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Opinion Statement

Burkitt lymphoma (BL) is highly curable, and prompt institution of therapy is critical to
achieving optimal outcomes. Although current “standard” approaches are very effective in
disease eradication, treatment-related toxicity makes optimal delivery of curative therapy
a challenge, especially in older and immunocompromised individuals. Reduced intensity
approaches with fewer toxic complications have been the focus of some recent studies. A
critical question is if they can replace “standard” approaches by maintaining high
curability with improved tolerability. Additionally, new molecular insights in BL biology
suggest that in the future, “targeted therapy” approaches may be feasible using small
molecule inhibitors and novel strategies. Recently, a new category of aggressive lympho-
ma named “high-grade B-cell lymphoma (HGBL) with MYC and BCL2 and/or BCL6 translo-
cations” has been recognized. This category overlaps clinically and biologically with BL
and has an inferior prognosis compared to most B-cell lymphomas, and the optimal
approach to its management remains, as yet, undefined. In this review, we discuss the
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current landscape of BL treatment including recent results with low-intensity regimens
and also consider current approaches to HGBL. We also explore how recently elucidated
novel biological insights in BL biology may shape future therapeutic directions including
the use of novel cellular therapy approaches.

Introduction

Burkitt lymphoma (BL) is a rare and highly aggressive
mature B-cell neoplasm that is characterized by a rapid
clinical course and high fatality rate if left untreated [1,
2]. Traditionally, BL has been classified into three vari-
ants based upon clinical and epidemiological character-
istics. While the “endemic” variant, described by Denis
Burkitt in 1958, predominantly affects young children in
malaria-endemic Africa and is Epstein-Barr virus (EBV)
infection driven, “immunodeficiency-associated” BL is
most often diagnosed in patients with HIV or, less fre-
quently, in patients with a congenital immunodeficien-
cy or in the post organ transplant setting [3–5]. By
contrast, “sporadic” BL occurs worldwide and has a peak
incidence in adolescents and young adults. Although the
hallmark of all three variants is a reciprocal translocation
of the MYC proto-oncogene, recent sequencing studies
have identified other recurrently mutated genes that
contribute to lymphomagenesis through a complex

interplay of mutational, transcriptional, and epigenetic
mechanisms [6–8•]. Despite high cure rates in children
and young adults with intense, short-cycle chemothera-
py, toxicity frequently limits the use of these regimens in
immunosuppressed and elderly patients. Recently, re-
duced intensity regimens have shown good efficacy with
acceptable toxicity [9, 10]. Additionally, new insights
into the molecular biology of BL have opened up the
possibility of clinical trials that investigate the addition
of small molecule inhibitors to conventional platforms.
The World Health Organization Classification of Lym-
phoid Tumors recently defined a new group of aggres-
sive lymphomas with an inferior outcome called “high-
grade B-cell lymphoma (HGBL) with MYC and BCL2
and/or BCL6 rearrangements” [11]. These tumors have
many clinical and pathologic characteristics that overlap
with BL, and this new categorization is helpful as we
attempt to define optimal approaches to manage them.

Pathology and Molecular Genetics of Burkitt Lymphoma and
High-Grade B-Cell Lymphomas

All three subtypes of BL aremorphologically similar and comprised ofmedium-
sized lymphoid cells that grow in amonotonous pattern. The tumor cells have a
high nuclear to cytoplasmic ratio with round nuclei that contain dispersed
chromatin in whichmultiple small nucleoli are visible. The cytoplasm is deeply
basophilic and includes typical lipid-laden vacuoles. The very high proliferation
rate of the tumor cells is reflected in numerous mitotic figures and a prolifera-
tion rate by Ki-67 or MIB-1 staining at or above 95%. An accompanying high
rate of apoptosis results in the classical histological image of a “starry sky”
appearance due to scattered macrophages. BL cells typically express (mature)
B cell-associated antigens, including CD19, CD20, CD22, and CD79a, as well as
surface immunoglobulins with light chain restriction, and germinal center (GC)
markers CD10, CD38, and BCL-6. CD21, the EBV receptor, is expressed on EBV-
associated BL cells [12, 13]. The tumor cells are usually negative for CD5, CD23,
BCL-2, and terminal deoxynucleotidyl transferase (TdT).
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EBV is identified in virtually all cases of endemic BL but only detected in up
to 25–40% of sporadic or immunodeficiency-associated BL (Table 1) [4]. Cases
of endemic BL are mostly limited to areas holo-endemic for Plasmodium
falciparum infection, suggesting that EBV and P. falciparum have cooperating
roles in lymphomagenesis [10, 14, 15]. Furthermore, various studies have
shown that P. falciparum not only facilitates EBV infection but also can induce
EBV reactivation [16]. Although EBV may transform B lymphocytes in vitro,
most BL cells only express EBV nuclear antigen 1 (EBNA1), a latent viral protein,
and two Epstein-Barr encoded RNAs (EBERs), which have not clearly been
identified as oncogenic [17]. Interestingly, a recent study suggested that tumor
EBV status defines a specific BL phenotype irrespective of geographic origin
[18••]. EBV-positive tumors were found to have a higher expression of
activation-induced cytidine deaminase (AICDA), which under normal circum-
stances induces hypervariable region mutation and class switch recombination.
In contrast, aberrant AICDA activity is thought to promote double strand
breaks, especially between the heavy chain constant regions, and, therefore,
can result in translocations and mutations. As expected, EBV-positive tumors
were shown to have a higher mutational burden, albeit fewer mutations in
putative drivers. Although the exact mechanism of cooperation between EBV
and P. falciparum remains to be elucidated, genomic instability may be a
differentiating factor between EBV positive and negative BL.

The MYC proto-oncogene encodes a transcription factor, which controls
many biological processes in the cell, including proliferation, growth, apopto-
sis, and differentiation [19]. Not surprisingly, MYC has been found to be
overexpressed or activated in more than fifty percent of human cancers. For
over 40 years, it has been recognized that the pathognomonic hallmark of BL is
a reciprocal translocation involving the MYC locus on chromosome 8q24 to
any of three immunoglobulin (IG) loci [6, 19–22]. In 75% of cases, the
translocation partner of MYC involves the IG heavy chain locus on chromo-
some 14 at band q32. In the remainder,MYC is juxtaposed to one of the IG light
chain loci, either K or λ, by rejoining at 2p12 or 22q11. Regardless, in all three
events, MYC is placed under direct regulation of the strong IG enhancer,
resulting in constitutive expression of MYC. Importantly, a recent study
highlighted the complexity that underlies MYC deregulation in BL, which was
found to be dependent on location of the breakage point, the presence of
additional mutations in the MYC gene, and concomitant activation of other
oncogenes through juxtaposition of IG loci as a result of enhancer hijacking [8•,
23]. While this study has emphasized the central role of deregulatedMYC in BL
pathogenesis, studies with transgenic mice expressing the MYC gene under
control of the IG heavy chain promotor (Eμ-Myc) have shown that these mice
do not develop B cell lymphomas that faithfully represent human BL [24].
Moreover, apparently healthy individuals have been described who have a low
number of lymphoid cells in the blood and bone marrow with the
t(8;14)(q24;q32) [25]. Based on these findings, the current understanding is
that in addition to deregulated MYC, additional oncogenic drivers need to be
present for the development of BL [26•].

In the last decade, high-throughput sequencing approaches have brought
more insight into the molecular biology underlying Burkitt lymphomagenesis
by implicating several genes and signaling pathways that cooperate with
deregulatedMYC. A crucial finding in Burkitt lymphomagenesis was the synergy
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that was observed betweenMYC and phosphoinositide-3-kinase (PI3K) signal-
ing (Fig. 1) [27, 28]. Subsequent studies identified recurrent mutations in genes
that would enhance B cell survival as a result of tonic BCR-dependent PI3K
signaling, including TCF3, ID3, and PTEN [7]. In particular, activating muta-
tions in TCF3 and/or loss-of-function mutations in its negative regulator ID3
have been identified in a high percentage of BL cases, including up to 70% of
sporadic and immunodeficiency-associated variants as well as in up to 40% of
the endemic variant. In addition to stimulating B cell survival, the transcription
factor TCF3 is highly expressed in the dark zone of germinal centers (GCs),
where it is responsible for GC function and promoting cell proliferation.
Finally, TCF3 is also able to promote B cell proliferation directly, by stimulation
of its down-stream target cyclin D3 (CCND3). Recurrent mutations in CCND3
have been identified in up to 38%of cases, which results in protein stabilization
that drives cell cycle progression through cyclin-dependent kinase 6 (CDK6).
While many studies have implicated other genes and pathways in Burkitt

Fig. 1. Molecular mechanism of Burkitt lymphomagenesis. Transcriptional deregulation of MYC plays a central role in the
development of Burkitt lymphoma. In addition to the growth-promoting effects of deregulated MYC, several cooperating genetic
alterations have been identified that are associated with tonic BCR-dependent PI3K signaling, cell cycle progression, inhibition of
apoptosis, and aberrant epigenetic regulation. Several classes of small molecule inhibitors have been developed, or are currently in
development, that can target these cooperating signaling pathways as shown above.
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lymphomagenesis—most notably apoptosis pathways (TP53, USP7,
CDKN2A), epigenetic regulation (ARID1A, SMARCA4, KMT2D), GPCR signal-
ing (GBA13, RHOA, P2RY8), and transcriptional regulation (DDX3X,
FBX011)—it has been postulated that most mutated genes and aberrant signal-
ing pathways only affect a few crucial cellular functions, including cell prolifer-
ation and survival, BCR signaling, and epigenetic regulation [7, 18••, 29, 30].
Due to this relative simplicity, targeting these specific abnormalities with small
molecule inhibitors might identify treatment strategies that are more effective
and less toxic than current regimens.

The 2016 revision of the World Health Organization (WHO) Classification
of Lymphoid Tumors included a new provisional entity “Burkitt-like lympho-
ma with 11q aberration.” This subset ofMYC translocation-negative aggressive
B-cell lymphoma closely resembles BLmorphologically, phenotypically, and by
gene expression profiling (GEP), butMYC rearrangements are lacking (Table 1)
[31]. This entity has been described in both immunocompetent individuals and
post-transplant immunocompromised patients [32, 33]. These lymphomas are
characterized by recurrent chromosome 11q aberration, including proximal
gains (11q23) and telomeric losses (11q24-25) [32, 33]. Compared with BL,
these lymphomas tend to have more complex karyotypes, absence of ID3
mutations, a lower expression of MYC, a certain degree of cytological pleomor-
phism, occasionally a follicular pattern, and frequently a nodal presentation.
Despite the presence of complex genomic rearrangements, these lymphomas
have excellent survival rates and should be studied in prospective trials [34].

In addition to the above provisional entity, the 2016 revision of the WHO
Lymphoid Tumor Classification also included a new category of HGBL. These
cases are distinct from diffuse large B-cell lymphoma (DLBCL) or BL but with
many overlapping clinical and pathologic characteristics to the parent entities.
Most cases in this new category are classified as “high-grade B-cell lymphoma
with translocations involvingMYC, BCL-2, and/or BCL-6” (Fig. 2) [31].Many of
these cases were previously identified as “Burkitt-like” or “high-grade,” and
entities that were called “double-hit” or “triple-hit” are now included in here.
It is important to identify these rearrangements and to accurately diagnose these
patients, as many studies have associated them with a more aggressive course,
poor response to conventional chemo-immunotherapy, and high risk of central
nervous system (CNS) involvement [35]. There is controversy regarding the
prognostic impact of these combinations of genomic aberrations, but a recent
large-scale study in DLBCL identified that the presence of an IG partner gene for
MYC was the most significant negative prognostic factor [36–39•]. It should
also be noted that rarely someHGBL cases do not have translocations but high-
grade morphology and these have been classified as HGBL-NOS.

Clinical Presentation and Epidemiology

The three variants of BL each have a distinct clinical presentation, although
borderline cases exist [1, 40]. Endemic BL is the most common pediatric cancer
in sub-Saharan Africa, where it accounts for 30–50% of all childhood cancers
with an estimated incidence of 5–10 cases per 100,000 people per year [20]. The
peak incidence lies between the ages of 4 and 7 years, and patients within this
age group often present with the characteristic symptom of a rapidly growing
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tumor affecting the jaw or facial bones. However, other sites can be involved as
well, including the gonads, kidney, the mesentery, and retroperitoneum. Spo-
radic BL, in contrast, is diagnosed throughout the world and is the most
common type of BL in North America and Western Europe. It is rarely encoun-
tered with an annual incidence of 2–3 cases per 1,000,000 people. The median
age at diagnosis is 30 years, and patients commonly present with abdominal
involvement, especially of the ileocecal region, but extra-nodal localization
including the bone marrow, gonads, and kidneys is seen as well. The immuno-
deficiency variant of BL occurs in patients with a weakened immune system,
often in the context of advanced HIV infection. In this population, BL has an
annual incidence rate of 6 cases per 1000 patients [5]. Interestingly, where the
incidence of non-BL NHL increases with lower CD4 cell counts, BL rarely occurs
below 50 CD4 cells/mm3 [41]. Most patients with this variant present with
abdominal nodal disease, although extensive bone marrow involvement is
common as well.

A full lymphomawork-up should be performed at presentation, including a
mandatory bone marrow biopsy. In all three variants, and especially with
advanced disease, leptomeningeal central nervous system (CNS) involvement

Fig. 2. Graphic representation of the new category of aggressive B-cell lymphomas “high-grade B-Cell lymphomas with MYC and
BCL2 and/or BCL6 rearrangements” described in the 2016 revision to the WHO Classification of Tumors of Hematopoietic and
Lymphoid Tumors (2008). Most cases with MYC and BCL2 rearrangements are of GCB origin, whereas most cases with BCL6
rearrangements are of ABC origin. This category includes double-hit (DH) lymphomas, which involve MYC and BCL2 orMYC and BCL6,
as well as triple hit (TH) lymphomas that involve MYC, BCL2, and BCL6. When translocated, MYC may have an IG or non-IG partner
gene with the former being associated with an inferior outcome.
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is common, and evaluation for CNS localization is required in all new cases.
Clinical evidence of spontaneous tumor lysis syndrome might be present, even
before treatment has started. Burkitt-type acute lymphocytic leukemia (ALL-L3),
also called mature B-ALL, is thought of as a different manifestation of the
disease, with a clinical presentation that is similar to other subtypes of B-ALL.
Its surface markers, cytogenetic aberrations, and molecular genetics are, how-
ever, identical to BL. It is critical to distinguish BL from non-BL HGBL with a
MYC rearrangement, as CHOP-based therapy is considered inadequate for
treatment of the former. In rare cases where distinction of the two entities is
challenging, GEP may be helpful [42]. Clinical staging in adults is performed
according to the Ann Arbor lymphoma classification, whereas staging of chil-
dren and adolescents often utilizes the St. Jude/Murphy staging systems. The
single most important prognostic factor is tumor burden, which is also directly
reflected by serum LDH, uric acid levels, and stage of the disease. Other poor
prognostic factors include age 940 years at diagnosis, black race, and poor
performance status [43].

Current Treatment Strategies in Adult Burkitt Lymphoma

Despite its clinically aggressive behavior, BL is recognized as one of the most
curable lymphomas due to its sensitivity to chemotherapy, especially alkylating
agents and antimetabolites. The first described treatment regimens mimicked
pediatric ALL protocols and consisted of dose-intense combination chemother-
apy delivered over a prolonged period of time [44]. However, relapses occurred
frequently as a result of treatment interruptions and new strategies were devel-
oped. These new strategies also administered multi-agent chemotherapy in a
dose-intense fashion but now as part of short-term rotational regimens to
minimize treatment delays andmaintain serum drug concentrations [45]. Most
of the regimens used currently for the treatment of adult BL were modeled
based on experiences with these strategies in pediatric patients and adults [46].
These regimens typically have a backbone of cyclophosphamide, doxorubicin,
and vincristine, often following an initial pre-treatment phase in which steroids
and low-dose cyclophosphamide are administered. In addition to intrathecal
administration, high systemic doses of methotrexate and cytarabine are often
incorporated due to their ability to penetrate the blood-brain barrier. Although
no gold standard treatment for adult patients with BL exists, the regimens that
are most frequently cited include original or modified CODOX-M/IVAC +/- R,
hyper-CVAD-R, CALGB10002, dose-adjusted EPOCH-R, and the European
LMB and BFM/GMALL protocols. Because of the intensity, severe treatment-
related toxicity is frequently observed, especially in elderly and immunocom-
promised individuals. Even with a pre-treatment phase as prophylaxis for the
development of tumor lysis syndrome, clinical evidence of tumor lysis is
common, and there is a low threshold for institution of aggressive hydration,
allopurinol, and, if necessary, rasburicase. Granulocyte colony-stimulating fac-
tor is typically administered.

A study that laid the foundation for the regimen that is most frequently used
in the USA was developed by Magrath and colleagues at the NCI in the early
1990s (Table 2) [47]. In the study, 41 previously untreated patients with BL, 20
adults, and 21 children were stratified into low-risk (n=7) and high-risk (n=34)
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groups based on tumor extent and serum LDH levels at presentation. Low-risk
patients were treated with 3 cycles of CODOX-M (cyclophosphamide, doxoru-
bicin, vincristine, and methotrexate), whereas high-risk patients received a total
of 4 cycles of alternating regimens of CODOX-M and IVAC (ifosfamide,
etoposide, high-dose cytarabine, and IT methotrexate). With this new regimen,
an event-free survival (EFS) in these patients was reported of 92% at 2 years and
beyond. Adults and children were shown to have a similar prognosis, although
a low median age in the “adult” group might have contributed to this. Severe
myelosuppression was universal, as well as a high incidence of septicemia in
22.1% of cycles. In a subsequent international phase II study, Mead et al.
confirmed the high cure rate of the CODOX-M/IVAC regimen in 52 adult
patients with BL with a median age of 35 years [48]. However, with 2-year
EFS and OS in low-risk patients (n=12) of 83% and 82%, respectively, and 2-
year EFS andOS in high-risk patients (n=40) of 60% and 70%, respectively, this
suggested an inferior outcome for adult patients treated with this strategy in
comparison to children and young adults. Importantly, high treatment-related
toxicity was observed again, particularly severe myelosuppression and grade 3
and 4 mucositis. Several groups have tried over the years to modify the
CODOX-M/IVAC protocol in such a way to maintain treatment efficacy, while
at the same time improving tolerability. A follow-up study by Mead et al.
investigated a dose reduction of methotrexate to 3 g/m2 [49]. Fifty-three pa-
tients with a median age of 37 years were stratified as either low- or high-risk
and assigned to treatment with either 3 cycles of dose-modified CODOX-M or
alternating cycles of dose-modified CODOX-M and IVAC. Reported outcomes
included a 2-year PFS of 64% (95%CI, 51–77%) and a 2-year OS of 67% (95%
CI, 54–80%), indicating similar efficacy of the regimen despite dose adjustment
ofmethotrexate. Importantly, a reduction in toxicity was reported, although less
older patients were enrolled in the study then initially desired. Follow-up
studies confirmed the efficacy of the dose-modified regimen in older adults as
well as in patients with HIV-associated BL [50, 51]. Further improvement was
made by addition of the CD20 monoclonal antibody, rituximab, to the regi-
men. Retrospective analysis of a cohort of 80 adult patients with BL treated with
CODOX-M/IVACwith or without rituximab showed that rituximab-containing
therapy significantly decreased the recurrence rate and in addition showed a
trend in favor of improved 3-year PFS (74% versus 61%) and 3-year OS (77%
versus 66%) [52]. Since then, other groups have evaluated the addition of
rituximab to dose-modified CODOX-M/IVAC [53, 54]. It should be noted that
the addition of rituximab to chemotherapy has been controversial in the
treatment of pediatric Burkitt lymphoma, but recently the US Children’s On-
cology Group demonstrated that it not only improved PFS but also OS in high-
risk, pediatric/adolescent mature B-cell NHL, most of which were BL [55].

The hyper-CVAD regimenwas developed atMDAnderson in the early 1990s
for the treatment of Burkitt-type adult ALL (ALL-L3) after successful results with
a similar regimen in a pediatric population [56]. In the study, 26 consecutive
patients with ALL-L3 received a total of 8 cycles of hyper-fractionated CVAD
(cyclophosphamide, vincristine, doxorubicin, and dexamethasone) alternated
with courses of high-dose methotrexate and high-dose cytarabine. The 3-year
OSwas 49% (±11%)with a subgroup analysis revealing a 3-year OS for patients
G60 years of 77% (n=14) but only 17% for patients 960 years of age (n=12).
Five induction deaths were reported. A subsequent prospective, phase II study
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evaluated the addition of rituximab to the hyper-CVAD regimen in 31 adult
patients with BL or ALL-L3 [57]. Median age at diagnosis was 46 years, and
29% of patients were older than 60 years. Results were impressive with a 3-
year EFS and OS of 80% and 89%, respectively. No induction deaths were
noted, and nine elderly patients achieved CR with a 3-year OS of 89%. In a
similar manner, the Cancer and Leukemia Group B (CALGB) modified the
German Multicenter ALL Group (GMALL) regimen for pediatric ALL-L3 in
the CALGB9251 study, thereby combining multi-agent chemotherapy with
prophylactic cranial radiotherapy [58]. Ninety-two patients with BL were
enrolled and received alternating cycles of ifosfamide, methotrexate, vin-
cristine, cytarabine, etoposide, and dexamethasone with cyclophospha-
mide, methotrexate, vincristine, doxorubicin, and dexamethasone. In addi-
tion, the first cohort of patients (n=52) received CNS-directed treatment
consisting of 12 doses of IT methotrexate, cytarabine, and dexamethasone
in combination with a total of 2400 cGy of cranial irradiation. The second
cohort (n=40) only received 6 doses of IT triple chemotherapy. Although
treatment responses were similar in both cohorts with a 2-year EFS of 52%
in patients of cohort 1 and 45% in patients of cohort 2, significant neuro-
toxicity was reported in cohort 1. Authors concluded that less extensive CNS
prophylaxis adequately controlled disease, while at the same time sparing
patients the risk of neurotoxicity. The subsequent CALGB10002 phase II
study investigated the addition of rituximab to the CALGB9251 regimen
without cranial irradiation [59]. Treatment of 103 patients with BL resulted
in an EFS and OS of 74% and 78%, respectively. Besides these regimens
developed in the USA, European groups have described various promising
strategies as well, most notably the French LMB and German BFM/GMALL
protocols. A modification of the pediatric LMB89 study investigated a risk-
adapted approach in 72 adult patients with BL with a median age of 33
years [60]. Risk group A received only induction chemotherapy consisting of
cyclophosphamide, vincristine, doxorubicin, and prednisone. Group B re-
ceived 5 courses of chemotherapy including high doses of methotrexate and
cytarabine followed by a consolidation and limited maintenance phase.
Patients in group C received eight courses of chemotherapy including higher
doses of methotrexate and cytarabine as well as extended maintenance
chemotherapy. Two-year EFS and OS were reported to be 65% and 70%,
respectively. A follow-up study evaluated the same risk-adapted regimen in
257 adult patients with BL but this time with or without addition of
rituximab [61]. Patients in the rituximab group achieved a better 3-year
EFS (75%; 95% CI, 66–82%) and 3-year OS (83%; 95% CI, 75–88%) than
those in the non-rituximab group (EFS: 62%; 95% CI, 53–70% and OS:
70%; 95% CI, 62–78%). The BFM/GMALL protocol also used a risk-
adaptive approach with treatment consisting of six 5-day chemotherapy
cycles of high-dose methotrexate and cytarabine, cyclophosphamide,
etoposide, ifosfamide, prednisone, and triple intrathecal therapy [62]. In
addition, rituximab was given before each cycle and twice as maintenance. A
total of 363 patients were treated with a median age of 42 years, with
patients over 55 years receiving a reduced regimen. Five-year PFS and OS
were 71% and 80%, respectively, although significance differences were
observed between adolescents, adults, and elderly (OS rate 90%, 84%,
and 62%, respectively).
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Most adults with BL that can tolerate intense treatment can be success-
fully treated with these approaches, including CODOX-M/IVAC +/- R, hy-
per-CVAD-R, or CALGB10002. However, treatment-related toxicity is a sig-
nificant concern, especially in older adults and HIV-positive patients. In an
attempt to address the challenge of high toxicity with “standard ap-
proaches,” the NCI group evaluated a reduced intensity approach and
investigated EPOCH-R (etoposide, prednisone, vincristine, cyclophospha-
mide, doxorubicin, and rituximab) in patients with BL due to its efficacy in
DLBCL and hypothetical ability to overcome high tumor proliferation [63].
In an initial study of 30 patients with BL, two regimens were tested: a
standard, dose-adjusted EPOCH-R regimen in 19 HIV-negative patients
(DA-EPOCH-R) and a short course combination with a double dose of
rituximab in 11 HIV-positive patients (SC-EPOCH-RR group). The overall
median age of patients was 33 years, and 40% were 40 years of age or older.
After a median follow-up of 86 months in the DA-EPOCH-R group and 73
months in the SC-EPOCH-RR group, freedom from progression (FFP) and
OS were 95% and 100%, respectively. These results led to the development
of an NCI Intergroup Study of DA-EPOCH-R in 113 patients across 22
centers—the median age of patients was 49 years, and 62% were 40 years
or over [64, 65••]. Patients were stratified into high-risk (87%) and low-risk
based on clinical characteristics, and at a median follow-up time of close to
6 years, EFS and OS were 84.5% and 87%, respectively. While outcomes
were similar across different age groups and irrespective of HIV status, CNS
involvement portended a poor prognosis suggesting that this sub-group
should be a focus when developing novel strategies for the disease [53].
An international, phase III, prospective, multi-center trial is now underway
comparing CODOX-M/IVAC-R with DA-EPOCH-R for patients with high-
risk BL. Recently, a large retrospective study looked at outcomes of BL from
30 US cancer centers over a decade and included 641 patients [66]. While
outcomes were superior in academic versus community settings, collectively
outcomes were inferior to those observed in clinical trials.

Treatment Recommendations for Adult BL

High-dose approaches such as CODOX-M/IVAC with rituximab are tolerat-
ed in adolescents and young adults with BL and can be considered one of
the standard options for this group. When using these regimens, risk-
adapted therapy has been shown to be effective when patients are stratified
into low- and high-risk groups and receive different strategies accordingly.
Less intensive strategies such as DA-EPOCH-R are highly effective in both
low- and high-risk patients of all age groups and may be considered an
additional standard. For older or immunosuppressed patients, as well as
those with comorbidities, CODOX-M/IVAC-like approaches are very poorly
tolerated, which limits delivery of optimal therapy, and, therefore, less toxic
strategies such as EPOCH-R should be considered. Patients with CNS in-
volvement at diagnosis have significantly inferior outcomes with these
approaches, and new strategies are needed.

There is a paucity of data in patients with relapsed or refractory BL, andmost
approaches are associated with very short survivals [67, 68]. A recent
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retrospective study found an overall response rate (ORR) of only 39% to salvage
chemotherapy with a median OS of just 2.8 months for this group highlighting
the urgent need for new treatment approaches [69]. Salvage regimens for
chemo-sensitive disease include hyper-CVAD re-induction or high-dose
cytarabine for cytarabine-naïve patients. Alternatively, R-ICE (ifosfamide,
carboplatin, etoposide with rituximab) or R-GDP (gemcitabine, dexametha-
sone, cisplatin with rituximab) has been proposed and can be used for patients
with prior cytarabine exposure. Patients who achieve remission should be
considered for some form of transplantation.

Treatment Approach for High-Grade B-Cell Lymphomas withMYC,
BCL2, and/or BCL6 translocations

At the present time, it is recommended that all aggressive large B-cell lympho-
mas should be evaluated forMYC, BCL2, and BCL6 translocation status (“dou-
ble-hit” and “triple-hit”) by FISH testing. Should FISH testing not be widely
available, a reasonable approach may be to limit testing to germinal center B-
cell like (GCB) lymphomas that overexpress MYC and BCL2 by IHC [35].
Considering the high risk of CNS involvement in this subset of patients, high
consideration should be given to performing a lumbar puncture to exclude
leptomeningeal disease. Several retrospective studies have now shown that
patients with HGBL with translocations involving MYC, BCL2, and/or BCL6
do poorlywith standard therapy (R-CHOP) [70, 71]. Additionally, retrospective
studies have also shown an improved outcome when more intensive regimens
are used, and this prompted the National Comprehensive Cancer Network
(NCCN) to recommend “more intensive” approaches than R-CHOP (version
4.2018). Currently, the optimal “intensive” strategy for HGBL is undefined, but
most advocate for regimens used in BLwith the expectation that theymay better
overcome high tumor proliferation and other adverse biological factors associ-
ated with this entity. Tolerability must be carefully considered, as most patients
are elderly. The NCI/US intergroup completed the first prospective single-arm
study of DA EPOCH-R therapy in 53 patients withMYC rearranged aggressive B-
cell lymphomas, and at close to 5-year follow-up, the 48-month EFS and OS
were 71% and 77%, respectively, and in those patients with “double hit”
lymphomas, EFS and OS were 73.4% and 82%, respectively [72••]. The
HOVON group prospectively evaluated lenalidomide in combination with R-
CHOP in 82 patients with MYC-rearranged HGBL and showed 2-year EFS and
OS of 63% and 73%, respectively [73].

Future Directions and Conclusions

Though the outcome for children and adolescent and young adult (AYA)
groups diagnosed with BL is excellent following “standard” BL regimens,
treatment-associated toxicity (even with the incorporation of reduced intensity
regimens for low-risk disease) curtails the routine use of “standard” approaches
inmany adult groups. Alternative, new paradigms that maintain high curability
with manageable toxicity are needed and are currently being successfully devel-
oped. TheWHO’s recent distinguishing of the HGBLs withMYC and BCL2 and/
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or BCL6 rearrangements from other B-cell lymphomas is helpful in that
it separates out this group with an inferior prognosis and lays the
foundation for investigating novel strategies in this subset. While MYC
is the elusive target for drug development in BL and MYC-rearranged
aggressive lymphomas, the identification of other genes and signaling
pathways that cooperate with deregulated MYC paves the way for
targeting these alterations with small molecule inhibitors [29, 74•].
Considering the synergy between MYC and PI3K signaling, targeting
the PI3K/AKT/mTOR pathway with inhibitors of PI3K, AKT, or mTOR
is a rational strategy. Dual-CDK4/6 inhibitors may be a beneficial ap-
proach to target tumors with a mutated CCND3 gene or increased
oncogenic activation of CCND3 due to upstream alterations. A high
number of BL tumors harbor mutations in genes that encode for pro-
teins that are part of the SWI/SNF chromatin remodeling complex, such
as ARID1A and SMARCA4, and a recent study suggested that these are
sensitive to BET bromodomain inhibitors [75]. Interestingly, BET inhibi-
tion has also been found to potently suppress MYC gene expression,
suggesting a synergistic treatment effect [76]. Various cellular therapy
approaches are currently under investigation in BL and MYC-driven
HGBL. Anti-CD19 chimeric antigen receptor (CAR) T cell therapy for
BL is a promising development that is emphasized with a first case
report showing CR in a patient with refractory BL [77, 78•, 79]. Moving
forward, as new approaches demonstrate good efficacy in the relapsed
and refractory setting, they can be incorporated into up-front BL inves-
tigation with the goal to improve upon current standards with less
reliance on very toxic agents.
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