study endpoints, and all experimental procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) of A*STAR (Biopolis, Singapore) (IACUC No. 18139) in
accordance with the guidelines of the Agri-Food & Veterinary Authority (AVA) and the National Advisory
Committee for Laboratory Animal Research (NACLAR). The same effect was observed in NK cells and
CAR-T cells and also in TCR-engineered T cells isolated from patients diagnosed with HBV-related HCC
HCC (IRB: NUS-IRB H17-023E).
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Figure 1

G9a/GLP inhibitors improve the cytotoxicity of TCR-engineered T cells. (A) Work�ow for enhanced TCR T
cell therapy formation and validation. (B) Relative cytotoxicity of T cells towards HepG2-preS1 target
cells, after 5 days of treatment with a drug panel targeting epigenetic factors. Data at 48h after co-culture
of T cells and target cells are shown. (C) TCR-engineered T cell cytotoxicity towards their target cell line
after drug treatment in a 3D migration assay. UNC0642-treated T cells resulted in a signi�cant increase in
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target cell death compared to untreated T cells. (D) Representative image of 2D cell killing assay, tracked
using xCelligence, with normalized cell index at (E) 48-hour and (F) 72-hour time point. (G) TCR
expression levels in untreated and UNC0642-treated TCR+ T cells after electroporation. (H) Representative
image showing live (green) and dead (red) cells in 3D target cell killing assay, with quanti�cation of (I)
target cells alive after addition of untreated or UNC0642-treated TCR+ T cells, TCR- electroporated T cells
(TCR‐) and naïve T cells (no EP), normalised to no T cell controls and (J) number of invading T cells
within the 3D matrix. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns = not signi�cant.
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Figure 2

UNC0642 treatment increases the cytotoxicity and of TCR-engineered T cells. (A) Relative percentage of
CD4+ and CD8+ T cells after UNC0642 treatment. Data are normalised to percentages in untreated paired
samples. (B) Representative plot of �ow cytometry data and quanti�cation of effector and activation
proteins after UNC0642 treatment. Data are normalised to percentages in untreated paired samples. (C)
Representative plot of �ow cytometry data and quanti�cation of surface expression of proteins related to
activation and exhaustion after UNC0642 treatment. Data are normalised to percentages in untreated
paired samples. (D) MFI of effector and activation markers in CD4+ and CD8+ T cells after UNC0642
treatment. Data are normalised to percentages in untreated paired samples. (E) MFI of activation and
exhaustion markers in CD4+ and CD8+ T cells after UNC0642 treatment. Data are normalised to
percentages in untreated paired samples. (F) Granzyme B expression in untreated and UNC0642-treated
TCR+ CD4+ T cells over time in co-culture with HepG2-preS1. Left panel: Data are normalised to untreated
sample before TCR transfection at -48 h. Right panel: Data are normalised to untreated sample at each
timepoint. (G) Granzyme B expression in untreated and UNC0642-treated TCR+ CD8+ T cells over time in
co-culture with HepG2-preS1. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 3

Gene expression changes after UNC0642 treatment assayed using Nanostring CAR-T characterisation
panel. (A) Volcano plot of changes in gene expression assayed with Nanostring CAR-T characterisation
panel for T cells after drug treatment (n=3 donors). Genes with a signi�cant (p < 0.05) increase of greater
than 1.5 fold are in red, and less than 1.5 fold in green. (B) qPCR validation of changes in gene
expression after drug treatment. Data are represented as fold-change from untreated. Data are from 5
different donor T cells. (C) ChIP-qPCR validation of changes in H3K9me2 at CCL28 and CCL18 after drug
treatment. Data are represented as fold-change from untreated. (D) Secreted CCL18 concentration after
drug treatment assayed by ELISA. Data are represented as mean±SEM over time. (E) Secreted CCL18
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concentration at 120h after drug treatment. Data for individual donors are shown. (F) Change in pathway
scores after drug treatment. Pathway scores were de�ned using nSolver Advanced analysis software.
Data are from 3 different donor T cells (n=3 donors). ()*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Figure 4
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Changes in protein abundance in T cells after UNC0642 treatment assayed using TMT labelling (A)
Changes in protein abundance of T cells after 5 days of UNC0642 treatment (n=3 donors). (B) Change in
pathway scores after drug treatment of the differentially abundance proteins. Pathway scores were
identi�ed using Panther. Upregulated pathways are indicated in red and downregulated pathways are
indicated in green. (C) Flow cytometry validation of changes in protein abundance in GZMB, GZMM and
PRF1 after drug treatment. Left 3 panels: Data are non-normalised MFI reads. Right panel: Data are
represented as fold-change from untreated paired samples. Data are from 3 different donor T cells. (D)
Proteins grouped by changes in abundance over time using k-means clustering, represented on a PCA
plot (left) and on a plot showing fold-change over time (right). (E) Change in pathway scores in the
Cluster 8 (proteins increasing with the UNC0642 treatment) and 4 (proteins decreasing with UNC0642
treatment).
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Figure 5

UNC0642 treatment improves the ani-tumor activity in vivo. (A) Overall design of in vivo experiment. 2M
HepG2-2.2.15-luc cells were injected intra-hepatically at the start of the experiment. At day 7, mice were
allocated in 3 groups and, subsequently, 1M of untreated or UNC0642-treated TCR+ T cells were injected
intra-venously. The T cell injection was repeated every 2 days until day 15 post-tumor injection. Imaging
was done using IVIS. (B) Representative images taken using the in vivo bioluminescence imaging system
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at day 7 and at day 18 post-tumor injection. (C) Amount of tumor cells in the liver were tracked using
luminescence and shown as total photon �ux (p/s) over time. (D) Percentage loss of body weight. (E)
Immunohistochemical images of liver sections stained for CD3 to identify T cells, with normal liver (L)
and tumor (T) areas indicated. Primary human T cells serve as positive staining control and no T cell
sample as negative staining control. Scale bar represents 50um. Arrowheads point to T cells. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 6

UNC0642 treatment increases the cytotoxicity of patients T cells, NK cells and CAR-T cells. (A) Work�ow
for enhanced patient T cell therapy formation and validation. (B) Granzyme B expression levels in patient
T cells after UNC0642 treatment. (C) 2D target cell killing assay for Patient 1 (top panel) and Patient 2
(bottom panel). Data are normalized to cell index at time of T cell addition, and are represented as mean
with standard error of the mean over time. (D) 3D target cell killing assay for Patient 1 and Patient 2. Data
are normalized to no T cell target cell numbers. (E) T cell migration in 3D target cell killing assay for
Patient 1 and Patient 2. (E) Work�ow for CD133+ CAR-T production and UNC0642 treatment. (F)
Granzyme B expression levels in CAR-T cells after UNC0642 treatment. (G) 2D target cell killing assay for
CD133- T cells, untreated CD133+ CAR-T cells and UNC0642-treated CD133+ CAR-T cells. (H) 3D target
cell killing assay for untreated and treated CD133+ CAR-T cells at day 2 and day 3. Data are normalized to
no T cell target cell numbers. (I) T cell migration in 3D target cell killing assay for untreated and treated
CD133+ CAR-T cells at day 2 and day 3. (J) Work�ow for NK isolation and UNC0642 treatment. (F)
Granzyme B expression levels in NK cells after UNC0642 treatment. (H) 2D target cell killing assay for
untreated and UNC0642-treated NK cells. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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