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INTRODUCTION
In the last few decades, major breakthroughs have improved 

the feasibility and safety of allogeneic hematopoietic cell trans-
plantation (allo-HCT) to cure acute myeloid leukemia (AML). 
Still, posttransplantation relapses remain a major unsolved 

issue, occurring in up to 50% of patients. It is becoming increas-
ingly recognized that evasion from immune control represents 
one of the main drivers of posttransplantation relapse (1, 2). 
Among the mechanisms of immune escape described so far, 
the selective loss of HLA class II expression on leukemic cells 
represents one of the most frequent, accounting for up to 40% 
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in AML relapses in vitro and in vivo, with consequent recovery of leukemia recognition by CD4+ T cells. 
Our results uncover a novel link between epigenetics and leukemia immune escape, which may rapidly 
translate into innovative strategies to cure or prevent AML posttransplantation relapse.

SIGNIFICANCE: Loss of HLA class II expression represents a frequent mechanism of leukemia post-
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modality and show that its chemical inhibition can reinstate a proficient graft-versus-leukemia effect, 
providing an innovative rationale for personalized epigenetic immunotherapies.
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of posttransplantation relapses (3, 4). The central role of the 
interaction between CD4+ T cells and HLA class II molecules in 
driving the graft-versus-tumor effect of allo-HCT has been sug-
gested by both preclinical (5, 6) and clinical (7) studies, and the 
observation that loss of HLA class II can be sufficient to prompt 
clinical relapse represents another evidence in this direction.

Of note, genomic profiling of relapses with downregula-
tion of HLA class II molecules did not identify any mutation 
that could explain the immune escape phenotype, and in 
particular no specific genetic lesions in either HLA genes or 
their known regulators were identified (4).

Here, we investigate the cross-talk between epigenetics 
and cancer immune surveillance, deciphering the molecular 
mechanisms that control nongenomic loss of HLA class II 
expression in AML posttransplantation relapses, and propose 
a new therapeutic rationale to reawaken the immune system 
by the personalized use of epigenetic therapies.

RESULTS
Patient-Derived Xenografts Recapitulate  
Relapse-Specific Epigenetic Alterations

To identify and characterize the epigenetic changes respon-
sible for AML immune escape, we conceived an approach 
based on multiomic profiling of primary AML samples col-
lected longitudinally over treatment and of their respective 
patient-derived xenografts (PDX; Fig. 1A).

We first identified five patients with downregulation of HLA 
class II expression at posttransplantation relapse, detected 
by immunophenotypic analysis and RNA sequencing (RNA-
seq; UPN01–05; Supplementary Table  S1 and Supplementary 
Fig. S1A–S1C), and generated PDXs from their paired diagnosis/ 
relapse samples. For all five cases, PDXs largely recapitulated 
the levels of expression of HLA class II of the original samples 
(Fig. 1B and C; Supplementary Fig. S2 for gating strategy) and 
allowed the sizable expansion of the infused leukemia (average 
50.7-fold for diagnoses and 45.4-fold for relapses; Fig. 1D).

We selected UPN01 as index case and characterized in 
more detail the surface expression of immune receptors (HLA 
class  I, PD-L1, and B7-H3) and lineage markers (CD14 and 
CD33) in primary and PDX samples (Fig.  1E), document-
ing that all of them were largely unaffected by passage and 
expansion in PDXs, and consistent among replicates for both 
diagnoses and relapses (Fig. 1E).

AML blasts from UPN01 PDXs and from the original sam-
ples were then profiled by RNA-seq for their transcriptome, 
reduced representation bisulfite sequencing (RRBS) for DNA 
methylation, and the Assay for Transposase-Accessible Chro-
matin using sequencing (ATAC-seq) for chromatin accessibil-
ity. RNA-seq analysis confirmed that PDXs recapitulated the 
differences in the transcript levels of HLA class II (HLA-DRB1, 
HLA-DRB5, HLA-DPB1, and HLA-DQB1) and class II–related 
genes (CD74/invariant chain and CIITA) between diagnosis 
and relapse (Fig. 1F). Of note, this was true also for their global 
transcriptional profile, as shown by the principal component 
analysis (PCA) of our RNA-seq data set (Fig. 1G). Similar obser-
vations were also made when analyzing methylation by RRBS 
(Fig.  1H) and chromatin accessibility by ATAC-seq (Fig.  1I). 
For all three technologies, the first component (PC1) defined 
the clear segregation between diagnosis and relapse samples, 

whereas PC2 (accounting for a minor fraction of the overall 
variance) captured differences between primary samples and 
PDXs (Fig.  1G–I). Importantly, genes differentially expressed 
between primary samples and PDXs belonged mostly to non-
immune-related categories and were mainly involved in the 
processes of cell proliferation, myeloid differentiation, and pro-
tein trafficking, likely reflecting a higher proliferative state of 
leukemia upon transfer in mice (Supplementary Fig. S3A–S3C).

Our observations indicate that early-passage PDXs reca-
pitulate the immune-related landscape of primary AML sam-
ples, allowing their use in combination with the original 
samples to characterize epigenetic drivers of relapse with loss 
of expression of HLA class II molecules.

High-Throughput Profiling Identifies  
Relapse-Specific Chromatin Compaction  
at the Level of HLA Class II Genes

We next used the entire sample set derived from UPN01 
(including primary and PDX samples) to understand if the 
transcriptional differences between diagnosis and relapse 
could be explained by differences in DNA methylation and 
chromatin accessibility. We first analyzed the data from each 
technology separately. By RRBS we did not identify significant 
differences in the level of DNA methylation between diagnosis 
and relapse samples, neither at promoters nor at gene bodies 
(Fig.  2A and B). Conversely, ATAC-seq showed that relapse 
samples displayed reduced chromatin accessibility at transcrip-
tion start sites as compared with their diagnosis counterparts 
(Fig. 2C and D). In line with these findings, genes differentially 
methylated (DMG) between diagnosis and relapse were few 
(n = 130; Supplementary Fig. S4A), were poorly correlated with 
differentially expressed transcripts (r2  =  0.1121, P  =  0.7043; 
Supplementary Fig. S4B), and were largely nonoverlapping with 
them (Supplementary Fig. S4C; P = 0.383, representation factor 
0.9), whereas differentially accessible genes (DAG) were more 
numerous (n = 6,085; Supplementary Fig. S4D) and more evi-
dently associated with changes in gene expression (r2 = 0.3352, 
P = 8.311E−35 for correlation and P = 7.826E−112 for overlap, 
representation factor 1.8; Supplementary Fig. S4C and S4E).

In line with the global epigenetic profiling, we documented 
that HLA class II genes and their transactivator CIITA also did 
not differ between diagnosis and relapse in their methylation 
level (Fig.  2E), whereas they acquired a significantly more 
closed chromatin conformation status at posttransplanta-
tion relapse (Fig.  2F and G). Chromatin compaction at the 
genome-wide level and in HLA class II genes and their regula-
tors was consistent in all five posttransplantation relapses 
from our series (Fig. 2H and I).

Multiomics Factor Analysis Identifies the 
Involvement of Polycomb Repressive Complex 2  
in Loss of HLA Class II Expression at 
Posttransplantation Relapse

To analyze data obtained from the different high-throughput 
technologies in an integrative and unsupervised manner, we 
applied multiomics factor analysis (MOFA; ref. 8), a compu-
tational method able to extract the major factors of variability 
[called latent factors (LF)] from input data, concomitantly 
taking into account all the biological and technical layers 
of variability of the sample set analyzed in terms of the cell 
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Figure 1.  PDXs recapitulate the immune-related features of primary posttransplantation relapses. A, Overview of the experimental approach to identify 
epigenetic drivers of AML posttransplantation (pTx) immune escape and relapse. ATAC-seq, Assay for Transposase-Accessible Chromatin using sequencing; 
RNA-seq, RNA sequencing; RRBS, reduced representation bisulfite sequencing. B, Representative histograms from immunophenotypic analysis of HLA-DR 
surface expression measured on primary (left, dark colors) and PDX (right, light colors) diagnosis (red, top) and relapse (blue, bottom) samples from UPN01. 
C, HLA-DR surface expression measured by immunophenotypic analysis on primary (dark colors) and PDX (light colors) diagnosis (red) and relapse (blue) 
samples from the different patients. For PDXs, the average of results obtained in the different mice infused with the same primary leukemia is reported. 
D, Fold change in the number of human leukemic blasts infused in animals (dark colors) and recovered when they were euthanized (light colors) for each 
of the five cases tested. Shown is the average of results obtained in the different mice infused with the same primary leukemia. E, Heat map representing 
the surface expression levels of lineage and immune-related markers on UPN01 primary and PDX-derived leukemic cells, measured by immunophenotypic 
analysis. The bar above the heat map indicates primary (dark colors) and PDX (n = 3 mice for each primary sample, light colors) diagnosis (red) and relapse 
(blue) samples. F, Heat map representing expression levels of HLA class II transcripts and of their regulators CD74 and CIITA in the UPN01 RNA-seq data set. 
The bar above the graph indicates primary (dark colors) and PDX (light colors) diagnosis (red) and relapse (blue) samples. G, PCA of the relative spatial dis-
tribution of primary (dark colors) and PDX (light colors) diagnosis (red) and relapse (blue) samples from the UPN01 RNA-seq data set. H, PCA of the relative 
spatial distribution of primary (dark colors) and PDX (light colors) diagnosis (red) and relapse (blue) samples from the UPN01 RRBS data set. I, PCA of the 
relative spatial distribution of primary (dark colors) and PDX (light colors) diagnosis (red) and relapse (blue) samples from the UPN01 ATAC-seq data set.

of origin (primary and PDXs) and condition (diagnosis and 
relapse). MOFA of our data set documented that LF1 captures 
differences between diagnosis and relapse, whereas LF2 dis-
criminates primary and PDX samples (Fig. 2J), and that major 
contributors to LF1 were gene expression (as expected, because 
it represented the starting point for our analysis, r2 = 0.56) and 

chromatin accessibility (r2 = 0.34), with a very small contribu-
tion from DNA methylation (r2 < 0.01; Fig. 2K).

Based on the observation that differences between diag-
nosis and posttransplantation relapse were mostly explained 
by changes in chromatin compaction, we further interro-
gated the list of DAGs from LF1 to characterize its content 
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Figure 2.  HLA class II downregulation at posttransplantation relapse is explained by chromatin compaction and heightened EZH2 activity. A, Heat map 
representing CpG methylation around the transcription start site (TSS) in UPN01 RRBS data set. The bar above the graph indicates primary (dark colors) 
and PDX (light colors) diagnosis (red) and relapse (blue) samples. B, Quantitative analysis of CpG methylation at promoters (top) and gene bodies (bottom) 
in UPN01 primary (dark colors) and PDX (light colors), diagnosis (red) and relapse (blue) samples, measured by RRBS. C, Heat map representing chromatin 
accessibility around the TSS from the UPN01 ATAC-seq data set. The bar above the graph indicates primary (dark colors) and PDX (light colors) diagnosis 
(red) and relapse (blue) samples. D, Average genome-wide accessibility of chromatin around the TSS in UPN01 primary (dark colors) and PDX (light colors) 
diagnosis (red) and relapse (blue) samples, measured by ATAC-seq. E, Quantitative analysis of CpG methylation of HLA class II genes and CIITA in UPN01 
primary (dark colors) and PDX (light colors) diagnosis (red) and relapse (blue) samples, measured by RRBS. F, Integrative Genomics Viewer visualization 
of ATAC-seq tracks from UPN01 primary and PDX representative samples at diagnosis (red, top lanes) and relapse (blue, bottom lanes). Shown are the 
genomic coordinates for HLA-DPB1 and CIITA. G, Quantitative analysis of chromatin accessibility of HLA class II genes and CIITA in UPN01 primary (dark 
colors) and PDX (light colors) diagnosis (red) and relapse (blue) samples, measured by ATAC-seq. P values were calculated by a two-sided paired t test at a 
95% confidence interval. H, Average genome-wide accessibility of chromatin around the TSS in diagnosis (red) and relapse (blue) samples from each of the 
five patients, measured by ATAC-seq. I, Heat map representing chromatin accessibility of HLA class II genes and their regulators measured by ATAC-seq in 
paired diagnosis/relapse samples from the five patients under study. The bar above the graph indicates diagnosis (red) and relapse (blue) samples. J, PCA 
of the relative spatial distribution of primary (dark colors) and PDX (light colors) diagnosis (red) and relapse (blue) samples from the UPN01 MOFA data 
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and identify its epigenetic regulators. Gene set enrichment 
analysis (GSEA) highlighted a significant overlap between 
our LF1 and signatures related to the activity of enhancer 
of zeste homolog 2 (EZH2), the catalytic subunit of the 
polycomb repressor complex 2 [PRC2; CHEA 2016: normal-
ized enrichment score (NES)  =  2.0204, Padjusted  =  0.0051; 
ENCODE: NES  =  1.4950, Padjusted  =  0.0357; Fig.  2L]. The 
PRC2 multiprotein complex acts as a chromatin repressor 
by catalyzing the reaction of trimethylation at the level of 
lysine 27 of histone 3 (H3K27me3), thus inducing transcrip-
tional repression at its target loci (9).

Consistent with findings obtained by MOFA for UPN01, 
individual analyses of RNA-seq and ATAC-seq of all five 
patients also pointed to PRC2 as the main epigenetic regula-
tor of genes altered at relapse (Supplementary Fig. S5A–S5D), 

and expression of PRC2 subunits was upregulated at relapse 
(Supplementary Fig. S5E).

As a relevant control, we studied five cases of AML with 
relapse after sole chemotherapy (UPN06CT–10CT; Supple-
mentary Table  S2), detecting levels of HLA class II proteins 
and transcripts similarly high at diagnosis and relapse (Sup-
plementary Fig. S6A and S6B), paralleled by largely unchanged 
chromatin accessibility (Supplementary Fig.  S6C and S6D). 
Interestingly, DAGs were enriched for an EZH2-related signa-
ture but in the opposite direction compared to posttransplan-
tation relapses (Supplementary Fig. S6E and S6F).

The observation that HLA class II genes and regulators gained 
a closed conformational state at posttransplantation relapse 
(Fig.  2F–I), together with the enrichment of PRC2 targets in 
genes differentially regulated between diagnosis and relapse 
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(Fig.  2L; Supplementary Fig.  S5A–S5E), led us to hypothesize 
that PRC2 might represent the main driver of HLA class II 
downregulation in posttransplantation leukemia relapses and 
prompted us to functionally validate this assumption.

Pharmacologic Inhibition of PRC2 Rescues the 
HLA Class II Expression of Posttransplantation 
AML Relapses

To experimentally assess the involvement of PRC2 in the 
silencing of HLA class II at posttransplantation relapse, we 
tested the effect of its pharmacologic inhibition in relapses 
from our series. Upon ex vivo treatment with PRC2 inhibitors, 
we characterized the chromatin changes and the effects on the 
transcription and surface expression of HLA class II genes and 
regulators (Fig.  3A). The EZH2 inhibitor EPZ-6438 (tazem-
etostat) was effective in reducing H3K27me3 protein levels in 
cell lines (Fig. 3B) and in HLA class II–negative AML relapses 
(P < 0.0001; Fig. 3C) without affecting blast viability (Fig. 3D). 
Treatment of relapse samples with EPZ-6438 increased chro-
matin accessibility of HLA class II genes and their regulators 
(Fig.  3E) and upregulated the expression of their respective 
transcripts (Fig. 3F), with the exception of CIITA accessibility 
in UPN03, which was inconsistent with the other genes and 
patients. Of interest, most of the genes that were significantly 
upregulated upon exposure of relapsed leukemia to EPZ-6438 
were immune-related (Fig. 3G). We validated these findings by 
quantitative PCR (Fig.  3H) and immunophenotypic analysis 
(Fig.  3I): EZH2 inhibition increased the expression of HLA 
class II genes in all AML relapses analyzed, although sur-
face protein levels did not reach those observed at diagnosis 
(Fig. 3I; Supplementary Fig. S7).

To corroborate our findings and to dissect the contribution 
of the different PRC2 complex components to the observed 
phenotype, we tested eight additional inhibitors targeting the 
catalytic subunit EZH2 (GSK126, GSK343, PF06726304, EI1, 
GSK503, EPZ011989, CPI169, and UNC1999), as well as other 
subunits relevant for correct PRC2 assembly and function, 
such as EED (EEDi-1 and EED226) and JARID2 (JIB-04). We 
found that all PRC2 chemical inhibitors were able to restore 
HLA class II expression to a similar extent (with an average 
fold increase from DMSO control of = 4.6 ± 1.5; Fig. 3J and K),  
providing further evidence of the involvement of the whole 
complex in this immune escape modality.

In parallel, we analyzed the transcript (Supplementary 
Fig. S8A and S8B) and protein level (Supplementary Fig. S8C–
S8G) of HLA class I genes, which were already highly expressed 
at the time of relapse and remained largely unaffected upon 
PRC2 inhibition. 

Of note, the recovery of HLA class II expression driven 
by PRC2 inhibitors was not accompanied by a concomitant 
increase in the expression of PD-L1 on leukemia cells (Fig. 3L), 
which conversely represents one of the major drawbacks of the 
use of proinflammatory cytokines such as interferons (10).

It has been shown that methylation represents a fundamental 
layer for regulation of the CIITA promoter activity (11, 12). In 
a recent study, bisulfite sequencing of two AML relapses with 
HLA class II downregulation evidenced some extent of methyla-
tion of this region (4). In our sample set, we found no difference 
between the methylation of the CIITA promoter between diag-
nosis and relapse samples (Fig. 2E), and treatment of the latter 

with the hypomethylating agent azacytidine had no effect on 
recovering the expression of HLA class II genes (Fig. 3M).

Finally, we tested the effect of EPZ-6438 on HLA class II 
expression in vivo by administering the compound to immu-
nocompromised mice engrafted with UPN01 relapsed leuke-
mia. Also in this setting, we observed significant upregulation 
of HLA class II, consistent with the extent detected in vitro, 
although still not at the level of the diagnosis PDXs (Fig. 3N).

EZH2 Inhibitor–Mediated Upregulation of HLA 
Class II Reestablishes T-cell Recognition of 
Relapsed Leukemia

We next evaluated whether EZH2 inhibition could rescue T 
cell–mediated recognition of AML blasts. CD4+ T cells from 
healthy volunteers were cocultured with leukemia blasts col-
lected from UPN01 and UPN05 at the time of diagnosis to 
enrich them for tumor-specific T cells. After several rounds 
of stimulation, primed CD4+ T cells were tested against their 
original stimulators and against their HLA class II–negative  
relapse counterparts, either left untreated, pretreated with 
EPZ-6438, or pretreated with IFNγ (shown by previous stud-
ies to be able to recover HLA class II expression in this 
relapse modality; refs. 3, 4, 6). We assessed T cell–mediated 
IFNγ release, proliferation, degranulation, killing activity, and 
antigen-specific activation (Fig. 4A) as experimental readouts. 
In all T-cell donors tested (n  =  4), we detected, consistently 
through all readouts, potent recognition of leukemic blasts 
at diagnosis, weak recognition of relapse blasts that were 
left untreated, and a small but consistent and significant 
increase in T-cell activity and target cell death upon pretreat-
ment of leukemia with the EZH2 inhibitor, similar to the one 
obtained upon IFNγ pretreatment (Fig. 4B–F).

To confirm these findings with T cells of known specificity, 
we took advantage of third-party T cells capable of selectively 
recognizing allogeneic HLA-DP*04:01 (kindly provided by 
Prof. Katharina Fleischhauer, University of Essen, and gener-
ated as previously described; ref. 13) and tested them against 
leukemic blasts harvested at posttransplantation relapse from 
UPN01 (HLA-DP 04:01/04:01; Fig.  4G and H) and UPN03 
(HLA-DP 04:01/01:01; Fig. 4I and J). In both cases, we found 
an increased CD137/4-1BB surface expression when the T 
cells were challenged with blasts pretreated with EPZ-6438 or 
IFNγ compared with controls (Fig. 4G and I). T-cell activation 
was paralleled by antigen-specific proliferation (Fig. 4H) and 
increased leukemia killing (Fig. 4J).

Because one of the main issues related to the use of 
immune-modulating drugs in the posttransplantation set-
ting is the potential induction or exacerbation of graft- 
versus-host disease (GvHD), we next addressed the effect on  
T cells of exposure to EPZ-6438 (Supplementary Fig. S9A). We 
documented negligible changes in T-cell phenotype and sub-
set distribution upon culture in the presence of EPZ-6438, 
except for higher prevalence of CD69+ cells after polyclonal 
stimulation (CD3/CD28 beads) followed by culture with 
the compound (Supplementary Fig. S9B). Conversely, T-cell 
proliferation, in response to both a polyclonal stimulus and 
allogeneic AML blasts, was consistently reduced in the pres-
ence of the compound (Supplementary Fig. S9C–S9F), in line 
with previous studies that investigated PRC2 inhibition as a 
strategy to control T-cell alloreactivity (14, 15).
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Finally, we explored whether EPZ-6438 could enhance 
T  cell–mediated responses against posttransplantation 
relapses in vivo. Mice were engrafted with UPN01 AML diagno-
sis or relapse and treated or not with EPZ-6438 for 3 weeks by 
oral gavage, followed by multiple infusions of allogeneic CD4+ 
cells prestimulated with UPN01 AML at diagnosis to enrich in 
the relevant specificities (Fig. 4K). At sacrifice, mice engrafted 
with the diagnosis and infused with the T cells were the only 
ones disease-free, but an interesting, although not significant, 
reduction in disease burden could also be appreciated in the 
mice engrafted with the relapsed leukemia who received EPZ-
6438 treatment followed by T-cell infusions (Fig. 4L).

Taken together, these results show that alleviating PRC2-
mediated repression of HLA class II genes can increase the 
immunogenicity of relapsed leukemia, improving T cell–
mediated recognition and killing.

DISCUSSION
In recent years, relapse has been increasingly recognized 

as the main obstacle to the full success of allo-HCT for AML 
(1, 2). This has fueled studies specifically focused on under-
standing its mechanisms and led to the identification of 
alterations in antigen processing and presentation as one of 
its main drivers (3, 4, 16). Defects in this pathway represent 
an exceptional occurrence in AML at diagnosis but become 
prevalent when disease reemerges after allo-HCT (1), supp-
orting the idea that relapse occurs when the tumor finds the 
means to evade T cell–mediated recognition. In particular, 
AML blasts have been found to alter their HLA asset after 
transplantation by two modalities: losing at the genetic level 
one HLA haplotype, which almost invariably encompasses 

incompatible HLAs (16), or abrogating the surface expression 
of HLA class II molecules (3, 4).

In particular, this second modality occurs with similar fre-
quency after HLA-compatible and HLA-incompatible transplants 
(3, 4), and in the latter appears to be largely nonoverlapping with 
genomic haplotype loss. In fact, of the 14 relapses with class 
II downregulation from our previous cohort (3), only one had 
evidence of HLA loss (UPN02 of this series), raising the ques-
tion of which event occurred first and was dominant in driving 
immune escape. In addition, we and others found no evidence of 
new mutations in immune-related genes in cases with HLA class 
II downregulation (3, 4), prompting our present investigation on 
the epigenetic basis of this immune escape strategy.

Here, we documented a significant reduction in chromatin 
accessibility in leukemic cells at relapse, consistent across 
patients and involving HLA class II genes and their regula-
tors, with negligible changes in their methylation profile. 
Integrative analysis of the different omics and cases allowed 
us to pinpoint these changes to a candidate epigenetic regula-
tor, the PRC2 repressor of gene transcription.

Consistent with our findings, recent reports linked PRC2 
to the control of expression of HLA molecules and other 
immune-related molecules in solid tumors and lymphomas 
(17–19). Specifically, the catalytic subunit of PRC2, EZH2, 
has emerged as a potent regulator of antigen presentation 
in genome-wide screenings (18, 19), its mutations have been 
associated with impaired HLA expression in diffuse large B-cell 
lymphomas (17), and overexpression of PRC2 in solid tumors 
has been shown to drive the transcriptional downregulation of 
HLA class I (18). It has also been reported that EZH2 inhibi-
tion can result in derepression of endogenous retroviruses 
(ERV), which can significantly contribute to boost antitumor 

Figure 3.  Inhibition of EZH2 and of the other subunits of PRC2 leads to recovery of HLA class II expression on relapsed leukemia in vitro and in vivo.  
A, Outline of the experimental layout to test the effects of pharmacologic inhibition of PRC2 in relapsed leukemia. Leukemic cells collected from patients 
or retrieved from PDXs were cultured on a layer of mesenchymal stromal cells (MS-5) for 7 days and treated or not with PRC2 inhibitors (PRC2i) before the 
indicated analyses. All PRC2 inhibitors were used at the final concentration of 10 µmol/L and refreshed on day 3 after the first administration. B, Western 
blot for H3K27me3 performed on Jurkat cells treated or not with EPZ-6438/tazemetostat at the indicated concentrations for 3 or 7 days. Tubulin was used 
as a loading control. C, Immunofluorescence analysis for H3K27me3 (green) and DAPI (blue) of PDX-derived relapse samples from UPN01 (top) and UPN02 
(bottom) cocultured for 7 days with supportive MS-5 stromal cells in the presence or absence of EPZ-6438. Scale bar, 10 µm. Dot plots on the right side of 
the pictures indicate the mean fluorescence intensity of single cells. Underlying white bars indicate the average fluorescence intensity of all analyzed cells. 
P values were calculated by a two-sided paired t test at a 95% confidence interval (CI). D, Cell viability, measured as the percentage of Annexin V–nega-
tive cells, in PDX-derived relapse samples from UPN01 (top row) and UPN02 (bottom row) cocultured for 7 days with supportive MS-5 stromal cells in the 
presence or absence of EPZ-6438. E, Heat map representing chromatin accessibility of HLA class II genes and their regulators measured by ATAC-seq in 
PDX-derived relapse samples from UPN01, UPN02, and UPN03 cultured for 7 days with MS-5 stromal cells alone (dark blue markers in the bar above the 
heat map) or with the addition of EPZ-6438 (light blue markers in the bar above the heat map). F, Heat map representing levels of expression of transcripts 
encoding for HLA class II genes and their regulators measured by RNA-seq in PDX-derived relapse samples from UPN01, UPN02, and UPN03 cultured for 
7 days with MS-5 stromal cells alone (dark blue markers in the bar above the heat map) or with the addition of EPZ-6438 (light blue markers in the bar 
above the heat map). G, Histogram outlining the most significantly deregulated biological processes identified from the pairwise comparison of the whole 
transcriptome of UPN01, UPN02, and UPN03 PDX-derived relapse samples exposed or not to EPZ-6438. The length of each bar is proportional to the 
significance of enrichment, calculated by a two-sided Fisher exact test. Red bars denote immune-related biological processes. H, mRNA expression level 
of CIITA, HLA-DRB1, and HLA-DPB1 measured by locus-specific quantitative PCR in PDXs generated from relapses of the indicated patients treated with 
DMSO alone (dark blue symbols) or with 10 µmol/L of EPZ-6438 (light blue symbols) for 7 days. Underlying white bars indicate the average fold change in 
expression relative to DMSO control, and whiskers indicate standard deviation. P values were calculated by a two-sided paired t test at a 95% CI. I, Immu-
nophenotypic analysis showing the percentage of HLA-DR+ leukemic blasts from PDXs generated from diagnosis (red) and relapse (blue) samples of differ-
ent patients cultured for 7 days in the presence of DMSO alone (dark color) or with 10 µmol/L of EPZ-6438 (light color). The corresponding FACS plots are 
shown in Supplementary Fig. S7. The P value was calculated by a two-sided paired t test at a 95% CI. J, Immunophenotypic analysis showing the percentage 
of HLA-DR+ leukemic blasts from PDXs generated from diagnosis (red) and relapse (blue) samples of different patients cultured for 7 days in the presence 
of DMSO alone (dark color) or with 10 µmol/L of EED226. The  P value was calculated by a two-sided paired t test at a 95% CI. K, Immunophenotypic analysis 
showing the percentage of HLA-DR+ leukemic blasts from UPN01 diagnosis (red) or relapse (blue) PDXs cultured for 7 days in the presence of DMSO alone 
or with different PRC2 inhibitors, all used at 10 µmol/L concentration. The intensity of the blue color of the bars indicates the PRC2 subunits targeted by the 
compound. L, Immunophenotypic analysis showing the percentage of PD-L1+ leukemic blasts from PDXs generated from diagnosis (red) and relapse (blue) 
samples of different patients cultured for 7 days in the presence of DMSO alone or with EPZ-6438 10 µmol/L. The P value was calculated by a two-sided 
paired t test at a 95% CI. M, Immunophenotypic analysis showing the percentage of HLA-DR+ leukemic blasts from PDXs generated from diagnosis (red) or 
relapse (blue) samples of different patients cultured for 7 days in the presence of DMSO alone or with azacytidine at the 250 nmol/L concentration. The P 
value was calculated by a two-sided paired t test at a 95% CI. N, Immunophenotypic analysis showing the percentage of HLA-DR+ leukemic blasts circulating 
in the peripheral blood of mice engrafted with UPN01 diagnosis (red) or relapse (blue) leukemia, treated by oral gavage with vehicle alone or with EPZ-6438 
for 21 days. The P value was calculated by a two-sided unpaired t test at a 95% CI. n.s., not significant.
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responses both by serving as antigens and through the induc-
tion of interferon responsive genes (20, 21). In our work, for 
the first time, we provided evidence in a longitudinal study 
in patients with AML exposed to immune pressure through 
allo-HCT of de novo changes driven by PRC2 and responsi-
ble for immune escape and clinical relapse. We showed that 
PRC2 represents a new and promising therapeutic target to 
revert the mechanism of resistance and reestablish a proficient 
graft-versus-leukemia effect. A number of compounds that 
target EZH2 and other subunits of PRC2 are already in clini-
cal development, with EPZ-6438/tazemetostat and GSK126 
being the ones in the more advanced stage of testing (22, 23). 
Of note, the plasma concentrations of tazemetostat measured 
in patients in the absence of significant toxicities (24, 25) were 
comparable with the ones used in our experiments, and mice 
treated with the compound for 3 weeks did not manifest evi-
dent side effects. Even though in our in vitro and in vivo experi-
ments the recovery of HLA class II expression upon PRC2 
inhibition did not reach the same levels documented at diag-
nosis, we can speculate that in the clinical setting, longer expo-
sure to the compound and synergistic effect with cytokines  
released by activated T cells may further enhance HLA class II  
upregulation. In line with our hypothesis, preclinical and clini-
cal studies with PRC2 inhibitors in solid cancers have already 
evidenced activation of immune responses as one of the mech-
anisms of action (26, 27). Moreover, better results in terms 
of HLA class II recovery may be obtained with more potent 
EZH2 inhibitors or by simultaneously blocking multiple PRC2 
subunits, targeting a larger proportion of AML cells and thus 
avoiding selection of resistant subclones.

Although EZH2 inhibitors have not yet been tested in trans-
planted patients, our results on the effect of EPZ-6438 on T cells 
suggest that this treatment is unlikely to be associated with the 
risk of inducing GvHD, and are rather in line with preclinical 
studies that showed that it can tame alloreactive T cells and miti-
gate the clinical manifestations of GvHD (14, 15). To avoid the 
risk of hindering antileukemic T cells, already in our preclinical 
experiments, we have exploited the option of temporally uncou-
pling the drug effects on cancer and immune cells, administer-
ing T cells only after the treatment with PRC2 inhibitors.

Previous studies have shown that exposure of leukemic 
cells to IFNγ  can also recover expression of HLA class II (3, 

4). However, the therapeutic index of systemic administra-
tion of IFNγ  is extremely low, which makes it necessary to 
devise vehicles for cytokine targeting or strategies to foster 
cytokine release by immune cells in loco (28). We showed that 
reestablishing immune recognition of leukemia through PRC2 
inhibitors prompts the release of IFNγ by CD4+ T cells, which 
might amplify the effect of the compound without exogenous 
administration of the cytokine. Moreover, we did not observe 
any increase in the expression of PD-L1 on leukemic cells upon 
exposure to PRC2 inhibitors, a potential advantage of the latter 
strategy as compared with induction of interferon responses.

Another important consideration relates to the selectivity 
of the mechanism and therapeutic approach that we have 
described. It is in fact becoming increasingly recognized that 
the modalities by which relapse occurs in different patients 
follow specific and mutually exclusive patterns. In this view, 
we anticipate that PRC2 inhibitors will yield limited benefit 
to patients with genomic loss of HLA (16) or increased expres-
sion of leukemia inhibitory ligands (3, 29). Therefore, it will 
become fundamental for clinicians to implement routine diag-
nostics for relapsing patients, with assays aimed at identifying 
the distinct relapse modalities, and for pharmaceutical indus-
tries to tailor interventional trials to the subset of patients 
in which the drug has a specific biological rationale. Along 
the same line, we expect that our bedside-to-bench approach, 
integrating multiomic analysis and functional studies in pri-
mary samples and PDXs, will be applicable to the investiga-
tion of other modalities of immune escape and relapse, both 
after allo-HCT and after cellular immunotherapies, with the 
ultimate goal to exploit the growing armamentarium of epige-
netic therapies in precision medicine approaches.

METHODS
Patient Characteristics and Sample Processing

Primary patient samples were collected and cryopreserved in the 
San Raffaele Leukemia Biobank upon signing of a specific written 
informed consent in accordance with the Declaration of Helsinki 
(Protocol “Banca Neoplasie Ematologiche” approved by the San 
Raffaele Ethic Committee on October 5, 2010; latest amendment on 
June 14, 2012). Based on the availability of paired pre- and posttrans-
plantation viable leukemic samples, we selected for our study five 
patients with AML with reduced HLA class II expression at relapse 

Figure 4.  EZH2 inhibitors reestablish functional recognition of relapsed leukemia by CD4+ T cells. A, Outline of the experimental layout to test the func-
tional effects of pharmacologic inhibition of PRC2 in relapsed leukemia on its CD4+ T cell–mediated recognition. CD4+ T cells, either primed against AML 
blasts collected from UPN01 at diagnosis or selected for being alloreactive to HLA-DPB1*04:01, were tested against HLA class II–positive AML blasts at 
diagnosis or against their HLA class II–negative relapsed counterpart, cultured in medium alone or pretreated for 7 days with EPZ-6438 or IFNγ. B and C, 
CD4+ T cells purified from a healthy individual and primed against UPN01 leukemia cells collected at diagnosis were tested against diagnosis and relapse 
target cells from the same patient by the IFNγ ELISpot assay (B; showing for each condition the number of IFNγ spots detected from one out of three 
replicates) or by the CellTrace Violet (CTV)–dilution assay (C; highlighting for each condition the percentage of CD4+ T cells that upon proliferation diluted 
the vital dye). D, Representative FACS plots showing CD107a degranulation of CD4+ cells from a healthy donor primed against UPN01 AML at diagnosis 
and tested against the diagnosis (red) and relapse (blue) AML cells from the same patient, pretreated or not with EPZ-6438 or with IFNγ. FSC-H, forward 
scatter height. E and F, Dot plots summarizing the results of functional experiments performed using CD4+ T cells from three different healthy individu-
als against AML cells from UPN01 (E) or UPN05 (F). Purified CD4+ T cells were primed against AML blasts collected at diagnosis and tested against their 
original stimulator (red dots) or leukemia cells collected from the same patient at relapse (blue dots), pretreated or not with EPZ-6438 or with IFNγ. For 
each panel, the left-side plot shows CD4+ T-cell degranulation and the right-side plot shows the corresponding results in terms of target cell death (sub-
tracting the spontaneous cell death detected in target cells). Ann V–pos, Annexin V–positive. G–J, Third-party CD4+ T cells alloreactive to HLA-DPB1*04:01 
were tested against diagnosis and relapse target cells from UPN01 (G and H) or UPN03 (I and J), by a CD137 expression assay (G and I; showing for each 
condition the percentage of CD4+ T cells that upregulated CD137 in response to the target), by the CTV-dilution assay (H; highlighting for each condition 
the percentage of CD4+ T cells that upon proliferation diluted the vital dye), and by a cytotoxicity assay (J; highlighting for each condition the percent-
age of target cells staining positive for Annexin V upon subtraction of spontaneous target cell death, shown as the white histogram profile). K, Outline of 
the in vivo experiment to test the functional effects of pharmacologic inhibition of PRC2 on reestablishing CD4+ T cell–mediated recognition of relapsed 
leukemia. Mice were engrafted with UPN01 AML at diagnosis or relapse, treated with EPZ-6438 or vehicle alone, and infused with CD4+ T cells primed 
against the diagnosis AML blasts. b.i.d., twice a day. L, Absolute counts of human AML blasts recovered from the spleen of the mice at the end of the in vivo 
experiment. The P value was calculated by a two-sided Mann–Whitney test at a 95% confidence interval. EZH2i, EZH2 inhibitor; n.s., not significant.
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after allo-HCT, documented by immuophenotypic, genetic, and 
transcriptional analysis as previously described (ref. 3; UPN01–05; 
Supplementary Table S1), and five patients with AML who achieved 
complete remission after intensive chemotherapy and subsequently 
relapsed (UPN06CT–10CT; Supplementary Table S2). Whenever pos-
sible, we used bone marrow samples and matched the same material 
source for diagnosis and relapse samples, although in selected cases 
for which we had the opportunity to check both bone marrow and 
peripheral blood, we observed no differences in terms of HLA class II 
phenotype in material collected from the two sites.

Analyses pertaining to the present study were approved by 
the Institutional Ethic Committee according to protocol “ALLO-
RELAPSE” (November 3, 2017; latest amendment March 10, 2021).

Primary samples collected from the biobank were thawed and 
kept for 20 minutes at 37°C in FBS (Euroclone) supplemented with  
25 units/mL of Benzonase Nuclease (Sigma-Aldrich, cat. #E1014) at a 
concentration of 1–2 × 106 cells/mL. Leukemia blasts were labeled in 
100 µL of Gartner’s medium for 20 minutes at 4°C using fluorescent 
antibodies according to their leukemia-associated immunopheno-
type, using CD45-PE-Cy7 (clone HI30, cat. #304016, lot #B229089), 
CD3-FITC (clone SK7, cat. #344804, lot #B231398), and CD14-APC-
Cy7 (clone M5E2, cat. #301820, lot #B251038), all from BioLegend, 
and CD33-APC (clone WM53, cat. #551378, lot #9008623) from BD 
Biosciences. Leukemia samples were washed with 10 mL of Gartner’s 
medium, filtered with a cell strainer, and then FACS-purified using a 
MoFloTM XDP (Beckman Coulter) cell sorter.

PDXs
All in vivo experiments were performed upon approval by the San 

Raffaele Institutional Animal Care and Use Committee (protocol 
number 651), by the San Raffaele Ethic Committee (protocol AML-
PDX, approved on November 3, 2017), and by the Italian Ministry 
of Health (authorization number 97/2015-PR on February 18, 2015).

FACS-sorted blasts were engrafted into 4-week-old, nonirradiated 
male NOD-SCID  γ-chain null (NSG) mice by tail-vein infusion of 
about 5 × 106 cells.

Engraftment was monitored weekly on 50 µL of peripheral blood 
by flow cytometry. Samples were stained in 100  μL of 1×  PBS and 
2% FBS plus the relevant mixture of antibodies for 10 minutes at 
room temperature (RT), using human CD45-PE-Cy7 (clone HI30, 
cat. #304016, lot #B264588), CD3-FITC (clone SK7, cat. #344804, 
lot #B231398), and CD14-APC-Cy7 (clone M5E2, cat. #301820, 
lot #B251038) from BioLegend and CD33-APC (clone WM53, cat. 
#551378, lot #9008623) from BD Biosciences. After the incubation 
time, erythrocytes were eliminated upon incubation in ammonium 
chloride potassium lysis buffer, and samples were washed by cen-
trifugation. For subsequent flow cytometry analysis, a first gate was 
set to discriminate between mouse and human CD45 cells and the 
absolute counts of leukemia blasts were quantified upon gating on 
the leukemia-specific marker CD33 within the gate of human CD45+ 
cells. We determined the absolute count (cells/µL) by the addition of 
count beads into each sample (Beckman Coulter).

EPZ-6438 (Selleckchem; cat. #S7128) was resuspended in water 
with 0.5% PHMC plus 0.5% Tween 80 at a final concentration of 
60  mg/mL and administered by oral gavage at a dose of 300 mg/kg  
every 12 hours for 21 days. Control mice were treated for the same 
period with vehicle alone. CD4+ T cells purified from a healthy unre-
lated individual, after three rounds of prestimulation against leuke-
mia cells collected from UPN01 at diagnosis, were infused at a dose 
of 1 × 106 cells/mouse in animals engrafted with UPN01 diagnosis or 
relapse AML, pretreated or not with EPZ-6438. T-cell infusions were 
repeated weekly at the same dose three times.

When animals were euthanized, human leukemia cells were retrieved 
by processing of spleens, depleting mouse CD45+ cells by immuno-
magnetic bead selection (Miltenyi Biotec GmbH; cat. #130-045-801).

Multiparametric Flow Cytometry
For immunophenotypic analysis, a maximum of 0.5 × 106 cells per 

tube were stained in 100 µL of 1× PBS and 2% FBS plus the mixture 
of antibodies. Staining was performed at RT for 15 minutes, followed 
by washing with 2 mL of 1× PBS and 2% FBS before the analysis. The 
complete list of antibodies we used is as follows: CD3 Alexa700 (clone 
OKT3, cat. #317340, lot #B229089), CD8 APC-H7 (clone SK1, cat. 
#344714, lot #B341619), CD14 APC-Cy7 (clone M5E2, cat. #301820, 
lot #B229089), mouse CD45 PerCP-Cy5.5 (clone 30-F11, cat. #103132, 
lot #B165130), human CD45 PE-Cy7 (clone HI30, cat. #304016, lot 
#B264588), CD33 BV510 (clone WM53, cat. #303422, lot #B244960), 
CD45RA Alexa700 (clone HI100, cat. #304120, lot #B257456), CD62 L 
PerCP/Cy5.5 (clone DREG-56, cat. #304824, lot #B268797), CD69 APC 
(clone FN50, cat. #310910, lot #B302800), CD95 PE/Cy7 5 (clone DX2, 
cat. #305622, lot #B251981), HLA-ABC Pacific Blue (clone W6/32, cat. 
#311418, lot #B191431), HLA-DR FITC (clone L243, cat. #307604, lot 
#B275368), LAG3 BV605 (clone 11C3C65, cat. #369324, lot #B98854), 
PD-1 FITC (clone EH12.2H7, cat. #329904, lot #329904), PD-L1 PE 
(clone 29E2A3, cat. #329706, lot #B282353), and TIM3 BV421 (clone 
F38-2E2, cat. #345008, lot #B310545) from BioLegend; CD3 BUV737 
(clone SK7, cat. #565466, lot #9164571), CD4 BUV395 (clone SK3, 
cat. #563550, lot #9084515), and CD34 BV605 (clone 8G12, cat. 
#745247, lot #B256713) from BD Biosciences; B7-H3 APC (clone 
85504, cat. #FAB1027A, lot #AAPJ0213061) from R&D Systems; CD25 
PE (clone REA570, cat. #563550, lot #5200406623) from Miltenyi Bio-
tec GmbH; and KLRG1 PE-eFluor 610 (clone 13F12F2, cat. #563550, 
lot #4351541) from e-Biosciences/Thermo Fisher. All antibodies were 
tested on cell lines reported to be positive for the markers of interest 
and titrated for optimal on-target/off-target activity. For data analysis 
of expression on leukemia cells, a first logical gate was based on side 
scatter and CD45 intensity, followed by a second gate on a leukemia-
specific marker (CD33 or CD34) and then analysis of the marker of 
interest in the CD33+/CD34+ gate. At least 200,000 events in the live 
cell gate were acquired per sample. Analysis of human samples was 
performed using an LSRFortessa flow cytometer equipped with 355 
nm, 405 nm, 488 nm, 561 nm, and 640 nm lasers and a BD FACS 
Symphony A5 Sorp flow cytometer equipped with 488 nm, 561 nm, 
637 nm, 405 nm, 355 nm lasers (both instruments were from BD Bio-
sciences). Analysis of PDX samples was performed using a Gallios flow 
cytometer equipped with 488 nm, 638 nm, and 405 nm lasers (Beck-
man Coulter). Each acquisition was calibrated using Rainbow Calibra-
tion Particles (Spherotech; cat. #RCP-30-5A) to correct for day-to-day 
laser intensity variations. Data were processed using FlowJo version 
10.5.2 (Tree Star) or Kaluza (Beckman Coulter).

RNA-seq
Total RNA was extracted using the RNeasy Plus Mini or Micro 

Kit (Qiagen; cat. #74134 and #74004) following the manufacturer’s 
indications. Concentration and quality of RNA were checked using 
Invitrogen’s Qubit RNA high-sensitivity assay kit (Thermo Fisher Sci-
entific) and the RNA Screen Tape System (Agilent; cat. #5067-5592).

RNA-seq library preparation was performed by starting from 
300 ng of total RNA and using the TruSeq stranded mRNA library 
preparation kit (Illumina; cat. #RS-122-2101) in accordance with 
a low-throughput protocol. After PCR enrichment (15 cycles) and 
purification of adapter-ligated fragments, the concentration and 
length of DNA fragments were measured. Then, RNA-seq libraries 
were sequenced using the Illumina Next-Seq 500 high platform in 
order to obtain a minimum of 30 × 106 paired-end reads per sample.

RRBS
Genomic DNA was extracted using the Wizard SV Genomic DNA 

Purification System (Promega; product ID: A2361) following the 
manufacturer’s instruction and including a step of protein lysis using 
Proteinase K (New England Biolabs; cat. #P8102S). The integrity of 
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genomic DNA was assessed by running samples on a 1% agarose gel. 
The concentration and quality of DNA were measured using the 
Invitrogen’s Qubit dsDNA high-sensitivity assay kit (Thermo Fisher 
Scientific) and Agilent Bioanalyzer technology (Agilent).

A total of 50 ng of purified DNA per sample was processed as 
previously described (30). Briefly, genomic DNA was digested using 
methylation-insensitive restriction enzymes to generate short frag-
ments enriched for CpG dinucleotides at the extremities. After end 
repair, A-tailing, and ligation to methylated adapters, the CpG-rich 
DNA fragments were subjected to size selection, bisulfite conversion, 
PCR amplification, and sequencing.

ATAC-seq
A total of 1 × 105 cells from FACS-sorted AML samples were lysed 

with digitonin (Promega; cat. #G944A) and tagmented with an engi-
neered Tn5 transposase (Illumina; cat. #15027865) at 37°C for 30 
minutes, following a protocol optimized for blood cells (31). Tag-
mented DNA was purified and amplified with 10 cycles of PCR. Before 
the sequencing, fragments with a 1 to 5 kbp size range were removed 
by magnetic separation with AMPure XP beads (Beckman Coulter; 
cat. #A63881). Libraries were then quantified and sequenced on Illu-
mina NextSeq 500 to obtain 40 × 106 paired-end reads per sample.

Bioinformatic Analyses
RNA-seq.  In order to quantify gene-expression levels, input reads 

were aligned to human transcript annotation (hg38) using hisat 
(32) with default parameters. Abundancies were then calculated 
using the Subread featureCounts function (33), and differential 
gene-expression analysis was performed using the R/Bioconductor 
package DESeq2 (34), normalizing for library size using DESeq2’s 
median of ratios. In the design matrix, in addition to the tested 
condition (i.e., diagnosis vs. relapse), a covariate term for the origin 
of the samples (i.e., primary vs. PDX) was also added to remove the 
corresponding batch effect. P values were corrected using FDR, and 
genes having an FDR < 0.05 were selected as differentially expressed.

ATAC-seq.  Input reads were aligned to the human genome assem-
bly (GRCh38) using the BWA software v0.7.17 (35) with standard 
parameters, and abundancies of regulatory elements were computed 
using the Subread featureCounts function (33) against the human 
GeneHancer database (36), which contains annotations of enhancers 
and promoters, and their inferred target genes. Counts were then 
translated to genes and analyzed with the R/Bioconductor package 
DESeq2 (34), normalizing for library size, to obtain differential gene 
expression results between diagnosis and relapse conditions. P values 
were corrected using FDR, and genes having an FDR  <  0.05 were 
selected as differentially accessible.

RRBS.  Reads were trimmed using trimmomatic v0.32 (37) and 
aligned against the hg38 reference genome using BsMAP v2.90 (38). 
The bisulfite conversion rate of CpG islands was computed using 
the biseqMethCalling.py script as previously described (39), and the 
quality check showed data of good quality (bisulfite conversion 99%, 
mean coverage 7×, more than 3M CpG island covered). Differential 
methylation analysis was performed using RnBeads (40) using dif-
ferent features (promoters, gene body, tiling regions). Focusing on 
promoters, P values were corrected using FDR, and genes having an 
FDR < 0.05 were selected as differentially methylated.

MOFA.  We applied MOFA (8) to integrate data obtained from 
RNA-seq, ATAC-seq, and RRBS, using an unsupervised approach. Raw 
counts were normalized using the variant stabilization approach, and 
low variant features were removed from the analysis. Batch normali-
zation was applied to correct the effect of the tumor expansion in 
mice in comparison with the primary samples. The model converged 
in fewer than 5,000 iterations after dropping nonsignificant LFs.

Functional Annotation.  GSEA was performed using the R/Bio-
conductor package clusterProfiler (41) on preranked gene lists con-
sidering the ENCODE and CHEA databases, filtering results with an 
FDR < 0.05. Enrichment analyses were performed using enrichR (42), 
exploiting a two-tailed Fisher exact test, considering the Molecular 
Signatures Database (MSigDB; Gene Ontology and Hallmark signa-
tures) and filtering results with an FDR < 0.05.

Epigenetic Treatment of Leukemic Blasts In Vitro
Leukemic blasts (5  ×  105 cells/well) were cocultured with sup-

portive mesenchymal stromal cells (MS-5) for 1 week in Gartner’s 
medium (Alpha-Mem, FBS 12.5%, horse serum 12.5%, TPO, IL3, 
GCSF, beta-mercaptoethanol, hydrocortisone) in the presence or 
absence of tazemetostat/EPZ-6438 (Selleckchem; cat. #S7128), 
GSK126, GSK343, PF06726304, EI1, GSK503, EPZ011989, CPI169, 
UNC1999, EEDi-1, EED226, and JIB-04, all used at 10 µmol/L and 
purchased from MedChemExpress, IFNγ  (10 ng/µL; PeproTech; cat. 
#300-02), and azacytidine (250 nmol/L; Celgene) using the appropri-
ate diluent (DMSO or water) at the same concentration as negative 
control. All compounds were added every 3 days.

Western Blot
Leukemic cells were lysed in a buffer containing 50 mmol/L Tris 

pH 6.8, 2% SDS, and 20% glycerol. After the addition of reducing 
4× Laemmli sample buffer (Bio-Rad; cat. #1610747), 20 µg of proteins 
were boiled and resolved on 15% Tris-glycine SDS-PAGE gel and trans-
ferred to nitrocellulose membranes (Amersham) for 1 hour at 1,000 V 
at 4°C. Membranes were blocked for 30 minutes with 5% nonfat milk 
and probed with primary antibodies for 1 hour at RT (H3K27me3 
mouse; cat. #ab6002, lot #GR275911-4 from Abcam; α-Tubulin from 
Sigma). Membranes were incubated with horseradish peroxidase–
conjugated secondary antibodies for 1 hour at RT before revealing 
with enhanced chemiluminescence plus Western blotting detection 
kit (Pierce, Thermo Fisher Scientific; cat. #32106).

Immunofluorescence Analysis
Immunofluorescence was performed on relapsed samples treated 

with tazemetostat or DMSO. A maximum of 1 × 105 cells were seeded on 
10-mm round coverslips precoated with 1 mg/mL of poly-L-lysine solu-
tion (Sigma-Aldrich; prod. #25988-63-0) for 20 minutes. Cells were fixed 
with 4% paraformaldehyde (Santa Cruz Biotechnology) for 20 minutes 
at RT and then permeabilized with 0.3% Triton-X 100 in PBS for 10 
minutes. After washing, coverslips were blocked in PBG (0.2% cold water 
fish gelatin, 0.5% BSA, in PBS) for 30 minutes and stained for 1 hour at 
RT with primary monoclonal antibody targeting H3K27me3 (mouse; 
cat. #ab6002, lot #GR275911-4) purchased from Abcam. Alexa488 goat 
anti-rabbit secondary antibody was then added to probe primary anti-
body followed by DAPI staining, and slides were mounted with Aqua-
Poly-mount (Polysciences, Inc; cat. #18606). Images were obtained with 
a Leica TCS SP5 confocal laser microscope and visualized with Leica 
Application Suite software (Leica Microsystems).

qPCR Quantification of Gene Transcripts
qPCR assays and primers for the quantification of HLA-A, HLA-C,  

HLA-DRB, HLA-DPB1, and CIITA transcripts were developed in- 
house as previously reported (3). For all reactions, 30 ng of total RNA 
was retrotranscribed with the iScript cDNA synthesis kit (Bio-Rad; 
cat. #1708891) according to the manufacturer’s instructions. The 
synthetized cDNA was then preamplified using TaqMan PreAmp 
Master Mix (Thermo Fisher Scientific; cat. #4488593). Gene expres-
sion levels were measured by real-time quantitative PCR (RT-qPCR) 
on a Viia7 Real-Time PCR System (Applied Biosystems) using Fast 
SYBR Green chemistry (Thermo Fisher Scientific; cat. #4385618). 
The relative expression of each target gene was first normalized to 
RNaseP or GUSB reference genes (ΔCT) and then as fold changes 
(ΔΔCT) relative to the indicated control conditions.
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Mixed Lymphocyte Culture
CD4+ T cells were selected from peripheral blood mononuclear cells 

of healthy individuals by magnetic bead separation using the CD4+ 
T-Cell Isolation Kit (Miltenyi Biotec GmbH; cat. #130-096-533). Briefly, 
purified T cells were stimulated with leukemic blasts at diagnosis at an 
effector:target ratio of 1:2. Cells were cultured in Iscove’s modified 
Dulbecco’s media supplemented with 1% glutamine, 1% penicillin/
streptomycin, 10% human serum (Euroclone; cat. #ECB2072L), and 
IL2 (Novartis; cat. #27131010) at a final concentration of 150 UI/mL.  
IL2 was replaced every 3 to 4 days, and responders were restimulated 
every 7 days and tested for functional readouts or infused into PDXs 
after at least two rounds of stimulation.

Functional Assays for T cell–Mediated Target Recognition 
and Killing

Cytokine release was measured by means of the IFNγ  ELISpot 
assay. Briefly, T cells were cocultured for 24 hours at 37°C in 5% CO2 
at a 1:1 effector:target ratio with target cells pretreated or not with 
EPZ-6438 or IFNγ  in 200 µL of Iscove’s modified Dulbecco’s media 
supplemented with 1% glutamine, 1% penicillin/streptomycin, and 
10% human serum. Spots were counted by a KS Elispot Reader (Zeiss).

For immunophenotypic assays measuring T-cell activation, pro-
liferation, and target cell killing, conditions for the rechallenge 
of effectors against targets of interest were the same as described 
for IFNγ  ELISpot, with the appropriate times of coincubation. At 
the time of readout, immunophenotypic analysis was performed. 
For all the analyses, a first logical gate was based on side scatter 
and CD45 intensity, followed by a second gate on CD4+ T cells 
(CD45hiCD3+CD4+) for measuring T-cell proliferation and target 
specific recognition, or on leukemic blasts (CD45dimCD33+/CD34+), 
followed by analysis of the marker of interest.

T-cell activation in response to the relevant target cells was tested 
after 24 hours of coincubation measuring 4-1BB–positive cells 
(CD137-PE, BD Biosciences, clone 4B4-1, cat. #555956, lot #B275368).

T-cell degranulation and killing were evaluated after 6 hours of 
rechallenge with target cells, adding the anti-CD107a antibody at 
the beginning of the coculture (CD107a-PE, BioLegend, clone H4A3, 
cat. #328608, lot #B321484) and Monensin A (BD, Protein Transport  
Inhibitor-Containing Monensin-GolgiStop; cat. #554724) after 3 
hours, and measuring the percentage of Annexin V–positive cells at 
the end of the assay within the population of blasts (BioLegend, APC 
Annexin V; cat. #640920, lot #B334668). Untreated target cells served 
as a control to detect the basal proportion of apoptotic cells.

To measure T-cell proliferation, CD4+ T cells were first stained with 
CellTrace Violet (Thermo Fisher) and then either stimulated with anti-
CD3/CD28 beads (Gibco Dynabeads Human T-Activator CD3/CD28, 
cat. #11141D) or cocultured with patient blasts. After 7 days, cells were 
collected and stained for immunophenotypic analysis. Proliferating 
CD4+ T cells were identified by gating on CellTrace Violet diluting cells.

Data Availability
All sequencing data from this study have been deposited in the 

publicly available Gene Expression Omnibus under accession num-
bers GSE197416 and GSE197419.
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