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Abstract

Diffuse large B cell lymphoma (DLBCL) is the most common histological subtype of non-

Hodgkin B cell lymphoma (NHL), and manifest highly heterogeneous genetic/phenotypic 

characteristics as well as variable responses to conventional immunochemotherapy (1). Genetic 

profiling of DLBCL patients has revealed highly recurrent mutations of epigenetic regulator genes 

such as CREBBP, KMT2D, EZH2 and TET2. These mutations drive malignant transformation 

by through aberrant epigenetic programming of B-cells and may influence clinical outcomes (2–

4). These and other chromatin modifier genes also play critical roles in normal B-cells, as they 

undergo the various phenotypic transitions characteristic of the humoral immune response. Many 

of these functions have to do with impairing immune surveillance and may critically mediate 

resistance to immunotherapies. In this review, we describe how epigenetic dysfunction induces 

lymphomagenesis and discuss ways for implementing precision epigenetic therapies to reverse 

these immune resistant phenotypes.
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Dysfunction of genes involved in epigenetic regulation drives 

lymphomagenesis

Mutations of epigenetic regulator genes are frequently found in germinal center-like 

DLBCL (GCB-DLBCL) or follicular lymphomas (FL), along with translocation and/or 

activating mutations of BCL2(2, 3, 5–7). These lymphomas reflect the transcriptional 

profiles and many biological hallmarks of B-cells transiting the germinal center (GC) 

reaction, which are transient structures that form during the T-cell dependent humoral 

immune response. GC formation is dependent on the transcriptional repressor protein BCL6, 

which silences hundreds of gene promoters to facilitate the proliferative and DNA damage 

tolerant phenotype of GC B-cells(8). BCL6 also attenuates expression of antigen presenting 

genes and other immune signaling mediators(9–12). BCL6 mediates these effects through 
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interaction with a series of histone modifying enzymes(4), and is opposed by epigenetic 

regulatory proteins that induce gene activation.

CREBBP and EP300

CREBBP and EP300 are responsible for histone acetylation (H3K27Ac) of enhancers 

controlling genes essential for exit of B-cells from the GC reaction and terminal 

differentiation towards the plasma cell fate (4). Loss-of-function mutations in CREBBP 
and EP300 are common in GCB-DLBCL and associated with reduced acetyltransferase 

activity(13, 14). Crebbp-deficient mice develop B cell lymphoma in cooperation with 

Bcl2 and that Crebbp loss induces focal depletion of H3K27Ac at enhancers (10, 11, 

15). CREBBP-regulated enhancers are normally repressed by the BCL6 transcriptional 

repressor through recruitment of SMRT and NCOR corepressors during GC reaction(9, 10). 

SMRT/NCOR complexes contain HDAC3 which is required to allosterically induces its 

deacetylation of H3K27(9). CREBBP loss of function results in unopposed repression of 

gene enhancers, most notably those controlling expression of MHC class II genes, through 

HDAC3(10, 16). Accordingly, HDAC3 loss of function in DLBCL cells with or without 

CREBBP mutation restores enhancer H3K27Ac and BCL6-SMRT target gene expression, 

suggesting that HDAC3-targeted therapy can be a precision approach for CREBBP-mutated 

B cell lymphoma(10, 12). In addition, a recent study identified that CREBBP and EP300 

partially compensate for each other through shared transcriptional targets, and EP300 loss 

confers a synthetic lethality effect in CREBBP-deficient B cells(17). These findings also 

suggest that EP300 can be a target for CREBBP-mutated B cell lymphoma.

KMT2D

Loss-of-function mutations of KMT2D are also common in GCB-DLBCL and FL. 

KMT2D forms part of the COMPASS epigenetic modifier complex that regulates gene 

enhancer functions, and mediates H3K4 mono-methylation(18). Kmt2d-deficiency induces 

GC hyperplasia in GCB cells and impairs B cell differentiation and class switching in 

mouse models, as well as accelerating B cell lymphomagenesis in cooperation with Bcl2(19, 

20). During the GC reaction, KMT2D target enhancers are demethylated by the histone 

demethylase LSD1, which is recruited to these sites by BCL6. LSD1 deletion accordingly 

impairs GC formation and prevents BCL6-driven lymphomagenesis, and LSD1 knockdown 

has anti-proliferative effects in DLBCL cell lines (21). However, blockade of LSD1 

enzymatic activity is insufficient to cause this effect, which is also mediated through the 

LSD1 tower domain that recruits the COREST complex(21), suggesting that perhaps LSD1 

degrader molecules might be more appropriate for precision therapy of KMT2D mutant 

lymphomas.

EZH2

EZH2 is an enzymatic subunit of polycomb repressive complex 2 (PRC2) which represses 

gene expression by catalyzing histone 3 lysine 27 trimethylation (H3K27me3) at gene 

promoters (22). Gain-of-function mutations of EZH2 are frequently observed in GCB-

DLBCL and FL(2, 23). EZH2 plays an essential role during the GC reaction through 

repression of plasma cell differentiation and cell cycle checkpoint genes in cooperation 

with BCL6(24–27). >90% of lymphoma EZH2 mutations affect the Y646 residue within 
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its catalytic SET domain(23). Mice engineered to express Ezh2Y646 in GC B-cells manifest 

accelerated lymphomagenesis in cooperation with Bcl2 or BCL6(24, 25). Expression of 

mutant Ezh2 in GC B-cells impairs T-cell immune surveillance of GC B-cells, resulting in 

GC hyperplasia and an altered immune microenvironment(28). Pharmacological inhibition 

of EZH2 is highly effective for the Ezh2-mutated B cell lymphomas both in mouse models 

and patients with EZH2 mutant lymphoma(24, 25, 29). Collectively, somatic mutations of 

CREBBP, EP300, EZH2 and KMT2D are associated with the newly defined EZB/cluster 3 

class of DLBCLs(2, 3, 30), and correspond to a subset of GCB-DLBCL patients.

TET2

Approximately 10% of DLBCLs feature loss of function mutations of TET2, which 

defines a unique class of GCB-DLBCLs, distinct from those with CREBBP, EP300, 
EZH2 and KMT2D mutations(30). Tet2 deficiency yields a preneoplastic phenotype in 

mice including GC hyperplasia, impaired class switch recombination, and impaired plasma 

cell differentiation(31). Gene expression profiling of TET2-deficient DLBCL showed 

repression of immune synapse genes partially overlapping with those affected by CREBBP 
mutants. This was linked to loss of gene enhancer 5’ hydroxymethylation and impaired 

H3K27Ac and induced sensitivity to HDAC3 knockdown, similar to the case of CREBBP 
mutations(31). TET2 mutant GC B-cells and DLBCLs also featured gene repression due 

to aberrant promoter hypermethylation(32). Hence combinations of HDAC3 inhibitors 

with DNA methyltransferase inhibitors might be required to restore proper epigenetic 

programming to TET2 mutant lymphoma cells. Taken together, disruption of epigenetic 

programming is a hallmark of GCB-DLBCL and FL, due to alteration of regulatory 

marks controlling gene enhancers and promoters. These defects can be restored by using 

compounds specific to these mechanisms as a form of precision therapy for these patients, 

including the opportunity to revert the characteristic loss of immune surveillance observed in 

GCB-DLBCL and FLs (Figure 1).

Mechanisms of escape from immune surveillance and resistance to 

conventional therapy initiated by epigenetic dysfunctions.

Mechanistically, histone modifier gene dysfunction in EZB-DLBCLs induces loss of 

immune recognition molecule expressions on lymphoma cells, which results in immune 

escape and resistance to immunotherapy. Accordingly, GCB-DLBCLs and FLs manifest 

poor response to checkpoint inhibitor therapy, and moderate response to CAR-T cell 

therapy. Loss-of-function mutations of CREBBP result in downregulation of MHC-II, 

CIITA and CD74 on lymphoma cells through the reduction of H3K27Ac at the respective 

enhancers and promoters, leading to the escape from CD4 T cell mediated anti-tumor 

immunity(10–12, 33). T-cells from Primary human FLs with CREBBP mutations manifested 

impaired activation when placed in mixing studies with their respective lymphoma cells(16). 

However, lymphoma infiltrating T-cells could be induced to kill lymphomas that had been 

pre-incubated with specific HDAC3 inhibitors(12). Treatment of syngeneic lymphomas with 

HDAC3 inhibitors in vivo induced CD4 and CD8 cell infiltration, killing of B-cells, and 

significantly enhanced the anti-lymphoma activity of PD-L1 blockade(12).
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Gain-of-function mutations of EZH2 are also associated with downregulation of both 

MHC-I and II, and which results in the decreased infiltration of T cells into tumor 

microenvironment(34). Ezh2 mutation reduces the expression of surface proteins required 

for the interaction with Tfh cells such as SLAM and ICAM-1, and B cells acquire 

independency on Tfh cells(28). Expression of these antigen presentation genes is restored 

by EZH2 inhibitors in vitro, and treatment of syngenic Ezh2 mutant lymphomas with 

EZH2 inhibitors in vivo recruited activated CD4 and CD8 cells into the tumors, suggesting 

that these compounds may also enhance T cell mediated anti-tumor immunity(34). Kmt2d 
mutation is associated with loss of response to CD40 signaling, (19). Notably, CD40 agonist 

antibodies have been used as therapeutic agents for DLBCL(35), but KMT2D mutations 

would be expected to confer resistance to such agents(19). As noted earlier it is possible that 

such effects might be rescued through LSD1 loss of function although this has not yet been 

explored in the literature.

In addition to the histone modifier gene mutations, aberrant DNA methylation status is 

associated with poor survival in patients with DLBCL(36). Most notably, hypermethylation 

and repression of SMAD1 can induce chemotherapy resistance in DLBCL, and SMAD1 
de-methylation by hypomethylating agents restores the chemosensitivity in human patients 

treated with these drugs(37, 38). Finally, the 2016 WHO classification defined as high grade 

B cell lymphoma (HGBL) those harboring MYC and BCL2 and/or BCL6 translocations, 

with significantly inferior prognosis(39). Recent studies revealed that HGBL usually derive 

from EZB/C3 type GCB-DLBCLs with mutations in the aforementioned histone modifier 

genes(30, 40, 41). Although it is logical that lymphomas with very strong proliferative drive 

due to MYC and resistance to apoptosis due to BCL6 might be more chemotherapy resistant, 

it is not yet clear mechanistically exactly how this plays out in the context of these EZB/C3 

epigenetically perturbed cases. Overall, disruption of epigenetic programming is associated 

with resistance to conventional chemotherapy and immunotherapy (Figure 2), providing 

a strong rationale for use of specifically targeted epigenetic therapies to overcome these 

mechanisms.

Epigenetic heterogeneity and lymphoma progression

Another source of epigenetically encoded therapy resistance in DLBCLs is linked to 

inherent plasticity and hence heterogeneity of epigenetic marks among populations of 

lymphoma cells. Indeed, clonal diversity in tumors is known to lead to adverse outcomes, 

for example due to the presence of therapy-resistant subclones conducive to survival and 

tolerance of therapeutic agents (42). Recent studies revealed that increased epigenetic 

heterogeneity based on DNA methylation profiles is associated with inferior clinical 

outcomes in DLBCL and CLL(36, 43–45). The first study to explore the clinical relevance 

of DNA methylation heterogeneity in cancer explored cohorts of DLBCL patients and 

designed a Methylation Heterogeneity score (M-score) to quantify this feature(44). High 

M-score was shown to be an independent clinical risk factor for outcome(44). Using 

an independent approach Chambwe et.al. classified DLBCLs based on DNA methylation 

variability and confirmed higher clinical risk through this orthogonal method(36). Variability 

in DNA methylation was also linked to outcome in Mantle Cell Lymphomas(46).
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Reduced representation bisulfite sequencing (RRBS) in CLL patients analyzed through 

a novel approach that quantifies disorder of methylation pattern among specific 

sets of consecutive CpG motifs again showed that heterogeneity is linked to poor 

outcomes(43). CLL patients also manifested evidence of heterogeneity in histone marks, 

suggesting additional layers of epigenetic heterogeneity may be functionally relevant 

in lymphomas(47). RRBS performed in DLBCL cases confirmed that higher levels of 

epigenetic diversity were linked to risk for relapse(45). Strikingly, there was evidence of 

selection for specific epigenetic states in relapsed DLBCLs, consistent with the notion of 

particular epigenetic settings confer a selective advantage among lymphoma cells during 

treatment. For example, enhancers of therapy-resistance associated genes were aberrantly 

hypomethylated at relapse(45), and in CLL, epigenetic heterogeneity was linked to variable 

transcriptional levels of genes further pointing to a relevant functional impact(43).

These findings point to the potential significance of identifying mechanisms that can give 

rise to epigenetic heterogeneity during lymphomagenesis. Along these lines, it was observed 

that even normal GC B-cells display greater epigenetic heterogeneity than resting B-cells 

and this was dependent on expression of the enzyme AICDA, which deaminates cytosine 

residues during immunoglobulin affinity maturation(48, 49). Notably, AICDA expression 

yielded greater degrees of DNA methylation heterogeneity and a more lethal disease in 

a murine lymphoma model. Moreover, primary human DLBCLs with the highest levels 

of AICDA expression also manifested the greatest degree of epigenetic heterogeneity(50). 

Collectively the data point to epigenetic heterogeneity as a potentially critical source of 

therapy resistance in DLBCL. It remains to be seen whether pre-treatment with epigenetic 

therapies such as DNMT inhibitors might reduce epigenetic heterogeneity and hence fitness 

of lymphoma cell populations in high risk DLBCLs, and in this way contribute to more 

favorable clinical responses.

Conclusion

Disruption of epigenetic mechanisms is a major theme in lymphomagenesis. Mutations 

in epigenetic modifiers are associated with immune evasion and likely explain in part 

resistance to immunotherapies. In addition, aberrant epigenetic programming and epigenetic 

heterogeneity are also linked to resistance to chemotherapy. Some of these phenotypes can 

be restored through use of specific and appropriate epigenetic therapy agents. Preclinical 

studies show promising results for such “precision epigenetic therapies” such as HDAC3 

selective inhibitors for the CREBBP mutations, EZH2 inhibitors for the EZH2 mutations 

and hypomethylating agents for SMAD1 hypermethylated lymphoma. Hence there is a 

strong rationale for combining these epigenetic targeted drugs with chemotherapy or 

immunotherapies, although it is critical to do this in an evidence-based manner and 

addressing specific and well defined disease mechanisms. We contend that approached in 

this manner, epigenetic combinatorial therapies have the potential to significantly improve 

outcomes and reduce reliance on toxic therapy modalities for lymphoma patients.
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Figure 1. 
Mechanisms of lymphomagenesis initiated by epigenetic dysfunctions and therapeutic 

targets.

EZH2 catalyzes H3K27me3 at gene promotors and represses gene expression. EZH2 target 

genes in GC B-cells are also usually marked with H3K4me3, an active histone mark at 

promotors, and those genes are called bivalent genes. EZH2 is activated in GCB cells 

and plays an important role to maintain GC reaction by repressing B cell differentiation 

associated genes and cell cycle checkpoint genes. Once GC reaction is terminated, EZH2 is 
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downregulated and bivalent genes are reactivated, which induces plasma cell differentiation. 

EZH2 mutations in DLBCL are usually gain-of-function mutations, and enable GC B-cells 

to become less dependent on T-cell help. EZH2 inhibitors are a rational approach to target 

lymphomas with EZH2 mutations. CREBBP and EP300 catalyze H3K27Ac at enhancers 

and activate genes involved in differentiation and exit from the GC reaction. HDAC3 

is responsible for deacetylation of H3K27 and antagonizes CREBBP and EP300. Loss-of-

function mutations of CREBBP and EP300 results in H3K27Ac loss at enhancers and are 

associated with GCB-DLBCL initiation. Since HDAC3 acts in an unopposed manner in 

those case, HDAC3 inhibitors can specifically effective in GCB-DLBCL with CREBBP and 

possibly EP300 mutations. KMT2D is responsible for H3K4me1, another active histone 

mark at enhancers, and is also important to terminate GC reaction. Since LSD1 antagonizes 

the function of KMT2D, inhibition of LSD1 may be effective in in GCB-DLBCL with loss-

of-function mutations of KMT2D. TET2 mediated DNA hydroxymethylation at enhancers 

is also important to activate B cell differentiation associated genes. TET2 loss causes 

inactivation of those target genes and lymphomagenesis. Hypomethylating agents such as 

azacytidine or decitabine may help to overcome the effects of TET2 insufficiency.
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Figure 2. 
Mechanisms of immune escape induced by mutations in histone modifier genes.

Expressions of MHCs and other surface molecules required for tumor antigen recognition 

and T cell activation via TCR are downregulated in DLBCL cells with mutations of EZH2, 

CREBBP, EP300 or KMT2D. Downregulation of those molecules disrupts immune synapse 

between DLBCL cells and T cells and enables DLBCL cells to escape from immune 

surveillance. As a result, DLBCL with those mutations shows lower numbers of tumor 

infiltrating T cells and consists “immune-cold” tumor microenvironment.
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Figure 3. 
Relationship between DNA methylation heterogeneity and relapse.

High DNA methylation heterogeneity is associated with poor prognosis in patients with 

DLBCL. DLBCL with higher methylation heterogeneity may have more chance to include 

therapy resistant populations at the diagnosis. SMAD1 hypermethylation is critical to 

acquire resistance to conventional chemotherapy, and hypomethylating agents may restore 

chemo-sensitivity in SMAD1 hypermethylated lymphoma.
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