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Abstract: Epigenetic mechanisms such as DNA hypermethylation or histone deacetylation normally silence gene expression that
regulates numerous cellular activities. Germinal center—derived lymphomas such as follicular lymphoma (FL) and diffuse large B cell
lymphoma (DLBCL) are characterized by frequent mutations of histone-modifying genes. EZH?2 is essential to the formation of
germinal center in the secondary lymphoid tissue (eg, lymph nodes and spleen) and is one of the most frequently mutated histone-
modifying genes in human lymphomas. EZH2 encodes a histone methyltransferase, mediates transcriptional repression and acts as an
oncogene that promotes the development and progression of a variety of human malignancies, including FL and DLBCL. Thus,
recurrent mutations in the EZH2 and other non-histone epigenetic regulators represent important targets for therapeutic interventions.
Recently, an orally active inhibitor of EZH2, tazemetostat, has received regulatory approval for patients with mutated EZH2 relapsed
or refractory FL after >2 prior systemic therapies. It is also approved for those with relapsed or refractory FL who have no satisfactory
alternative treatment options, regardless of their mutational status of EZH?2. Currently, tazemetostat and its combination therapies for
patients with relapsed or refractory germinal center-derived lymphomas, as well as frontline therapies for previously untreated patients,
are in various phases of clinical investigations. Despite the promise of epigenetic therapies, potential pitfalls such as target selectivity,
risk of oncogenic activation, risk of secondary malignancies associated with epigenetic therapies must be carefully monitored. Future
applications of epigenetic approach that incorporate clinical and genomic features are needed to determine how individualized
treatments can be used for these hematologic malignancies.
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Introduction
Lymphomas are a diverse group of hematologic malignancies that arise from T cells, B cells, or the natural killer cell
lineage. The 2017 World Health Organization (WHO) classification for lymphoid neoplasms comprises more than 80
entities of mature lymphoid neoplasms (B-cell, T-cell, and Hodgkin lymphomas) which are defined according to their
morphology, immunophenotype, genetic lesions, molecular profiles, clinical features, and cellular derivation.! This
classification also recognizes both incipient and indolent lymphoid neoplasms with a low potential of progression.’
Follicular lymphoma (FL) is the most common subtype of indolent non-Hodgkin lymphoma (NHL) arising from the
germinal center in secondary lymphoid tissue (eg, lymph nodes, spleen). It is characterized by a distinct histology in
which malignant mature B cells form follicle-like structures with non-malignant immune cells infiltrating within the
follicular and interfollicular regions.” FL cells share identical immunoglobulin (Ig) gene rearrangements, indicating that
the transforming founder mutations occur after VDJ recombination, a process that allows the expression of IgM in pre-B
cells.® FL is graded by the proportion of centroblasts in the lymphoid follicle. The grades of FL were thought to reflect
the multi-step of tumor progression.* Grade 3B is often BCL-2 negative and is histologically similar to DLBCL.** In
general, the clinical course of grade 3B FL is more similar to that of diffuse large B cell lymphoma (DLBCL) than that of
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grade 1 or 2 FL. Although it is clinically important to differentiate grades 1 or 2 vs grade 3 FL, grading of FL does not
provide a clear prognostic impact.? Grade 3B often coexists with DLBCL at initial diagnosis, whereas grades 1, 2 and 3A
FL are relatively indolent and transform to DLBCL at later stage, suggesting a different pathway of molecular
transformation and progression in these distinct types of FL.>¢

About 85% of the FL cases show t(14;18) (q32;q21), which leads to an overexpression of BCL-2, which inhibits
apoptosis of affected B cells.”” However, expression of BCL-2 alone is insufficient for FL development. Epigenetic
dysregulations and host factors may also be involved.® Histologic transformation to aggressive lymphoma occurs in up to
40% of the patients, frequently leading to death within a few years of transformation.’ Patients with localized stage I or II
disease may be offered radiation, surveillance, or upfront chemoimmunotherapy (ie, rituximab or another anti-CD20
agent with systemic cytotoxic chemotherapy)'® Treatment is recommended when patients meet the following GELF
criteria: a maximum diameter of any site of disease >7 cm, >3 nodal sites >3 cm in diameter, systemic B symptoms,
a spleen size >16 cm, pleural effusions, local compressive symptoms, circulating lymphoma cells, or cytopenias as
a result of the lymphoma.'' Despite a median overall survival (OS) of >10 years, approximately 20% of the patients with
FL relapse within 2 years of therapy.'> Patients with early relapsing FL following induction therapy within 24 months
(POD24) have worse clinical outcomes vs those who do not experience disease relapse in 2 years.'> These patients
(POD24) may be considered for allogeneic hematopoietic stem cell transplantation (HSCT), which however is associated
with non-relapse mortality of 40%.'* Recently, up-front chimeric antigen receptor T cell (CAR-T) therapy, instead of
HSCT in POD24 patients represents an emerging treatment option based on the favorable clinical outcome of the
former."” In addition, following each relapse, FL patients experience decrease in duration of each subsequent remission,
with eventual exhaustion of therapeutic options, indicating an unmet therapeutic need.'® Another therapeutic challenge is
that CD20 is variably expressed on FL.'” CD20 level is predictive for response to rituximab in a diverse group of B-cell
lymphomas.'® In fact, low CD20 expression has been associated with inferior outcome, regardless of whether patients
were treated with or without rituximab."®

In contrast, DLBCL is the most common subtype of NHL in the United States. It falls under the group of high-grade
B-cell lymphomas which may include certain molecular features of clinical importance, such as genomic alterations in
MYC, BCL-2, and/or BCL-6 oncogenes.?’ Alterations of epigenetic regulating genes are the most prominent in high-grade
B-cell lymphomas with “double-hit” mutations (mutations in MYC with either BCL-2 or BCL-6)."* Based on the cell-of-
origin classification of DLBCL derived from transcriptome analysis and gene-expression profiling, DLBCL can be
further categorized into the activated B-cell-like (ABC) and germinal-center B-cell-like (GCB) subgroups.*'*** Frontline
therapy for high-grade B-cell lymphomas comprises chemoimmunotherapy which often leads to remission and cure.
However, 20-30% of the patients with DLBCL relapse or become refractory to frontline therapy, necessitating salvage
therapy followed by autologous HSCT.>> Even among patients who undergo autologous HSCT, 40-50% tend to
relapse.”> Although CAR-T therapy has been approved by the United States Food and Drug Administration (FDA) in
this setting, this treatment is not widely available to all eligible patients, and many patients may not be considered fit to
undergo this treatment.**** Thus, alternative treatment options, in addition to polatuzumab vedotin or loncastuximab
tesirine (both are approved by FDA as third-line therapies), are needed for patients with relapsed or refractory DLBCL.

In addition to genomic alterations aforementioned, aberrant epigenetic alterations constitute another mechanism of
pathogenesis for FL and DLBCL. Mutations in epigenetic modifiers in germinal center result in dysregulations of B cell
differentiation and contribute to pathogenesis.® Nevertheless, no epigenetic therapy for B-cell lymphomas has received
regulatory approval prior to 2020.

This minireview examines the current level of understanding of epigenetic therapies for FL and DLBCL, with focus
on a novel epigenetic therapy, tazemetostat (formerly EPZ-6438 or E7438) for relapsed or refractory FL. Optimal
therapeutic approaches are briefly evaluated.

Epigenetic Dysregulations

Mutations of genes encoding chromatin modifiers are prevalent in FL. and DLBCL. Chromatin is composed of DNA and
proteins known as histones. Epigenetic modifications of histones (by methylation or acetylation) and DNA (by
methylation) limit or promote the accessibility of DNA to transcription factors and DNA repair enzymes, thereby
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regulating gene expression and maintaining genomic stability during embryogenesis and differentiation.**?’

Furthermore, specific DNA methylation patterns are determined in early stages of B cell activation and lymphomagen-
esis, underlying its important role in cancer development.”® Of note, histone H3 lysine 4 (H3K4) trimethylation and
histone 3 lysine 27 (H3K27) trimethylation lead to promoter hypermethylation and inactivation of transcription.”® Other
mutations include genes that encode lysine-specific histone methyltransferase KMT2D (mutated in 89% of FL cases),
histone and non-histone acetyltransferases such as cyclic adenosine 3.5-monophosphate response element binding
proteins (CREBBP, mutated in 30% of FL cases) and El1A-associated protein p300 (EP300, mutated in 11% of FL
cases). Both of which function as transcriptional coactivators in multiple signaling pathways.”” Mutations in KMT2D
lead to increased genomic DNA damage and instability, increased mutation load, transcriptional instability, and infiltra-
tion of immune cells to the tumor microenvironment, making the tumor cells amenable to immunotherapy.>® Notably,
KMT2D is one of the most frequently altered genes in double-hit DLBCL.*!

EZH2 as an Epigenetic Repressor

Enhancer of zeste homolog 2 (EZH?2) is a histone-associated methyltransferase. It is the catalytic subunit of an epigenetic
regulator, polycomb repressive complex 2 (PRC2) that catalyzes trimethylation of H3K27 (H3K27me3). This
H3K27me3 mark is transcriptionally repressive in silencing developmentally regulated genes. H3K27me3 promoters
are bivalent by possessing both the repressive H3K27me3 mark and the activating H3K4 trimethylation (H3K4me3)
mark. These promoters can be rapidly activated through the loss of H3K27me3 or repressed through the loss of
H3K4me3.? Biologically, EZH2 repress the expression of genes that are transcribed in naive B cells (pre-B cells),
either through addition of H3K27me3 to H3K4me3-marked promoters to create bivalency or through the addition of
H3K27me3 to promoters that are not marked with H3K4me3.?

In pre-B cells, EZH2 is expressed to allow optimal V(D)J recombination in the adult bone marrow. It also represses
genes involved in cell cycle arrest and terminal differentiation. During the migration of B cells to the secondary lymphoid
tissue, EZH2 is downregulated until germinal center is formed. However, it is subsequently expressed again during
somatic hypermutation and isotype switching to allow silencing of the anti-proliferative genes (eg, genes that encode
cyclin-dependent kinase inhibitor 1A [CDKN1A1], cyclin-dependent kinase inhibitor 2A [CDKN2A]) and the pro-
differentiation genes (eg, interferon regulatory factor 4 [/RF4], PR domain zinc finger protein 1[PRDM1]). As B cells
begin to differentiate, EZH2 activity becomes increasingly opposed by a chromatin regulator, switch/sucrose non-
fermentable (SWI/SNF) complex, which facilitates gene expression and terminal differentiation. EZH2 is repressed
when mature B cells exit the germinal center.>**

In summary, B cells with aberrant activity of EZH2, caused by the gain-of-function activating mutations of EZH2,
result in epigenetic silencing, B cell proliferation, and clonal development of malignant cells.***> EZH2 gene
mutations have been associated with the development of germinal center-derived lymphomas, including FL and
DLBCL.***7 They drive cancer development by repressing target genes involved in proliferation checkpoints (eg,
CDKNIA) and B cell terminal differentiation (eg, JRF4 and PRDM1)**** and account for 27% of the patients with FL
and 30% of the patients with germinal center-derived DLBCL*®**-* Lastly, EZH2 participates in immune escape of
tumor cells by suppressing antigen presentation and preventing homing of immune effector cells to the tumor
microenvironment.*’

CREBBP and KMT2D as Transcriptional Activators

CREBBP and KMT2D gene mutations are loss-of-function genetic aberrations that disrupt the B cell development in
germinal center and promote the development of germinal center-derived lymphomas.>**° Although the molecular
pathogenesis of FL remains incompletely understood, current research postulates that BCL-2 gene rearrangements,
CREBBP gene mutations and gain-of-function EZH2 gene mutations are “founder” events in oncogenesis, whereas
KMT2D gene mutations occur late due to disease progression or drug resistance.’”*

Interestingly, both histone-modifying genes and genomic DNA have been associated with DLBCL oncogenesis.
Among them, KMT2D is the most commonly (25% of cases) mutated gene in DLBCL.*' CREBBP and EP300 are usually

mutually exclusive and are genetically altered in approximately 17% of DLBCL cases.** Furthermore, high levels of
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DNA methylation heterogeneity in DLBCL at the time of diagnosis could predict relapse subsequent to certain systemic
chemoimmunotherapy.**

Therapies Targeting Epigenetic Dysregulations

Historically, many epigenetic therapies (epidrugs) have been used in hematological malignancies. Abnormal epigenetic
changes such as methylation of transcription promoter genes are universal in patients with myeloid malignancies, making
the abnormal global methylation pattern amenable to DNA methyltransferase inhibitors such as azacitidine and
decitabine.**** Moreover, mutations in genes such as /DHI and IDH2 result in epigenetic abnormalities which also
contribute to the development of myeloid malignancies and offer opportunities for targeted therapies with IDH1 (eg,
ivosidenib) and IDH2 (eg, enasidenib) inhibitors.*’

Histone deacetylases (HDAC) and histone acetyltransferases control acetylation of histone and non-histone proteins,
thereby regulating gene transcription, protein function, and protein stability. Use of HDAC inhibitors causes hyperace-
tylation of histone and non-histone proteins, leading to the transcriptional activation of tumor suppressor genes, as well as
genes involved in cell cycle control, cell division, and apoptosis, resulting in antitumor activity.*® Currently, various
HDAC inhibitors that target histone acetylation are in active development. It is noteworthy that current clinically
available HDAC inhibitors are not specific for histone deacetylases, but rather, they inhibit non-histone deacetylases.

Two early phase II studies*®*

with epigenetic therapies for patients with NHL found that HDAC inhibitors such as
abexinostat and vorinostat were clinically effective for patients with FL with acceptable toxicities, spurring the devel-

opment of other epidrugs such as the EZH2 inhibitors.

Tazemetostat Approval for FL

Tazemetostat is a first-in-class oral inhibitor of wild type and mutant EZH?2 for the treatment of NHL. FL with either wild-
type EZH2 or mutant EZH2 are dependent on EZH2 due to its critical role in germinal center formation. EZH2 mutations
occur in 20% of the FL cases. They are prognostic for longer failure-free survival and OS in high-risk FL.*

In an open-label, multicenter, dose escalation phase I trial (NCT01897571),%% eligible patients with relapsed or
refractory B-cell NHL (n=21) or an advanced solid tumor (n=43) received tazemetostat orally from 100 mg twice daily to
1600 mg twice daily in 28-day cycles. The primary point was to establish the maximum tolerable dose (which was the
recommended phase Il dose of tazemetostat). Grade 4 thrombocytopenia was identified as the dose-limiting toxicity at
the highest dose of 1600 mg twice daily. The recommended phase II dose was determined to be 800 mg twice daily.
Durable objective responses were observed in eight (38%) of patients with B-cell NHL. Most common treatment-related
adverse effects were asthenia (33%), anorexia (6%), muscle spasms (14%), nausea and/or vomiting (9%) and anemia
(14%). They were usually of grade 1 or 2 in severity.*>

Based on the favorable antitumor activity and tolerable adverse effects associated with tazemetostat, a phase II trial
enrolled two cohorts of patients with relapsed or refractory FL after at least two prior systemic therapies.*’ In the cohort
of patients (n=45) with mutated EZH2 FL, objective response rate (ORR, primary end point) was 69%, with 13%
complete response (CR) and 56% partial response (PR). Median duration of response was 10.9 months (range: 7.2 to not
estimable) and median progression-free survival (PFS) was 13.8 months (range: 10.7-22 months). In the cohort of
patients with wild-type EZH2 FL (n=54), ORR was 35%, with 4% CR and 31% PR. Median duration of response was 13
months (range: 5.6 to not estimable) and median PFS was 11.1 months (range: 3.7-14.6 months). Responses were
delayed with a median time to first response of 3.7 months in both groups.

Among all 99 patients, treatment-related >grade 3 adverse events were usually hematologic which included throm-
bocytopenia (3%), neutropenia (3%) and anemia (2%). Four (4%) patients experienced a serious (grade 4) treatment-
related adverse event (sepsis, health deterioration, and anemia). Nine (9%) patients had dose reductions and 27 patients
(27%) had dose interruptions due to treatment-emergent adverse events. Lastly, it must be noted that although the study
reported tumor response based the EZH2 mutational status, it was not designed to compare the clinical outcomes based
on the EZH2 mutation status. Additionally, treatment-related adverse events were not categorized by the EZH2 muta-
tional status.
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On ground of its durable response and well-tolerated adverse effects in the phase II trial, tazemetostat received FDA
approved indications for patients with mutated EZH2 relapsed or refractory FL after >2 prior systemic therapies in 2020.
It is also approved for those with relapsed or refractory FL who have no satisfactory alternative treatment options,
regardless of their mutational status of EZH?2. Testing for EZH?2 mutational status (Y646, 4682, or A692) for patients with
relapsed or refractory FL after two prior therapies is recommended based on the United States National Comprehensive
Cancer Network (NCCN) guidelines.” Testing should be performed by an approved sequencing assay on the paraffin-
embedded specimen.

Emerging Epigenetic Therapies for DLBCL

Certain genetic lesions demonstrate a preferential distribution among the two major subtypes of DLBCL (ABC subtype
vs GCB-type).>® Oncogenic mutations in EZH2 are observed in 22% of GCB DLBCL but are absent in the ABC
phenotype.>® Moreover, although some gene lesions (eg, MYDS8S, BCL-2, CREBBP) are common in DLBCL, they are
rare in clinical cases,”’ confirming the findings that MYD88 mutations are commonly found in the ABC subtype but are
rare in the GCB subtype or primary mediastinal large B-cell lymphomas.*'** Since the ABC subtype has a worse
prognostic outcome compared to the GCB subtype, these prognostic differences in survival outcomes may represent
opportunities in precision medicine. To date, precision medicine aims to capitalize on these differences in molecular
abnormalities is still lacking.

Tazemetostat has recently demonstrated promising clinical activity in about 20% of heavily pretreated, refractory patients
with DLBCL, regardless of their EZH2 mutational status.*® A number of clinical trials [NCT02889523, NCT02220842] are
investigating the role of tazemetostat with systemic chemotherapy or anti-CD20 agent. Table 1 provides a number of ongoing
clinical trials of tazemetostat in FL. and DLBCL in frontline and relapsed/refractory settings.

Relevance to Clinical Practice

Aberrant epigenetic silencing occurs at a very early stage in neoplastic development, allowing precision medicine to
target these epimutations. Some of these epigenetic regulators (eg, EZH2) prevent cellular differentiation in stem cells
and/or cancer progenitor cells and their subsequent dysregulation represent excellent drug targets, lending to
a “chemotherapy-free” option to patients with relapsed or refractory FL with or without mutated EZH2. Agents such
as lenalidomide in combination with rituximab (R2 regimen), phosphatidylinositol 3-kinase (PI3K) inhibitors (copanlisib,
duvelisib, umbralisib) and tazemetostat have received regulatory approvals for multiple relapsed FL. Current NCCN
guideline suggests that tazemetostat is a third-line or subsequent-line option for relapsed or refractory FL.* Other
therapeutic agents for relapsed or refractory FL after two lines of therapy may include copanlisib, duvelisib, umbralisib
(voluntarily withdrawn from the market in 2022) and CAR-T.” It must be pointed out that umbralisib is recommended for
the elderly and infirm in this treatment setting and may only be used under the expanded access program after its
withdrawal.”

In the real world, therapeutic decisions are usually based on considerations of patient’s prior treatments, treatment-
related toxicities, route of administration, patient preference, prescriber experience, and insurance eligibility. For
example, tazemetostat may be preferred by some patients because of its oral route of administration, while others may
prefer an intravenous regimen (eg, copanlisib, rituximab) that incorporates treatment-free days.’* Alternatively, tazeme-
tostat may be offered to patients with EZH?2 mutation in first relapse or to patients without EZH2 mutation in subsequent
relapse.”?

EZH?2 inhibitors may be synergistic with other epigenetic modifying agents (such as HDAC inhibitors and DNA
methyltransferase inhibitors), systemic chemotherapy, immunomodulatory agents, and even investigational agents (eg,
acalabrutinib, daratumumab, pomalidomide, ublituximab) used in clinical trials for FL or DLBCL. Trials with some
combinatorial therapies (NCT04224493, NCT05205252, NCT04762160 [Symphony-2 trial], NCT05152459) are
under way.

However, a few problems remain with the epigenetic therapies: first, there is a lack of specificity of epidrugs. Second,
epigenetic therapies may confer potential deleterious effects to the regular epigenetic processes of normal cells, resulting

in off-target toxicities, ectopic gene activation and potential activation of the oncogenic pathways in normal cells,>*>*
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Table | Ongoing Clinical Trials of Tazemetostat in Follicular Lymphoma and Diffuse Large B Cell Lymphoma in Frontline and Relapsed/
Refractory Settings

Agent(s) Trial Name (Phase) Comments

Frontline setting - FL

Tazemetostat + RCHOP (induction), followed by NCT02889523 (phase I/1l) High-grade FL
maintenance tazemetostat for 6 months and
maintenance rituximab for 24 months (q8 week per

dose)

Relapsed/refractory setting - FL

Tazemetostat + rituximab NCT04762160 (phase ll), also Patients must be previously treated with at least 2
known as Symphony-2 trial standard prior systemic treatment regimens where at

least | anti-CD20-based regimen was used

Tazemetostat or placebo + rituximab + lenalidomide | NCT04224493 (phase |b/Ill), also

known as Symphony-| trial

Tazemetostat + umbralisib + ublituximab NCTO05152459 (phase I/11)

Frontline setting - DLBCL

Tazemetostat + RCHOP for 6 cycles® NCT02889523 (phase I/Il) Enrolled patients with high-risk features (age 60-80,
(n=17 in phase I) high IPI).

2 Grade 3 toxicities in >10% of the patients were
constipation (24%), nausea (12%), and hypokalemia
(12%).

2 Grade 3—4 hematologic toxicities recorded in 8
patients (47%): neutropenia (47%), leukopenia (29%),
anemia (18%), and thrombocytopenia (12%).

Relapsed/refractory setting - DLBCL

Tazemetostat + tafasitamab + lenalidomide NCT05205252 (phase I/1l) Patients are enrolled in multiple arms for multiple
hematologic malignancies (eg, mantle cell lymphoma,
multiple myeloma)

Atezolizumab + obintuzumab or atezolizumab + NCT022220842 (phase I)
tazemetostat

Abbreviations: FL, follicular lymphoma; DLBCL, diffuse large B cell lymphoma; IPI, International Prognostic Index; RCHOP, rituximab (R) in association with prednisone,
doxorubicin, cyclophosphamide, and vincristine (CHOP).

although many patients receiving these therapies unfortunately are not expected to live long enough to witness the

49:55 states that tazemetostat increases

manifestations of these secondary carcinogenic side effects. Current clinical data
the risk of secondary malignancies, including myeloid malignancies and T cell lymphoma.

With an average wholesale acquisition cost of $17,746 based on a 30-day package™® and an estimated median
treatment duration of 14 months (PFS) in mutated EZH2 FL patients, the total cost of treatment for tazemetostat is
approximately $250,000, raising the stake of financial toxicity and access issue significantly, especially in elderly or
indigent patients with economic limitations. To date, no cost analysis of tazemetostat or its cost comparison with other

therapies has been published.

Conclusions

Major advances have been made in targeting the epigenetic signaling pathways in patients with advanced FL. They
represent new opportunities to improve patient clinical outcome in the relapsed or refractory setting, while ongoing
studies for early disease setting also show promise. Epigenetic therapies represent an option to augment antitumor effects,

104 https: Blood and Lymphatic Cancer: Targets and Therapy 2022:12

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Chung

overcome drug resistance, and activation of host immune response. However, their potential pitfalls must be carefully
monitored. Further studies are warranted to identify the combination therapies to maximize treatment benefits. Future
applications of epigenetic approach that incorporate clinical and genomic features are needed to determine how
individualized treatments can be used for FL. and DLBCL.
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