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Summary

Epigenetic Dysregulation is a Hallmark of Follicular Lymphoma

Epigenetic mutations in FL primarily mediate their effects by 
reprogramming immune microenvironment and signaling

Epigenetic precision therapy could serve as critical “adjuvant” 
precision treatments to immunotherapy approaches

Epigenetic mutations are not redundant and may have surprising ways 
of cooperating

A modern classification of FL may require a combination of 
genetic and microenvironment studies
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GC B cell immune synapse induces profound epigenetic 
and 3D architectural reprogramming
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Histone Marks5’hydroxmethylcytosine

Non-coding transcriptome

Cytosine Methylation

repair might contribute to this process by replacing methylated cytosines
with new, unmethylated nucleotides.20-23 To determine whether differen-
tial DNA methylation patterning occurs naturally in GC B-cells, we
examined DNAmethylation profiles and the potential role of DNMTs in
mediating the GC B cell phenotype. The data suggest a function for
cytosine methylation in mature B-cell gene expression patterning with
implications for the contribution of AICDA and DNMT1 to genetic and
epigenetic instability during lymphomagenesis.

Methods

B-cell fractionation

Leftover human tonsils were obtained after routine tonsillectomies, per-
formed at New York Presbyterian Hospital. All tissue collection was
approved by the Weill Cornell Medical College Institutional Review Board.
Tonsils were minced on ice and mononuclear cells were isolated using
Histopaque density centrifugation. All washes were performed in PBS/2%
BSA/2% EDTA. All antibodies were used at 1:100 dilution in cold PBS and
staining was done for 10 minutes on ice, followed by 3 washes. The B-cell
populations were separated using AutoMACS system (Milteny Biotec)
using “posselD” program. Naive B cells (NBCs) were separated using
depletion of GC cells, T cells and plasma and memory cells (CD10, CD3,
and CD27), followed by enrichment for IgD! B cells; Germinal Center B
(GCB) cells were separated by positive selection with CD77 (anti-CD10:
BD Biosciences; anti-CD3: BD Biosciences; anti-CD27: BD Biosciences;
anti-CD77: AbD Serotec; anti-IgD: BD Biosciences). Purity check was
performed using CD38 and CD77 staining for GCB fractions, and CD38
and IgD for NBC fractions. Purity of all samples is specified in supplemen-
tal Table 1 (available on the Blood Web site; see the Supplemental Materials
link at the top of the online article). Representative scattergrams are in
supplemental Figure 1.

High molecular weight genomic DNA extraction

Genomic DNA was extracted from 5 " 106 NBCs and GCB using the
Puregene Gentra cell kit (QIAGEN). High Molecular Weight DNA was
diluted in water and the quality was assessed using 1% agarose gel to assure
no shearing.

DNA methylation profiling using HELP and custom
oligonucleotide arrays

HELP assays were performed as per our standard protocol.24 In brief, 1 #g
of genomic DNA was digested with HpaII and MspI (NEB). The digestion
products were extracted and then subjected to ligation of HpaII adapter
using T4 DNA Ligase. This was followed by PCR amplification and
labeling of HpaII and MspI digestion products. The PCR products were
cohybridized to custom NimbleGen HELP microarrays (NimbleGen Inc).
The microarray design was previously documented and represents
$ 50 000 CpGs corresponding to 14 000 promoters.18,24 Design files are
available on request. Data can be found in the National Center for
Biotechnology Information’s GEO: GSE 31671.

DNA methylation profile analysis

Primary data processing was performed using the published HELP pipeline
with modifications.25 For details see supplemental Methods.

Luminometric methylation assay

Luminometric methylation assay (LUMA) is based on enzymatic digestion
of DNA with EcoRI and isoschizomer enzymes MspI or HpaII, followed by
single nucleotide extension and DNA pyrosequencing and luminometric
detection of incorporated dNTP.26 For details see supplemental Methods.

Cytosine methylation mass spectrometry

DNA hydrolysis was performed as previously described.27 Quantification
was done using a LC-ESI-MS/MS system (Agilent 1200 Series liquid

Figure 1. GC B-cells feature a predominantly hypom-
ethylated DNA methylation signature. (A) Unsupervised
hierarchical clustering using the Ward method was per-
formed on all probesets and accurately segregated NB
cells from GC B cells (GCB). (B) Principal component
analysis of methylation values for NBs and GCBs. The first
and second principal components separate NBs from
GCBs, underscoring the overall differences in methylation
patterning. (C) A signature of differentially methylated
genes in GC B-cells versus NB cells based on P % .01
(moderated t test with BH correction) and methylation
difference of $ 40% was identified and included 235 genes.
A heatmap representation allows visualization of the finding
that the majority of differentially methylated genes are
hypomethylated in GC B cells
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Epigenetic mutations are the dominant hallmark of FLs

Okosun et al, Nature Genetics 2014



Disruption of immune synapse (GC-exit) induced epigenetic 
effects is a universal feature in FL
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Epigenetic mutations are not redundant and may have surprising ways 
of cooperating

A proper modern classification of FL may require a 
combination of genetic and microenvironment studies
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Epigenetic mutations confer specific therapeutic 
vulnerabilities 

Mlynarczyk et al Immunol Rev 2020
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concordant downregulation of antigen presentation and BCR sig-

naling genes.88,95 Notably, these are the same genes silenced by 

BCL6- HDAC3 complexes in GC B cells, suggesting that HDAC3 is 

the opposing enzyme to CREBBP and drives the malignant pheno-

type of CREBBP- mutant lymphoma cells (Figure 2).88 In line with 

this, CREBBP- mutant DLBCL lines are more sensitive to HDAC3 loss 

than their wildtype counterparts, in vitro and in vivo. EP300 loss- 

of- function also yields a lymphoma tumor suppressor phenotype in 

mice, and its functions appear to partially overlap with CREBBP in 

GC B cells.87,88

KMT2D (MLL2) is mutated in 30%- 80% of patients with DLBCL and 

FL.96,103,106 KMT2D is a catalytic component of the COMPASS complex, 

which induces transcriptional activation through H3K4me1/2 at gene 

enhancers. Most KMT2D lesions are nonsense mutations that trun-

cate the protein upstream of its enzymatic SET domain, thus causing 

loss- of- function.96,103,106 Kmt2d deficiency results in differentiation 

blockade, defective class- switch recombination, aberrant and long- 

term persistence of GC B cells, and lymphomagenesis in mice.103,104 

KMT2D mutation or deficiency causes a focal loss of H3K4me1 ac-

tivating chromatin mark predominantly at enhancers (Figure 2). This 

leads to repression or inability to activate genes involved in CD40, 

BCR, TLR, and other immune pathways.103 Importantly, KMT2D mu-

tation renders DLBCL cells resistant to CD40 signaling due to sup-

pression of CD40- responsive enhancers.103 Since KMT2D mutations 


 ��&!� �ƑՊProposed epigenetic driver mechanisms in GC B- cell lymphomas. In the GC reaction, there is transient suppression of 
enhancers and promoters of genes that regulate immune signaling pathways, antigen presentation, and checkpoints, which revert back to 
the active state when GC B cells are signaled to exit the GC reaction. Lymphomas arise from failure of GC exit signals to restore expression 
of these genes through several proposed epigenetic mechanisms: (A) EZH2 is induced in GC B cells and converts H3K4me3 active promoters 
(green) to H3K4me3/H3K27me3 bivalent promoters (yellow) for transient repression of target genes, which is reversed upon GC exit. EZH2 
mutations in lymphoma cause accumulation and permanent silencing (red) of bivalent promoters. (B) CREBBP maintains active enhancers 
(green) marked by H3K27Ac in mature B cells. In GC B cells, these enhancers are transiently toggled off (yellow) by HDAC3 through 
H3K27 deacetylation and then restored upon GC exit signaling. In lymphomas with CREBBP loss- of- function mutation, HDAC3 is now 
unopposed to maintain aberrant silencing (red) of these enhancers. (C) KMT2D maintains enhancer activity (green) in mature B cells through 
H3K4me1 and possibly H3K4me3. In the GC, these enhancers become demethylated, possibly through the actions of KDM1 or KDM5 
histone demethylases and these enhancers are reactivated in B cells exiting the GC reaction. KMT2D loss- of- function mutations result in 
persistent demethylation of enhancers and failure of the respective genes to respond to signals. (D) B- cell enhancers are decorated by the 
5hmC activating mark (green) in a TET2- dependent manner, which is retained (green) in the GC reaction (unlike the histone marks from 
B or C). TET2- loss- of- function mutation results in failure to maintain enhancer 5hmC and loss of enhancer activating mark H3K27Ac with 
corresponding repression of the respective genes (red)

EZH2 EZH2Y641 

CREBBP CREBBP 

KMT2D KMT2D 

TET2 TET2 

Enhancer Promoter 

(A) 

(B) 

(C) 

(D) 

X

X 

X 

H3K4me3 
H3K27me3 

H3K4me3 H3K4me3 
H3K27me3 

H3K27Ac H3K27 H3K27 

H3K4 H3K4 

5hmC 5hmC C 

H3K4me1 
H3K4me3 

5mC? 

HDAC3 HDAC3 

KDM1 
KDM5 

KDM1 
KDM5 

Mature B cell Dark zone 

GC Exit 

Lymphoma 
Light zone signals 

Failure of 
light zone signals 

PC 

T-cell adhesion 
TFH signaling (ICOS)

Antigen Presentation
BCR signaling

CD40 signaling
BCR signaling

Immune Synapse Defect

Epigenetic Therapy

EZH2 inhibitor

HDAC3 inhibitor
HAT-i

KDM5 inhibitor
KDM1A degrader

Zhang et al Nature Med 2015
Zhang et al Cancer Discover 2017

Garcia Ramirez Blood 2017
Hashwah et al PNAS 2017
Mewer et al Immunity 2019

Velichutina et al Blood 2010
Cerchietti et al J Clin Investigation 2010

Beguelin et al Cancer Cell 2013 
Huang et al Nature Immunology 2013

Hatzi et al Cell Reports 2013
Ortega et al Nature Med 2015

Jiang et al Cancer Discovery 2016
Beguelin et al Cancer Cell 2016 

Beguelin et al Nature Comm 2017 

Dominguez et al Cancer Discovery 2018 
Einishi et al Cancer Discovery 2019 

Hatzi et al - Nature Immunology 2019 
Mondello et al, Cancer Discovery 2020

Rosikiewicz et al Science Advances 2020
Beguelin et al Cancer Cell 2020 

Heward et al Blood 2021



EZH2 mutations reprogram the light zone immune niche to initiate 
lymphomagenesis 
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Somatic mutations of KMT2D and CREBBP are highly co-
occurrent in FL and GCB-DLBCL

Okosun et al, Nature Genetics 2014

Highly significant co-occurrence in 
FL and GCB-DLBCL



GC B cell immune synapse leads to profound epigenetic 
and 3D architectural reprogramming

Chin, Li and Yang, unpublished 
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HDAC3i reverse silencing of MHC II and potentiate 
checkpoint inhibitor activity in vivo

Mondello et al.RESEARCH ARTICLE
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Figure 6.  Induction of IFN-responsive and antigen-presenting genes in DLBCL cell lines and patient-derived xenografts. A, A heat map shows signifi-
cantly upregulated (above) and downregulated (below) genes in BRD3308-treated DLBCL cell lines that are CREBBP WT (OCI-Ly1) or CREBBP-mutant 
(OCI-Ly19 and OZ), expressed as a log2 ratio to vehicle control–treated cells. The observed changes were consistent between WT and mutant cell lines, 
and included upregulation of IFN-responsive and antigen-presenting genes. B, MHC class II was assessed on vehicle control (left) and BRD3308-treated 
(25 mg/kg; right) tumors from a CREBBP R1446C–mutant PDX model, showing a visible increase in expression in the BRD3308-treated tumors. These 
images are representative of 4 tumors per group. C, An MHC class II–negative DLBCL patient-derived xenograft model was treated in vivo with either 
25 mg/kg or 50 mg/kg of BRD3308. IHC staining was performed for MHC class II, revealing a robust induction of MHC class II expression that was relative 
to the dose of treatment. These images are representative of 6 tumors per group. D, qPCR was used to validate the gene expression changes of select 
IFN-responsive genes following BRD3308 treatment across an extended panel of CREBBP WT and CREBBP-mutant DLBCL cell lines. These genes were 
uniformly increased in both genetic contexts, but with a higher magnitude of increase in CREBBP-mutant cell lines. One-tailed Student t test, *, P < 0.05;  
**, P < 0.01; **, P < 0.001. E, The induction of MHC class II expression by BRD3308 was measured in an extended panel of DLBCL cell lines by flow 
cytometry. Data are plotted as a fold change of the mean fluorescence intensity (MFI) of HLA-DR in BRD3308-treated versus control-treated cells. We 
observed uniformly increased MHC class II expression in all cell lines, but with higher magnitude in CREBBP mutants.
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EZH2-i induce prolonged anti-lymphoma effect and immune 
reactivation

Takata et al, J Clin Invest 2022
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Development of the first FL cell line, and first model 
for syngeneic experimental therapeutic studies for FL
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Yusuke Isshiki, Unpublished



FL cell lines establish FLs in syngeneic mice  
Yusuke Isshiki, Unpublished
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Potential for immune-ME to sub-classify FLs 

A Melnick, Blood Cancer Discovery - based on data published by from Han et al, Blood Cancer Discovery 2022



Dylan McNally, unpublished data

Hyperion Imaging Mass Cytometry, 68 antibodies - staining in one FL patient



A possible future for precision diagnostics and therapy in FL

Microenvironment

Targeted 
Panels

Precision LME 
analysis

‘‘founder’’ genetic lesion, the nature of which dictates the subse-
quent selection of secondary genetic lesions. For example, MYC
overexpression kills normal cells unless they also have lesions
that prevent cell death, such as the BCL2 translocations that
occur in the EZB-MYC+ subtype (Evan et al., 1992). Our proba-
bilistic approach raises a third, hybrid possibility. A substantial
subset of DLBCL tumors (5.7%) had a high probability of
belonging to more than one genetic subtype. This suggests a
model in which one genetic program is adopted by a tumor
initially and a second is subsequently acquired because it con-
fers an additional selective advantage (Figure 8B). Future work
will be needed to understand whether therapeutic sensitivity or

resistance of such genetically composite lymphomas is dictated
largely by one of its genetic programs or is influenced by each
program.
Several of the DLBCL genetic subtypes have intriguing similar-

ities to more indolent lymphoma types: BN2 resembles MZLs,
EZB resembles FL, and ST2 resembles both NLPHL and
THRLBCL. Three models could account for these genetic rela-
tionships (Figure 8C). A ‘‘direct evolution’’ model suggests that
some DLBCL patients have a concurrent but undiagnosed low-
grademalignancy that acquires additional genetic lesions, trans-
forming it into DLBCL. Consistent with this model, pathologists
recognize histologically ‘‘composite lymphomas’’ that have, at

A

CB D

Figure 8. Implications of the DLBCL Genetic Subtypes for Pathogenesis and Therapy
(A) Summary of the relationship between DLBCL COO subgroups and the genetic subtypes (left). The genetic themes, phenotypic attributes, clinical correlates,

and treatment implications of each subtype are shown at right. Prevalences were estimated using the NCI cohort, adjusting for a population-based distribution of

COO subgroups (see STAR Methods). dep., dependent; FDC, follicular dendritic cell; LZ, light zone; IZ, intermediate zone.

(B) Models of selection for shared genetic features in DLBCL subtypes.

(C) Models accounting for genetic attributes shared by DLBCL genetic subtypes and indolent NHLs.

(D) Model of EZB-MYC+ and EZB-MYC– evolution.

562 Cancer Cell 37, 551–568, April 13, 2020

Genetic features

Precision diagnosis
Epigenetic immune adjuvant therapy
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