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LSD1 inhibition improves efficacyof adoptive
T cell therapy by enhancing CD8+ T cell
responsiveness

Isabella Pallavicini 1, Teresa Maria Frasconi 1,10, Carlotta Catozzi 1,10,
Elena Ceccacci1, Silvia Tiberti 1, Dorothee Haas2, Jule Samson2,
Christoph Heuser-Loy 3, Carina B. Nava Lauson1, Marta Mangione1, Elisa Preto1,
Alberto Bigogno1, Eleonora Sala4,5, Matteo Iannacone 4,5, Ciro Mercurio 6,
Luca Gattinoni 3,7, Ignazio Caruana 2, Mirela Kuka 4,5, Luigi Nezi 1,
Saverio Minucci1,8 & Teresa Manzo 1,9

The lysine-specific histone demethylase 1 A (LSD1) is involved in antitumor
immunity; however, its role in shaping CD8 + T cell (CTL) differentiation and
function remains largely unexplored. Here, we show that pharmacological
inhibitionof LSD1 (LSD1i) inCTL in the context of adoptiveT cell therapy (ACT)
elicits phenotypic and functional alterations, resulting in a robust antitumor
immunity in preclinical models in femalemice. In addition, the combination of
anti-PDL1 treatment with LSD1i-based ACT eradicates the tumor and leads to
long-lasting tumor-free survival in a melanoma model, complementing the
limited efficacy of the immune or epigenetic therapy alone. Collectively, these
results demonstrate that LSD1 modulation improves antitumoral responses
generated by ACT and anti-PDL1 therapy, providing the foundation for their
clinical evaluation.

Adoptive cell therapy (ACT) harnesses the full potential of CD8 +T
cells (CTL) to recognize and eliminate the tumor. Despite remarkable
results achieved on different tumor types1–4 and tens of completed
and active clinical trials worldwide, the response of solid tumors
to this personalized therapy ACT is still marginal5. Longevity, per-
sistence and functionality are critical determinants of T
cell-based therapies6,7 and the phenotype of T cell products can
profoundly impact therapy efficacy8. Indeed, while the acquisition
of a dysfunctional state during the in vitro expansion impairs T
cells survival and persistence into the patient after infusion9,
the loss of metabolic plasticity hampers T cells ability to adapt
and survive in the hostile10–12 and immunosuppressive13 tumor

microenvironment (TME). In this scenario, maintaining T cells in a
less-differentiated state and preserving their plasticity and fitness
during ex vivo production and after infusion may have a strong
therapeutic impact.

Recently, chromatin remodeling factors emerged as master reg-
ulators of mouse and human CD8 +T cell differentiation14, postulating
that epigenetic reprogramming of CTL could burst their intra-tumor
fitness and improve response to immunotherapy. In this regard, the
lysine-specific histone demethylase 1 A (LSD1) could have distinct
therapeutic potential, because is highly expressed in several
cancers15,16 and has the ability to modulate exhausted CTL17,18 and anti-
tumor immunity19,20.
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Here, we report a role for LSD1 in directly regulating CTL differ-
entiation, function and anti-tumor response, providing evidence that
ex vivo epigenetic reprogramming of CTL through LSD1 inhibition
(LSD1i) imprints a less-differentiated fate and ameliorates T cell
exhaustion, ultimately enhancing their persistence and anti-tumor
activity in vivo. A rationally-designed combination with anti-PDL1 and
LSD1i therapy results in complete tumor eradication and long-lasting
tumor-free survival. In conclusion, our study demonstrates that LSD1
could be considered as an actionable target to fine-tune CTL func-
tionality and fitness maintenance, linking CTL epigenetic tweaking to
anti-tumor surveillance. This paves the way for a new generation of
immunotherapies.

Results
LSD1i shapes differentiation in CTL
Epigenetic dynamics play a major role in dictating CTL differentiation
into memory, effector, and exhausted phenotype by controlling spe-
cific transcriptional programs at precise stages of the immune
responses21–28.

In this study, we explored candidate epigenetic drugs (EpiDrug)
that target the main chromatin-modifying enzymes to identify epi-
genetic modulators able to overcome some of the major roadblocks
of cancer immunity, including insufficient T cell potency, survival,
and persistence8,29. Thus, we tested the effect of a panel of drugs
targeting chromatin modifiers (EpiDrug) on CTL activation by mea-
suring their phenotype and function in comparison with controls
(Fig. Supplementary 1A) at concentrations not affecting their viability
(Fig. Supplementary 1B, all details in Supplementary Table 1). We
found that inhibitors targeting the histone demethylase LSD1 and the
histone methyltransferases SUV39H1, EZH2 and DNMT3A supported
the generation of CTLwith a centralmemory (TCM) phenotype, which
we identified as CD44highCD62Lhigh (Fig. Supplementary 1C). On the
contrary, CTL activated in the presence of HDAC and BET inhibitors
showed increased frequencies of CD44highCD62Llow short-lived
terminal effector CTL (TEFF), identified as CD44highCD62Llow cells
(Fig. Supplementary 1D). Nonetheless, only CTL treated with LSD1
inhibitor (LSD1i) were predominantly enriched in CD44highCD62Llow
TCM with a reduced frequency of CD44highCD62Llow TEFF (Fig. Sup-
plementary 1C, D), which hold superior in vivo persistence after
adoptive transfer30. Likewise, a remarkable upregulation of Eomes31,32

- a transcription factor crucial for TCM formation - was registered
solely in LSD1i-treated cells (Fig. Supplementary 1E). These data
suggested that LSD1 might have a unique role in shaping CTL dif-
ferentiation away from TEFF and toward a TCM phenotype and moti-
vated further investigation on the use of LSD1i during ex vivo T cell
culture.

LSD1i ex vivo induces amemory transcriptional signature in CTL
LSD1i holds the premise of treating different types of cancers15,33 by
modulating tumor growth, while enhancing the effector function of
tumor-infiltrating CTL17,19,20. However, the role of LSD1i in regulating
normal T cell activation and differentiation is yet to be determined.We
examined the effects of the LSD1i MC_258034 on CTL fate and function
and compared them with controls (LSD1i- versus CTR-CTL) (experi-
mental scheme, Fig. 1A) at a concentration (i.e. 2μM) that inhibits the
proliferation of cancer cell lines35, while preserving CTL viability (Fig.
Supplementary 2A) and shaping their differentiation (Fig. Supple-
mentary 2A-C), aiming to modulate both T cell biology and tumor
growth.

LSD1i-CTL and CTR-CTL hold the same rate of proliferation - as
assessed by the CFSE in vitro assay (Fig. Supplementary 2D) - and
activation – as demonstrated by surface expression of canonical
markers of activation (Fig. Supplementary 2E) similar to controls (CTR-
CTL), indicating that LSD1i does not influences the CTL activation
process.

To explore themechanism by which LSD1 influences CTL fate and
function, we performed a transcriptional analysis of CTL, which high-
lighted that -upon LSD1i- CTL had 138 differentially expressed genes
(DEGs, 44 down-regulated and 94 up-regulated, Fig. 1B, C and Sup-
plementary Data 1). Among the upregulated DEGs, we detected mar-
kers of long-lived memory cells (i.e. Sell and Il15) genes36, the
transcription factor Eomes - key player inmemory homeostasis37,38 and
Ccr10 and Klrc1 - associated with optimal formation of memory T cells
(i.e. Ccr10 and Klrc1) (Fig. Supplementary 2F). In accordance with the
induction of a memory signature, LSD1i modulated genes positively
associated with CTL proliferation and survival (i.e. Gpr183, Tnfsf9,
Cd40lg, Cd22, Il15; Fig. 1C) as well as negative regulators of apoptosis
(i.e. Src, Lgals3, Acvr1, Yap1; Fig. 1C). Of note, the transcriptional ana-
lysis also showed a significant upregulation of genes involved in T cell
migration and cytoskeleton remodeling (i.e. Armcx2, Cdc42bpb,
Lamna, Rgmb, Wnt10, Adam10; Fig. 1C), suggesting that LSD1-CTL
could be recruited better at the tumor site.

We validated some of these changes independently by real-time
PCR (n = 84), confirming up-regulation of memory-related genes (i.e
Sell, Eomes, Jun, Il15, Cd40lg; Fig. Supplementary 2G) and down-
regulation of genes promoting effector functions (i.e Granzymes, Ifng
and Fas-ligand, Fig. Supplementary 2G) in LSD1i-CTL compared
with CTR-CTL, which supported the induction of a memory-like sig-
nature. Importantly, these genes were regulated similarly when treat-
ing CTL with a different irreversible LSD1i (DDP3800339, Fig.
Supplementary 2H) as well as in published transcriptional profiling of
LSD1 conditional knockout CTL (Cd4CreLsd1f/f, cKO)17 (Fig. Supple-
mentary 2I, J), supporting the on-target effect of the LSD1i MC_2580.
Taken together, these data demonstrated that genetic and pharma-
cological inhibition of LSD1 yield similar transcriptional outcomes in
CTL, imprinting a less-differentiated memory state.

LSD1i ex vivo skews CTL towards a memory phenotype
Next, the role of LSD1i in skewing CTL toward a memory-like pheno-
type was independently validated by multiparametric, high-
dimensional flow cytometry. We found that LSD1i favored the
expression of canonical memory-associated markers such as CD62L
(Fig. 1D) and CD127 (Fig. 1E) – which resulted in the enrichment of the
TCM pool at the expense of TEFF cells in LSD1i-CTL compared with CTR-
CTL (Fig. 1F, G). Likewise, LSD1i increased the levels of memory-
associated transcription factor Eomes (Fig. 1H) and lowered37 the
expression of the effector-associated transcription factor Tbet (Fig.
Supplementary 3A) as well as the production of effector cytokines (i.e.
IFNγ, Fig. Supplementary 3B) and cytotoxic molecules (i.e. Granzymeβ
and Perforin, Fig. Supplementary 3C, D) compared to CTR-CTL, which
have been demonstrated to negatively correlate with anti-tumor
efficacy40, thus reinforcing the concept that LSD1i promote a less-
differentiated phenotype in CTL.

Since mitochondrial respiratory capacity is a critical regulator of
memory CTL41, we asked whether LSD1i impacts on CTL cellular
metabolism. We observed a significant increase in mitochondrial
activity upon LSD1i treatment, as detected by an increased in Mito-
Tracker Orange CMTMRos staining (Fig. Supplementary 3E). Con-
sistently, real-time analysis of their bioenergetic profile by Seahorse
highlighted that LSD1i-CTL were more energetic (Fig. Supplemen-
tary 3F), with a significantly higher O2 consumption rate (OCR; Fig.
Supplementary 3G) and SRC (Fig. Supplementary 3H), which are
metabolic hallmarks of memory T cells42. Taken together, these data
pointed a role for LSD1i in skewing CTL toward a memory phenotype
coupled with improved metabolic fitness, potentially allowing for
improved functionality under stressful conditions.

Theseobservationswere corroboratedby a significant drop in PD-
1 expression specifically detected in LSD1i-CTL compared to untreated
controls (Fig. 1I) and CTL treated with different Epi-Drugs (Fig. Sup-
plementary 1F), which was not due to a diminished activation of LSD1-
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CTL (Fig. Supplementary 2E) and, thus, might suggest that LSD1i
treatment might mitigate exhaustion within the TME.

Weobtained similar results in the context of antigen-specificT cell
stimulation using CTL from OT1 and P14 mice (which express a

transgenic TCR that recognizes OVA and LCMV GP antigens, respec-
tively), with LSD1i-treated T cells displaying Eomes upregulation and
PD-1 downregulation (Fig. Supplementary 3I-L). Notably, when LSD1i
was administered to CTL post-activation (Fig. Supplementary 3M), it

Fig. 1 | LSD1i treatment promotes a memory-like phenotype in CTL.
A Experimental design created with BioRender.com (released under a Creative
Commons Attribution-NonCommercial-NoDerivs 4.0 International license). CTL
were isolated from the spleen and lymph nodes of C57B6 mice and activated with
anti-CD28, anti-CD3, and IL2 in the presence or absence of LSD1i for 72 h. B Heat-
map showing DEGs in LSD1i and CTR-CTL as assessed by RNA-seq (FDR<0.05 and
linear logFC> 1.2,n = 4).CVolcanoplot showingDEGs in LSD1i andCTR-CTL (n = 4).
The dot size reflects the significance of each gene. DEGs (FDR <0.05 and linear

logFC > 1.2) are highlighted in light green. Label color code identify genes from
different pathways found significatively enriched in IPA analysis. D–H Memory
characterization measured as percentage of expression of CD62L (D, n = 24,
p <0,0001), CD127 (E, n = 14, p =0,0007), frequencies of memory
CD44highCD62Lhigh (TCM, p =0,0041) and effector CD44high CD62Llow (TEFF,
p =0,0005) cells (F, G, n = 24); and Eomes (H, n = 14,, p <0,0001). I PD1 expression
levels (n = 9, p <0,0001). Data shown as symbols indicate mean ± SEM, two-tailed
paired t-test (D, E, G, H, I). Source data are provided as a Source Data file.
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failed to induce a memory-enriched CTL population (Fig. Supple-
mentary 3N) and, conversely, lifted PD-1 levels (Fig. Supplemen-
tary 3O), confirming that LSD1i should be provided during the
activation in order to positively impact CTL phenotype43. Finally, we
tested the selectivity and specificity of LSD1 inhibition by assaying in
parallel the activity of additional LSD1 inhibitors (DDP_38003,
GSK2879552 2HCl, Bomedemstat and Pulrodemstat (CC-90011) besy-
late), none of which were toxic to CTL (Fig. Supplementary 4A). All
tested chemicals stimulated a central memory phenotype within the
CD8 compartment (Fig. Supplementary 4B, C) with Eomes upregula-
tion (Fig. Supplementary 4D) and PD-1 down-regulation (Fig. Supple-
mentary 4E), further demonstrating the specificity and unicity of LSD1
inhibition in regulating CTL fate by fostering a memory program in
CTLs. Overall, these results demonstrate a critical role of LSD1 in reg-
ulating T cell memory and exhaustion, which provides a promising
avenue for LSD1-based reprogramming strategy to arm immune-based
cellular therapies.

Ex vivo LSD1i enhances efficacy of ACT therapy
Above mentioned evidences suggested that LSD1i treatment might
improve ACT efficacy. Thus, we evaluated whether the memory-like
phenotype and PD-1 down-regulation conferred by LSD1i in vitro
treatment might enable CTL to better adapt to the immunosuppres-
sive TME in vivo, persisting longer and mediating a durable tumor
control. We employed the established B16-OVA melanoma and gen-
erated OVA-specific T cells ex vivo in the presence or absence of LSD1i
(LSD1-ACT and ACT, respectively; experimental scheme in Fig. 2A),).
Oneweek from intravenous injection in tumor-bearingmice, CTL were
significantly enriched in the population of tumor-infiltrating immune
cells in LSD1-ACTcompared toACTcontrols (Fig. 2B) that could bedue
to their improved ability tomigrate (Fig. 1B, C), and survive asmemory
cells (Fig. 1F, G).

t-distributed stochastic neighbor embedding (tSNE) analysis of
high-dimensional flow cytometry data confirmed that LSD1i-CTL and
CTRL-CTL had substantially different profiles (Fig. 2C) and identified
two CTL clusters (CL): CL1, characterized by high PD-1 and low IFNγ
levels, was overrepresented in CTRL-CTL, and CL2, characterized by
lower PD-1 and higher IFNγ expression, was specifically enriched in
LSD1i-CTL (Fig. 2D). Manual gating strategy revealed that tumor from
LSD1i-ACT mice bore more-functional CTL compared to those from
ACT controls, as indicated by the lower frequency of PD1-expressing
CTL (Fig. Supplementary 5D) and terminally exhausted CD44low
PD1high CTL (Fig. 2E, F), their higher ability to secrete IFNγ (Fig. 2G) as
well as the decrease of TIM3 expression (Fig. 2H). Notably, LSD1i-CTL
preserved their superior mitochondrial activity within the TME com-
pared with CTR-CTL (Fig. 2I), confirming that LSD1i-CTL better coped
with themetabolic constraints imposed by the TME. Therefore, ex vivo
treatment with LSD1i prior to transfer favors a quick and strong recall
in vivo early (7 days) after transfer.

These features enabled LSD1-ACT to control tumors more effi-
ciently demonstrating their superior therapeutic potential (Fig. 2J and
Supplementary 5A, B) without evidence of adverse toxicities (i.e. no
change in overall body weight, Fig. Supplementary 5C). Interestingly,
tumors from LSD1i-ACT were enriched in both tumor-specific (Vβ5.2+)
and bystander (Vβ5.2−; Fig. Supplementary 5E) CTL within the CD8
compartment, both characterized by a less exhausted phenotype (i.e.
increased IFNγproduction andpronounced PD-1 down-regulation, Fig.
Supplementary 5F, G). Thus, ex vivo treatment with LSD1i promotes
optimal intra-tumoral infiltration andeffector functions of both tumor-
specific and antigen-independent CTL.

Of note, the anti-tumoral efficacy of LSD1i-CTL was superior
compared to those treated ex vivo with the SUV39H1 inhibitor
chaetocin44 (CHETO-ACT, Fig. Supplementary 5H); despite the
enrichment of TCM observed upon SUV39H1 inhibition (Fig. Supple-
mentary 1C) confirming previous studies45,46.

Finally, we confirmed these results in a more clinically relevant
context, using T cells derived from pmel-1 TCR–Tg mice and specific
for the self/tumor antigen gp100, which has been targeted also in
human clinical trials47. Pmel-1 CTL were first skewed ex vivo towards a
memory phenotype with LSD1i (Fig. Supplementary 5I) and then
adoptively transferred into lymphodepleted C57BL6 WTmice bearing
subcutaneous B16-F10 tumors to test their in vivo antitumor
functions40,48. Despite the noticeable activity of CTR-Pmel-1-CTL,
LSD1i-Pmel-CTL were able to control B16-F10 tumor more effectively
(Fig. Supplementary 5J). These results demonstrated that LSD1i treat-
ment could improve CTL anti-tumor responses also in poorly immu-
nogenic and unmanipulated solid, resulting in more potent acute
tumor debulking.

LSD1i improves CAR-T cell therapy efficacy
Next, the therapeutic potential of our findings was consolidated
in vitro using human CTL, where we confirmed a significant up-
regulation of CD62L expression (Fig. Supplementary 6A), which
translates in the induction of a less-differentiated phenotype after
long-term culture conditions (day 10; Fig. Supplementary 6B). Thus,
similar to what we observed inmice, LSD1i also shapes memory fate in
human CTLs.

Therefore, we conducted similar tests on human chimeric anti-
gen receptor T (CAR.T), assaying phenotype and pre-clinical per-
formance upon LSD1i-tretment in comparison with CTR (Fig. 3A). As
model, we opted to target the B7-H3 molecules which has been
extensively validated to be expressed on several solid malignancies
using a third-generation B7-H3.CAR49,50. In accordance with the data
presented above, we found that LSD1i treatment promoted a less
differentiated phenotype, with an increased frequency of TCM and
naive-like T cells, the concomitant decrease of TEFF cells (Fig. 3B, C
and Fig. Supplementary 6A, B) and augmenting CAR expression
(Fig. 3D), which are all intrinsic determinants of CAR-T therapy
efficacy51. Thus, we tested whether LSD1i might affect the cytotoxic
capabilities when incubated with a higher proportions of tumor cells
(effectors:tumor cells ratio E:T = 1:2 and 1:4) a long-term co-culture
assay with a model of neuroblastoma (SHSY5Y; Fig. 3E–G) and one of
medulloblastoma (D341; Fig. Supplementary 6C–E). Remarkably,
LSD1i-treated CAR.T expressed higher level of HLA-DR compared to
controls (Fig. 3E and Supplemetary 6C), after co-culture with tumor
cell lines, indicative of an enhanced tumor-specific anti-tumoral
function. Indeed, LSD1i-treated CAR-T cells displayed a better anti-
tumor activity compared to control CAR-T cells. This phenomenon
was more evident at low effector:target ratio (1:2 and 1:4) (Fig. 3F, G
and Supplementary 6D, E) indicating that LSD1i enhances CAR-T cell
functional performances. Finally, we wonder whether LSD1 inhibition
could potentially ameliorate the dysfunctional state of CTL usually
detected in patients, which represents a major limitation for the
generation of sufficient and functional CAR.T. This was achieved
thawing and activating in vitro cryopreserved CTL from metastatic
melanoma patients in the presence or not LSD1i (Fig. 3H). Also, in this
case we found that LSD1i increased the frequency of a less-
differentiated naive-like phenotype (Fig. 3I, J) and resulted in a sig-
nificant decrease in the surface expression levels of PD-1 (Fig. 3K);
confirming that it could be used ex vivo to improve the quality of CTL
from cancer patients to be used as ACT products.

LSD1i enforces an PD-1/PD-L1 axis between T cells and tumor
Despite the significant improvement in acute tumor control, multi-
parametric analysis of tumor-infiltrating LSD1i-CTL on day 14 after the
adoptive transfer did not show any substantial improvement in LSD1i-
ACT compared to CTR-ACT. Indeed, frequencies of IFNγ-secreting CTL
were comparable between LSD1i-ACT and CTR-ACT mice (Fig. Sup-
plementary 7A). Surprisingly, PD-1high CD44low (Fig. Supplementary 7B)
and PD1+IFNγ- “exhausted” CTL (Fig. Supplementary 7C)- were even
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Fig. 2 | LSD1 inhibition during ex vivo T cell expansion increases ACT efficacy.
AACTexperimental design createdwith BioRender.com (released under a Creative
Commons Attribution-NonCommercial-NoDerivs 4.0 International license).
B–I Analysis of the CTL infiltrate 7 days post-infusion. Frequencies of CD8+ (within
total CD45+) infiltrating the tumor (B, n = 8, p <0,0001), tSNE representation based
on PD1 and IFNγ (C,D), exhaustion profile assessed as PD1highCD44low (E, F,n = 7 for
NT and n = 10 for LSD1i p <0,0001), frequencies of IFNγ-secreting CTL (G, n = 8,

p =0,0013) and TIM3+ CTL (H, n = 6 for NT and n = 8 for LSD1i, p =0,0475), mito-
chondrial activity assessed with MitoTR Orange (I, n = 3–4, p =0,0343) J Tumor
growth curve (n = 23 for CTR-ACT, 21 for LSD1iACT, and 17 for No-ACT; 4 inde-
pendent experiments, p =0,0006).Data shownas box andwhisker plots (B,F,G,H)
or floating bars (I) indicate Min to Max value, two-tailed unpaired t test
(B, F, G, H, I, J). Source data are provided as a Source Data file.
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Fig. 3 | LSD1 inhibition promote functional activity of human CAR.T.
A Experimental design created with BioRender.com (released under a Creative
CommonsAttribution-NonCommercial-NoDerivs 4.0 International license).Human
T cells were isolated fromheathy donors andCAR.Twere generated in thepresence
or absence of LSD1i. B–E Phenotypic characterization of human CD8 T cells (n = 3).
Percentage of Tnaive-like (p =0,0196), TCM (p =0,0396), TEM (p = 0,0141), and TET (B),
expression levels of CAR construct (D, p =0,0449) and HLA-DR after long-term co-
culture with tumor cells (E, p =0,0408). F,G Functional activity of long-termkilling

assays of B7.H3 CAR T cells generated ±LSD1i against SHSY5Y (n = 3). H–K Human
Tcellswere isolated frommetastaticmelanomapatients and activated in vitro long-
term culture ±LSD1i (H, created with BioRender.com). Phenotypic characterization
assessed as frequencies of CD45RA+ CD45RO- naïve-like T cells (I, n = 7, p =0,0387),
CD25 (J, n = 7, p =0,0059) and PD1 expression (K, n = 7, p =0,0210). Data shown as
bar plot (C,D, E), truncated violin plot (G) or symbols (I, J,K) indicate mean ± SEM,
two-tailed unpaired t test (C, D, E, G, I, J, K). Source data are provided as a Source
Data file.
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significantly more abundant in LSD1i-CTL, suggesting that LSD1i-
induced reprogramming in CTL did not persist.

Thus, we sought to mechanistically define how LSD1i-CTL would
revert to a dysfunctional state. Ingenuity Pathway Analysis (IPA) of
total RNAseq data to identify upstream regulators of the observed
changes in gene expression pointed at IFNγ response pathway and its
upstream regulators Sox4 and IL12 as themost significatively activated
hits (Fig. 4A), in spite of the overall reduction of Ifng gene transcript
observed in LSD1i-CTL (Fig. Supplementary 2E and S2H). Of note,
genes contributing to this signaturewere similarlymodulated in LSD1i-
CTL (Fig. Supplementary 7D) and in LSD1-KO CTL17 (Fig. Supplemen-
tary 7E), providing further evidence of an emerging IFNγ-dependent
response induced by LSD1i52,53. We independently confirmed this result
at protein level, demonstrating that restimulated LSD1i-CTL produce
higher amount of IFNγ (Fig. 4B and S7F), albeit comparable cytotoxic
abilities of LSD1i- or CTR-CTL (Fig. 4C).

Higher IFNγ levels have been shown to exert the opposite effect
on tumor cells. On the one hand, it is needed to sensitize the tumor
cells to be killed54–56, while on the other hand, it can induce PD-L1 up-

regulation in the TME, which promotes PD-1 signaling in CTL and
decreases their effector functions57,58. To prove this hypothesis, we
followed thedynamicof expressionof PD1 andPDL1 in correlationwith
IFNγ production by CTL in co-culture with B16-OVA tumors (for 2, 12,
and 24 h, Fig. 4D–F). We observed that PD1 and PDL1 upregulation on
CTL and tumor cells was directly correlated to IFNγ secretion from
LSD1i-CTL (Fig. 4E, F). Indeed, as early as 2 h, LSD1i-CTL - compared
with CTR-CTL- hold lower levels of IFNγ and PD1, indicating that after
short-term exposure to the tumor antigen, LSD1i-CTL are still in a less-
differentiated effector phenotype. Over time with persisting antigen
stimulation (12 h), LSD1i-CTL loses the advantages given in vitro by
LSD1i and becomes similar to CTR-CTL. At later time point (24 h),
LSD1i-CTL produced significantly more IFNγ, which was paralleled by
significantly higher levels of PD-L1 on tumor cells and PD1 on CTL. Of
note, this was specifically induced by LSD1i-treated CTL because LSD1i
alone on tumor cells did not induce PD-L1 upregulation (Fig. Supple-
mentary 7H). Finally, by blocking IFNγ with anti-IFNγ antibody, we
abrogated PDL1 upregulation on tumor cells, demonstrating that LSDi-
CTL induced PDL1 up-regulation through IFNγ (Fig. Supplementary 7I).

Fig. 4 | LSD1i treatment induces up-regulation of PD1/PDL1 axes. A Bubble plot
showing IPA prediction of upstream regulator TF based on DEG resulted from
RNAseq analysis (n = 3). TF are divided based on the prediction of Activated or
Inhibited: size represents the -log10(Pvalue) while color indicates the Zscore.
B IFNγ production (n = 18, p =0,0111) and C killing capacity of CTL±LSD1i (n = 11).
D–F IFNγ production in CTL (D, n = 7, p = 0,0228 at 2 h and p =0,0306 at 24 h), PD1

(E, n = 4, p =0,0460 at 2 h and p =0,0493 at 24h) and PDL1 (F, n = 7, p =0,0339 at
24h) expressiononB16-OVA tumor cells andCTL±LSD1i, respectively, in co-culture
1:1 B16-OVA tumor cells. Data shown as box and whisker plots indicate Min to Max
value (B-F), two-tailed paired t test (B, C), and two-tailed one-way ANOVA with
Tukey’s multiple comparisons test (D–F). Source data are provided as a Source
Data file.
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Fig. 5 | LSD1 inhibition and anti-PDL1 increases ACT efficacy. A–C Tumor growth
curve (A), tumor volume at the time of sacrifice (B), and survival (C) for CTR-ACT
(n = 24), LSD1i-ACT (n = 29), no ACT (n = 17), LSD1i-ACT+anti-PDL1 (n = 28), CTR-
ACT+anti-PDL1 (n = 8) and no ACT+ anti-PDL1 (n = 6) therapy. p values calculated
with two-tailed unpaired t test (A,B) and Log-rank (Mantel-Cox) test (C). D Tumor
rechallenge experiment in mice that rejected the tumor after LSD1i-ACT+anti-PDL1
therapy (D, n = 7). Naive mice were injected as controls (n = 15). E–J Analysis of the

CTL infiltrate in surviving mice (after 35 days). Frequencies of tumor-specific
(E, n = 6 for NT and n = 9 for LSD1i, p =0,0289), representative plot and frequencies
of of PD1+ (F–G, n = 4, p =0,0461) and PD1+TIM3+ (H, n = 4, p =0,0734) in Vβ+ CTL,
representative plot and percentages of IFNγ-secreting (I, J, n = 10, p =0,0289) Vβ+

CTL. Data shown as symbols indicatemean ± SEM (B, E,G,H, J), two-tailed unpaired
t test (B, E, G, H, J). Source data are and exact p value are provided as a Source
Data file.
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Thus, we conclude that LSD1i enforces an PD-1/PD-L1 axis between
T cells and tumor, which might be responsible for the loss of the
functional advantages given in vitro by LSD1i and the subsequent lack
of long-lasting tumor immunosurveillance.

The combination of LSD1i-based ACT and anti-PDL1 therapy
promotes long-lasting anti-tumor response and establishes
immunosurveillance
Our data suggested that LSD1i-CTL initiates an IFNγ response that
promotes tumor attack by CTL while also inducing PD-L1 expression
on tumor cells, which blunts CTL activity favoring an exhaustion state.
We reasoned that therapeutic blocking of PD-L1 in combination with
LSD1i may prevent the exhaustion caused by the enhanced IFNγ pro-
duction in the TME. Therefore, we combined ACT with an anti-PDL1
blocking antibody and evaluated its effectiveness compared to eachof
themonotherapies. We found that the combination of LSD1i-ACT with
anti-PDL1 therapy drastically reduced tumor growth in the B16-OVA
melanoma model, while benefits were negligible with CTR-ACT
(Fig. 5A, B and Suppelmantary 8A).

To study themechanismunderlying such potent tumor debulking
operated by the combined LSD1i +αPDL1 treatment, weused aCD45.1+

mouse model with established B16-OVA tumor as the recipient of an
adoptive transfer of OTI derived from CD45.2+ donor, which enabled
tracking of donor-derived CTL through the CD45.2 congenic marker
(Fig. Supplementary 8B). We found that tumor-specific Vβ5.2+ CTL
generated in vitro in presence of LSD1i (LSD1i-CTL) were increased in
frequency (Fig. Supplementary 8C) and enriched in the pool of central-
memory CTL (Fig. Supplementary 8D) in the peripheral blood of
adoptively transferred mice compared to endogenous Vβ5.2- CTL,
whichwas indicative of a superior intra-tumor expansion of LSD1i-CTL.
Nevertheless, LSD1i-CTL harbored the higher expression of PD-1 (Fig.
Supplementary 8E), thus corroborating our in vitro findings. However,
when we looked at tumor-infiltrating cells, we found a more sustained
increase of CD45+ cells in mice subjected to LSD1i-ACT and αPDL1
combination as compared to either LSD1i or αPD-L1 single treatment
(Fig. Supplementary 8F). Within CD45+ cells, the enrichment of Vβ5.2+

CD3+ cells from the donor was higher when the ACT was performed
with LSD1i-CTL (Fig. Supplementary 8G), confirming that LSD1i had an
active role in promoting CTL migration and survival into the TME.
Furthermore, tumor-infiltrating CTL from LSD1i-ACT mice, both of
donor (Fig. Supplementary 8G–I) and host (Fig. Supplementary 8J–L)
origin, expressed significantly higher levels of PD-1 (Fig. Supplemen-
tary 8H, J) and PD-L1 (Fig. Supplementary 8I), which are markers of
immunosuppression and a negative outcome in melanoma patients59.
In addition, we observed that LSD1i-ACT induced a significant up-
regulation of PD-L1 also on myeloid-derived suppressor cells (identi-
fied asCD11b+, Fig. Supplementary 8L) and on tumor cells (identified as
CD45-, Fig. Supplementary 8M) in mice receiving LSD1i-ACT. Notice-
ably, when LSD1i-ACT was combined with αPD-L1 therapy, the up-
regulation of PD-L1 was abrogated in all cellular compartments ana-
lyzed and, consequently, PD-1 expression on infiltrating TILs was
diminished as well (Fig. Supplementary 8G–M).

Most importantly, the combination of LSD1i-ACT and αPD-L1
significantly increased long-term survival of tumor-bearing mice
compared with αPDL1 or ACT monotherapy (Fig. 5C). Moreover, the
combined treatment elicited tumor-specific immunological memory,
as demonstrated by the absence of tumor growth 20 days after re-
challengewith B16-OVA tumor in the group ofmice treatedwith LSD1i-
ACT plus αPD-L1 mice (Fig. 5D). Finally, when analyzing the tumor-
infiltrating CTL of the survivingmice, we noticed that the combination
therapy increased the infiltration of tumor-specific CTL (Fig. 5E) and
drastically reduced the percentage of exhausted CTL expressing PD-1
or TIM3 inhibitory receptor (Fig. 5F–H), resulting in more functional
tumor-specific CTL as compared with monotherapy (Fig. 5I, J).

In all, these data highlighted an underscored feature behind
LSD1i-mediated regulation on anti-tumor response and demonstrated
a synergy between the two therapies, with LSD1i being instrumental to
promote infiltration and survival of a less-differentiated subset of CTL
and αPDL1 counteracting the induction of the PD1/PDL1 axis at the
tumor site, which explain the potent acute tumor debulking observed
in the combined therapy.

Systemic in vivo LSD1i promotes intra-tumoral infiltration of
memory-like CTL and increases the effectiveness of anti–PDL1
therapy
To further prove the role of LSD1i in promoting CTL anti-tumor
responses and by that enhancing the efficacy of immune-based
therapies, we used the syngeneic BP melanoma model, which is
known to poorly respond to immunotherapy60 mice systemically with
a LSD1i (DDP_38003, as MC_2580 cannot be used in vivo35, Fig. 6A).
Alongside the abovementioned migratory signature (Fig. 1B), we
observed that in vivo systemic LSD1i promoted intra-tumoral infiltra-
tion of CTL (Fig. 6B) with an augmented expression of Eomes (Fig. 6C),
higher frequency of CD44high CD62Lhigh (Fig. 6D) and lower levels of
PD-1 expression (Fig. 6E). Nevertheless, BP tumors showed identical
growth kinetic regardless LSD1i treatment (Fig. 6F and Supplemen-
tary 9A-D).

However, when mice with comparable tumor masses were ran-
domly treated or not with anti-PDL1 therapy (Fig. 6G), the combination
of LSD1i and αPD-L1 achieved a better tumor control without any
adverse toxicity (Fig. Supplementary 9E); paralleled by a reduction of
PD-L1 on immune infiltrating CD11b+CD45+ cells (Fig. Supplemen-
tary 9F) while each of the two monotherapies did not (Fig. 6H and
Supplementary 9A–D). Importantly, when LSD1i therapy was com-
binedwith a different immune checkpoint inhibitor (i.e.αTIM3) we did
not observe any therapeutic improvement (Fig. Supplementary 9G),
supporting ourmechanistic model and indicating the specificity of the
proposed combinatory therapy.

Discussion
The advent of adoptive T cell therapy (ACT) has opened a new era in
cancer treatment by redirecting CD8+ T cell (CTL) to express synthetic
receptors towards tumor-associated antigens. Despite impressive
clinical results in the treatment of otherwise incurable hematological
malignancies, ACT has not demonstrated convincing efficacy in
treating solid tumors, which collectively account for ~90% of cancer-
related deaths50,61,62. This upsetting could be attributed to the acqui-
sition of a dysfunctional state, loss of metabolic functional plasticity,
and failure to adapt and survive in a hostile tumor microenvironment
(TME)8. In this scenario, maintaining CTL in a less-differentiated state
and with a higher bioenergetic profile during ex vivo T cell production
and after infusion may have a strong therapeutic impact.

Recent findings suggest a major role for epigenetic programs in
determining andmaintaining T cell fate decisions24,54. T cellsmay resist
current strategies for reversing T cell exhaustion as a result of stable
changes ingene regulationdue to epigenetic reprogramming22,23,63. For
instance, progressive de novo DNAmethylation is an essential process
inaugurating CD8 + T cell exhaustion. This results in a distinct gene
repression signature that is preserved during PD-1 blockade64. Thus,
manipulating the activity of demethylating enzymes that contribute in
establishing exhaustion and memory programs may hold a key to
obtaining a long-lived pool of engineered T cells with sustained anti-
tumor responses, and implementing the useofACT in oncology. In this
regard, genetic ablation of SUV39H145,46 in CAR-T cells has been shown
to improve T cell memory formation and efficacy of adoptive T-cell
therapy. In this scenario, the development of tools such as chemical
compounds that enable the generation of therapeutic T cells without
relying on additional gene therapy modification offers promising
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alternatives to increase accessibility and efficiency in the development
and delivery of CAR.T therapy.

LSD1 is a lysine-specific histone demethylase 1 A highly expressed
in several cancers - such as prostate, breast, and hepatocellular- where
it is associatedwith poor prognosis15. Interestingly, recent studies have
underscored the role for LSD1i in influencing anti-tumor immunity19,20

by promoting an epigenetic program that modulates exhausted
CTL17,18. However, the impact of perturbing T cell-intrinsic LSD1 onCTL
differentiation and function as well as their anti-tumoral responses
have not been fully explored. Here, we underscore a role for LSD1i in
CTL anti-tumor response being unique in its ability to shape their
differentiation towards a peculiar CD62 high/CD44high memory T cell
pool characterized by Eomes up-regulation while simultaneously
counteract exhaustion through PD1 downregulation that operates a
more potent acute tumor debulking.

We identified LSD1 as an important regulator of CTL differentia-
tion and anti-tumor functions. We show that in vitro pharmacological

inhibition of LSD1 (LSD1i) is a strategy to enforce CD8 functional
specialization in tumors and, in turn, enhance the clinical efficacy of
ACT, confirming similar results recently published by Dr. Sheng and
colleagues43.

LSD1i imprints a stable less-differentiated fate and ameliorates T
cell exhaustion as manifested by inhibitory receptor reduction,
enhancedmetabolicfitness, and enriched transcriptomic signatures of
T cell reinvigoration. As a direct consequence, LSD1i-instructed T cells
showed enhanced persistence and antitumor effects in a murine mel-
anomamodel of ACT. Additionally, LSD1i treatment confers functional
advantages to human CAR.T cells, demonstrating its potential in
ameliorating ACT efficacy and broadening its application for the
treatmentof awide rangeofmalignancies.Of considerable benefit, our
approach concerns the ex vivo treatment of isolated T cells and is not
limited by systemic targeting and/or additional gene therapy that
would complicate the already intricate manufacturing process of
CAR.T cell therapy products. Moreover, the ability of LSD1i to

Fig. 6 | Systemic in vivo LSD1i promotes intra-tumoral infiltration of memory
CTL and improves anti-PDL1 increases ACT efficacy. A Experimental design of
systemic LSD1i therapy. B–F Analysis of the CTL infiltrate at the time of sacrifice.
Frequencies of CTL infiltrating the tumor (B, n = 7, p =0,0070), Eomes expression
(C, n = 7, p =0,0454), percentage of memory and effector cells (D, n = 12,

p =0,0033) and PD1+/CD44- CTL (E,n = 12,p =0,0038) and tumor growth (F,n = 12).
G,H Experimental scheme (G) and tumor growth (H, n = 11 for NT, 14 for LSD1i, 7 for
anti-PDL1 and 15 for LSD1i+anti-PDL1, p =0,0026). Data shown as box and whisker
plots indicate Min to Max value (B-E), two-tailed unpaired t test (B–E). Source data
are provided as a Source Data file.
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ameliorate the exhausted phenotype of CTL from cancer patients is
particularly important for themany cancer patients that cannot benefit
from ACT due to severe T cell lymphopenia -resulting in a failure to
collect a satisfactory amount of T cells in order to manufacture the
CAR T cell product, and a severe T cell exhausted phenotype asso-
ciated with decreased proliferation and cytotoxicity of the final CAR.T
product51,65. It is worth to note that among the tested chemical probes,
LSD1i was unique in shaping CTL differentiation away from terminally
effector and toward a memory phenotype with increased Eomes
expression and decreased PD1 levels, posing LSD1i as a promising tool
for modulating CTL differentiation during ex vivo T cell culture. As a
matter of fact, the anti-tumoral efficacy of LSD1i-redirected CTL was
superior compared to the one observed in mice receiving CTL pre-
treated ex vivo with a pharmacological SUV39H1 inhibitor44; despite
the fact the inhibition of SUV39H1 was able to enrich the CTLmemory
compartment (Fig. Supplementary 1C), in agreement with previous
studies45,46. Future work is required to fully understand the different
mechanisms of actions, specificity, and related efficacy of the different
epigenetic drugs currently in use. These studiesmay also inform about
thebenefits and side effects related to theuseof epigenetic drugs as an
approach to improve the efficacy of cancer therapy.

Furthermore, a rationally designed combination with PDL1-
therapy makes adoptively transferred CTL resistant to exhaustion,
thus granting long-lasting immune-surveillance. We demonstrated the
direct role of LSD1i in mediating a CTL reprogramming that improved
antitumor immunity, especially in combinationwith anti-PDL1 therapy.
LSD1i leads to an optimal priming of CTL which ameliorates their
functional performances and empowers themwith improved ability to
debulk tumors. Its combination with anti-PDL1 therapy resulted in a
complete tumor eradication and long-lasting tumor-free survival,
demonstrated that LSD1i together with anti-PDL1 therapy complement
each other’s deficiencies and produce a better tumor response in a
melanomamodel, inwhich both immune and epigenetic therapy alone
have shown limited efficacy. Interestingly, if LSD1i is provided in
combination with anti-TIM3 therapy, no synergy was achieved and
tumors escaped T cell control. While these results support the speci-
ficity of LSD1i in fostering a PD1/PDL1 loop;whether anti-TIM3 and anti-
PDL1 treatment activate different CTL activation and/or differentiation
programs when combined with LSD1i awaits future investigation. It
would be also interesting to assess the effect of another type of
checkpoint blockade therapies on LSD1i therapy to define the better
combinatorial therapy.

In conclusion, our study demonstrates that LSD1 could be con-
sidered as amolecular switch tofine-tunememoryT cell formation and
metabolic fitness maintenance, linking epigenetic drugs to antitumor
surveillance. This paves the way for a new generation of adoptive T
cell-based therapies, where LSD1i can be used during ex vivo CAR- and
TCR- T cell manufacturing or in combination with PDL1 therapy to
achieve long-term functionality in melanoma patients with primary or
adaptive resistance to immunotherapy.

Methods
Ethics approval for the research
The use of human samples was approved by the European Institute of
Oncology (IEO) Institutional Review Board. PBMCs were collected
from patients with melanoma undergoing immunotherapy at Eur-
opean Institute of Oncology IRCCS (IEO, Milan IT) before the starting
of any treatment. No compensation was paid to patients for partici-
pating in the study. All subjects gave their informed consent for
inclusion before they participated in the study. The studies were
conducted in accordance with the Declaration of Helsinki and the
protocols were approved by IEO Ethical Committees (registered as
IEO889). Blood samples from healthy volunteers were collected at
European Institute of Oncology IRCCS (IEO, Milan IT) under an
approved protocol (IEO 1781) and signed informed consent.

Mice were housed and bred in a specific-pathogen-free animal
facility and treated in accordance with the European Union Guideline
on Animal Experiments. Animal handling and experimental protocols
were reviewed and approved by the Institutional Animal Care and
Use Committee of The Jackson Laboratory under the protocol
number 720/2019-PR and 75DA4.N.7PH and under the District Gov-
ernment of Lower Franconia protocol number RUF-55.2.2-2532-
2-1452.

Experimental model and subject details
Mice were housed and bred in a specific-pathogen-free animal facility
and treated in accordance with the European Union Guideline on
Animal Experiments under the protocol number 720/2019. For mouse
experiments, we used sex- and age-matched (8-10 weeks) mice in each
experiment. For in vivo tumor implantation exp we used female mice
to optimize the engraftment. The number of animals (biological
replicates) is indicated in the respective figure legends. C57B6 or OT1
(C57BL/6-Tg(TcraTcrb)1100Mjb/Crl) mice were purchased from
Charles River. LCMV-P14 TCR transgenic mice were obtained through
the Swiss Immunological Mouse Repository (SwImMR, Zurich, Swit-
zerland). Pmel1 mice (B6.SJL-Ptprca Pepcb/BoyJ Tg(TcraTcrb)8Rest/J)
were bred at the animal facility of the University Hospital Regensburg.
Mice were kept in SPF conditions with food and water ad libitum.
Experiments were approved by the District Government of Italy and
Lower Franconia and conducted in line with local and state animal
welfare guidelines.

Compounds
MC_2580 and DDP_38003 have been synthesized as previously
described39. GSK2879552 2HCl, Bomedemstat and Pulrodemstat (CC-
90011) besylate, JQ1, SG1027 and UNC1999 were purchased from
Selleckchem. Chaetocin was purchased from Aurogene. Valproic Acid
(VPA) was purchased from Sigma.

All the reagents were dissolved in DMSO except for VPA, which
was dissolved in water. DMSO was added at a final concentration of
0.01% (v/v), including the control. Epigenetic probes used in the
experiments are listed in Table S1 and were used at the indicated
concentrations.

Cell lines
BP and B16-OVA were maintained in DMEM supplemented with 10%
fetal bovine serum (FBS), 1% Glutamine, 1% Pen/Strep. B16-F10 and
B16OVA in complete RPMI supplemented with 10% fetal bovine
serum (FBS), 1% Glutamine, 1% Pen/Strep and additional G418
(0,4mg) antibiotic for the selection and isolation of OVA-transfected
B16. Cells were cultured in a humidified environment at 37 °C
in 5% CO2.

Killing experiment
For killing experiments, 2.5×104 of B16-OVA cells were plated on a 96-
well plate in complete RPMImedia (10% FBS, 1%NaPy, 1%Glutamine, 1%
Pen/Strep, 0,1% β-mercaptoethanol) supplemented with 100U/mL IL2
to adhere prior to co- culturewith activatedOT1CD8 + T cells. OT1CTL
activated in the presence or absence of LSD1i for 72 hours were then
counted and added to the plate in a Effector: Target (E:T) ratio of 1:1.
2,12 and 24 hours post-co-culture, cells were stained, fixed and per-
meabilized following manufacturer’s instruction for multiparametric
flow cytometry analysis.

CD8+T cell isolation and activation
Spleen and lymph nodes (inguinal and axillary) were harvested from
mice under sterile conditions, mechanically dissociated into single cell
suspension and red blood cells were lysed. Cells were then sorted by
negative selection following the manufacturer’s instructions. After
sorting, cells were resuspended at 1×106 cells/mL in complete RPMI
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media (10% FBS, 1% NaPy, 1% Glutamine, 1% Pen/Strep, 0,1% β-mer-
captoethanol) supplementedwith 100U/mL IL2. ForOT1 and P14 CD8+

T cells, media was further complemented with 2μg/mL of SIINFEKL,
GP100orGP-33peptides respectively, while for C57B6micepolyclonal
activation was achieved using 5μg/mLplated-boundαCD3 and 0,5μg/
mL soluble αCD28. Cells were further treated with EpiDrugs at the
indicated concentration for 72 hours at 37 °C, 5% CO2 and 90-95%
humidity for a pH neutral environment.

Immunophenotype and flow cytometry
Characterization of the activation and differentiation profile of CTL
was performed by flow cytometry following standard protocols.
Briefly, for staining of surface markers 1 × 105 – 2 × 106 cells were har-
vested at the specified post-activation time points, washed with PBS,
resuspended in FACS buffer (PBS, 2% FBS, EDTA 2mM) and stained for
20minutes at 4 °C. Intracellular staining for cytokine production was
performed following a 4 hours incubation with complete RPMI and
1:1000 dilution of GlogiPlug in the presence or absence of a secondary
stimulation with SIINFELK peptide (5μg/mL) or PMA/Ionomycin
(20 ng/mL and 1μg/mL respectively) at 37 °C. Cells were fixed and
permeabilized following manufacturer’s instruction. Intracellular
staining was then performed in permeabilization buffer for 2 hours at
4 °C. For mitochondrial studies, cells were incubated with 25 nM
MitoTracker Orange CMTMRos (Life Technologies) for 30min at 37 °C
before staining. All panels were stained with LIVE/DEAD fixable Aqua
stain or Ghost Dyes from TONBO before surface or intracellular
staining. UltraComp eBeads were used for all compensation. All FACS
datawereacquiredusing aBD-FACSCelesta or BDFACSAria Fusion and
analyzed with FlowJo software.

RT2 Profiler PCR arrays
Gene expression analysis of 84 key genes involved in memory differ-
entiation pathway was assessed on vitro–activated CD8 +T cells ±
LSD1i using a Mouse T cell differentiation RT2 Profiler PCR Array
(Qiagen; PAMM-074ZC) according to manufacturer instructions. Ct
values were exported to an Excel file for data analysis using the pro-
vided web tools (http://www.qiagen.com/geneglobe). Ct values were
normalized based on a panel of reference genes. The data analysis web
portal calculates fold changes using using the ΔΔCt method followed
by ΔΔCt calculation (ΔCttest group − ΔCtcontrol group). Fold change
is then calculated using 2(−ΔΔCt) formula. Data were plotted using
volcan plot.

tSNE analysis
FCS data was analyzed with software FlowJo v10.2. RPhenograph
package was used to perform computational analysis of multi-
parametric flow cytometry data. 3000 events per sample were con-
catenated by the “cytof_exprsMerge function”, after manual gating
isolation of singlet, LD negative CD45 +CD3+CD8 +T cells. All sam-
ples were concatenated by the “cytof_exprsMerge function”. /). The
number of nearest neighbors identified in the first iteration of the
algorithm, K value, was set to 100.UMAP and tSNE representationwere
generated andvisualizedusing FlowJo version 10.2.Under-represented
clusters ( < 0.5%) were discarded in subsequent analysis.

Seahorse extracellular flux analysis
Seahorse experiments were performed on sorted CD8+ cells activated
in presence or absence of LSDi using XF Cell Mito Stress kit (Seahorse
Bioscience). OCR and ECAR were measured with XF96 Extracellular
FluxAnalyzers (SeahorseBioscience). Briefly, cellswereplatedonpoly-
D-lysine–coated 96-well polystyrene Seahorse plates (200,000T cells/
well), equilibrated for 1 h at 37 °C, and assayed forOCR (pmol/min) and
ECAR (mpH/min) in basal conditions and after addition of oligomycin
(1μM), carbonyl cyanide-4-phenylhydrazone(1.5μM), and antimycinA/
rotenone (1μM/0.1μM).

RNA sequencing and data analysis
CD8+ cells were activated for 72 h in presence or absence of LSDi,
counted and resuspended in RTL lysis buffer (Qiagen). RNA was iso-
lated from purified cells using RNeasy Mini Kits, and RNA concentra-
tions were determined using Nanodrop. Raw reads were mapped to
themouse reference genomemm9 using STAR66. Reads quantification
was calculated using the featureCount function of the Subread
package67. Batch correction of the CTL-LSDi sampleswas assessedwith
the R package sva, using the command ComBat_seq specifying as
group the NT and LSD1i and as batch the two different run of
sequencing68. edgeR was used to assess differential expression, fol-
lowing the edgeR user’s guide command of the Generalized linear
models section, starting from the batch-corrected counts table
obtained removing genes with zero reads counts69. Differentially
expressed genes (DEGs)were defined as those showing FDR ≤0.05 and
linear fold-change ≥1.2. Pathway analysis and transcription factor
prediction analysis were performed with QIAGEN’s Ingenuity Pathway
Analysis (IPA, QIAGEN Redwood City, www.qiagen.com/ingenuity).

In vivo animal experiments
All mouse experiments were conducted in agreement with require-
ments permitted by our ethical committee. C57B6 were sub-
cutaneously injected with 2 × 105 B16-OVA\BP\B16-F10 cells/mouse.
Animals were euthanized when the tumor reached the volume
of ≥ 2 cm3 or when tumors become ulcerated or interfere with the
ability of the animal to eat, drink, or ambulate, according to our
national ethical committee. Spleens and tumors were harvested and
dissociated to a single-cell suspension. Tumors were digested (1mg/
mL Collagenase A and 0.1mg/mL DNase I) in DMEM at 37 °C. Cell
suspension was filtered first through 100 μm and secondly through
70μmcell strainers, washed, counted, and stained formultiparametric
flow cytometry. Blood was collected in an Eppendorf with EDTA and,
after red blood cells lysis (Mylteni, Cat. 130-094-183), cells were
washed twice with PBS, counted, and stained for multiparametric flow
cytometry.

For in vivo experiments, checkpoint blockade was performed by
intraperitoneal injection of 200 ug anti-mouse PD-L1 (clone 10 F.9G2,
Leinco Technologies), 200 ug anti-mouse TIM3 (clone RMT3-23,
Leinco Technologies) or isotype control anti-rat IgG2gb, Kappa
immunoglobulin (clone R1371, Leinco Technologies) based on the
following treatment schedule: five days after ACT and every other day
(day 15\17\19), i.p. for three times. For indicated experiment, C57B6
were rechallenged with 2 × 105 B16-OVA cells/mouse 3 days after the
last anti-mouse PD-L1 injection (day21). For in vivo systemic LSD1
inhibition LSD1i DDP_38003 at the dose of 34mg/kg was administered
by oral gavage twice a week once tumors had reached a measurable
size for 3 times. Theweight of the animals wasmonitored biweekly and
the overall well-being five times a week to control for adverse toxicity.

Adoptive cell transfer (ACT) experiments
In vivo experiments were performed using antigen specific melanoma
cell line B16-OVA that was maintained in culture in RPMI, 10% FBS, 1%
PenStrep, 0,4mg G418 up to 5 passages prior to injection. C57B6mice
were subcutaneously injected with 2×105 cells of B16-OVA cells and
tumor growth was monitored daily. 10 days post-injections and once
tumors had reached a measurable size, ACT was performed intrave-
nously using 5 × 106 OT1 cells previously activated in the presence or
absence of LSD1 inhibitor as previously described. For experiments
with Pmel-mice, 3.6 × 105 B16-F10 melanoma cells were inoculated s.c.
in 100 µl PBS ten days before cell transfer. On the day before cell
transfer, mice were assigned to treatment groups and treated mice
were irradiatedwith 6Gy. A total of 3 × 105 activated pmel1 T cells were
injected i.v. together with 15 µl VV-hgp100 on day 0 and 1.4 × 105 IU
recombinant hIL-2 (Miltenyi Biotec) i.p. on days 0, 1, and 2. Tumor size
was measured using calipers. Tumors were inspected and measured
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daily to construct a growth curve using the formula: Tumor volume=
length x width2/2, where length represents the largest tumor diameter
andwidth represents the perpendicular tumor diameter. On the dayof
analysis spleen and tumor were collected from each mouse, dis-
aggregated to single cell suspension, and used for flow cytometry
analysis.

CAR T cell transfer experiments
Isolation, generation and transduction of CAR T cells. Peripheral
blood mononuclear cells (PBMC) were isolated from buffy coats
obtained from healthy donors (University Hospital Würzburg, Würz-
burg, Germany – Ethical approval number: 250/20) using Lymphocyte
separation medium. For T cell activation, non-tissue culture-treated
plates were pre-coated with OKT3 (1mg/ml) and anti-CD28 (1mg/ml)
monoclonal antibodies (mAb). PBMCwereplated in completemedium
consisting of CTS OpTmizer T Cell Expansionmedium (ThermoFisher,
Waltham, Massachusetts, USA) supplemented with 2.5% human AB
serum, 2mMglutamine, 1 % pen/strep and with or without 2mMLSD1,
in a humidified atmosphere containing 5% CO2 at 37 °C. The day after
activation, T cells were treated with recombinant human interleukin-7
(IL-7, 500 U/ml) and -15 (IL-15, 50 U/ml). Activated T cells were trans-
duced on day 3 as described previously with a third generation B7H3-
CAR consisting of CD8aStalk.CD8TM.CD28.OX40.zeta-chain (ζ). From
day 6 after transduction, CAR-T cells and control T cells were fed with
recombinant human IL-2 (100 U/ml) (R&D, Minneapolis, Minnesota,
USA). Cells were continuously cultured with and without 2mM LSD1.

Immunophenotype and flow cytometry
Characterization of CAR-T and control T cells was performed by flow
cytometry. For analysis of transduction efficiencies, 2 × 105 cells were
washed twice with FACS buffer (1x PBS, 0.5 % BSA, and 2mM EDTA).
Cell pellets were resuspended in PE-labeled Protein-L (Sino Biological,
Beijing, China) and stained for 40minutes at room temperature. For
staining of surface markers, cells were stained for 20minutes at 4 °C
with followingmAb: CD3-PE-Cy7, CD8-APC-Cy7, CD45RO-FITC, CD62L-
vioblue (Miltenyi, Bergisch-Gladbach, Germany) and PD1-PerCP Cy5.5
(Biolegend, San Diego, California, USA). For each sample, a minimum
of 30,000 events were acquired with FACS Canto II (BD) and analyzed
using Flowlogic software (Inivai Technologies, Mentone, Australia).

Co-culture assay
Tumor cells were transduced with a retroviral vector encoding for
eGFP (33963009). For co-culture experiments, B7H3-CAR T cells and
control T cells either treated with or without LSD1 were cultured with
B7H3+ tumor cell lines, SH-SY5Y (neuroblastoma) and D341 (medullo-
blastoma) in RPMI medium supplemented with 10 % FBS, 2mM glu-
tamine and 1 % pen/strep in decreasing effector cell to target cell ratio.
After 3 days, co-cultures were collected and surface-stained for CD3
and HLA-DR expression. Before analysis via flow cytometer, counting
beads (Biolegend, San Diego, California, USA) were added to the
samples and a minimum of 5000 counting beads were acquired for
sample.

Statistical analysis and data quantification
Flow cytometry data was analyzed using FlowJo v10.2. Results were
analyzed and visualized on Prism version 9.2.0 (GraphPad). All statis-
tical analyzes were conducted using GraphPad Prism version 9.2.0.
When the data meet the assumption of a parametric test (based on
normality test), differences between two groups were calculated by
two-tailed Student’s t test. For graphswithmultiple comparisons being
made, one-way ANOVA was performed with post hoc Sidak’s test or
Tukey’s test for multiple comparisons, unless otherwise specified. For
data not normally distributed, a non-parametric test was applied.
Significance was set at p values ≤0.05. For all figures: *, p ≤0.05; **,
p ≤0.01; ***,p ≤0.001. All p values are indicated in thefigure legend. All

plots indicate Min to Max value data and error bars are shown as
mean± SEM. The n numbers for each experiment and the numbers of
experiments are annotated in each figure legends. For all experiments,
data are reported based on individual biological replicates pooled
from multiple donors or animals.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The RNAseq data generated in this study have been deposited in the
GEO database under accession code GSE272770. The RNAseq LSD1 KO
publicly available data used in this study are available in the GEO
database under accession code GSE147130. The remaining data are
availablewithin theArticle, Supplementary InformationorSourceData
file. Source data are provided with this paper.
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