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Abstract: About one-half of all Burkitt lymphoma (BL) patients are younger than 40 years, and
one-third belong to the adolescent and young adult (AYA) subset, defined by an age between 15
and 25-40 years, based on selection criteria used in different reports. BL is an aggressive B-cell
neoplasm displaying highly characteristic clinico-diagnostic features, the biologic hallmark of
which is a translocation involving immunoglobulin and c-MYC genes. It presents as sporadic,
endemic, or epidemic disease. Endemicity is pathogenetically linked to an imbalance of the
immune system which occurs in African children infected by malaria parasites and Epstein—Barr
virus, while the epidemic form strictly follows the pattern of infection by HIV. BL shows propen-
sity to extranodal involvement of abdominal organs, bone marrow, and central nervous system,
and can cause severe metabolic and renal impairment. Nevertheless, BL is highly responsive to
specifically designed short-intensive, rotational multiagent chemotherapy programs, empowered
by the anti-CD20 monoclonal antibody rituximab. When carefully applied with appropriate
supportive measures, these modern programs achieve a cure rate of approximately 90% in the
average AYA patient, irrespective of clinical stage, which is the best result achievable in any
aggressive lymphoid malignancy to date. The challenges ahead concern the following: optimiza-
tion of management in underdeveloped countries, with reduction of diagnostic and referral-for-
care intervals, and the applicability of currently curative regimens; the development of lower
intensity but equally effective treatments for frail or immunocompromised patients at risk of
death by complications; the identification of very high-risk patients through positron-emission
tomography and minimal residual disease assays; and the assessment in these and the few refrac-
tory/relapsed ones of new monoclonals (ofatumumab, blinatumomab, inotuzumab ozogamicin)
and new molecules targeting c-MYC and key proliferative steps of B-cell malignancies.
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Introduction

In 1958, Denis Burkitt reported the first cases of a “sarcoma” of the jaws in children
from equatorial Africa,' discovering a disease which a few years later would be recog-
nized as a very aggressive form of lymphoma,? universally known as Burkitt lymphoma
(BL) (Figure 1).3 During the following half century, massive advancement occurred
in the understanding of BL pathogenesis, epidemiology (which includes both environ-
mental and behavioral risk factors), and treatment, although with significant disparities
across countries at different socioeconomic development. At present, though it is a
highly malignant disease with demonstrated propensity to rapid growth and dissemi-
nation, provided it is correctly identified and treated, BL is the aggressive lymphoma
subset associated with the highest cure rate in both adults and children. The aim of
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Figure | Typical case of endemic BL involving the facial bones in an African child
(picture courtesy of RB, taken at Ocean Road Cancer Institute, Dar-es-Salaam,
Tanzania, 2007).

this review is to highlight the factors contributing to this out-
standing progress in younger BL patients, from childhood to
adolescence and young adulthood, and to identify and discuss
the obstacles precluding a generalized cure rate. Adolescents
and young adults (AYAs) may be defined by an age range
between 15 and 25-40 years, according to the upper age limit
adopted in the studies reporting age-related outcomes. In a
recent large North-American analysis on 3961 cases of BL
diagnosed between 2002 and 2008, 24% of the patients were
AYAs aged 20-39 years, and 26% were aged 0-19 years, a
figure which includes a proportion of adolescents between
15 and 19 years. Although an exact estimate is lacking, it is
reasonable to assume that AYAs represent about one-third
of all new BL cases.®

Epidemiology and survival data
from registries

Epidemiology and risk factors

The exact worldwide incidence of BL is difficult to assess,
as collection of exact epidemiologic data is not possible in
developing countries with the highest apparent incidence
(equatorial Africa).” BL is however subdivided into 3 distinct
epidemiological subtypes: endemic (African), sporadic (non-
endemic), and immunodeficiency-related.

Endemic BL is mainly confined to equatorial Africa (it
is also present in Papua New Guinea), where it accounts for
30%—50% of all childhood cancers diagnosed each year, with
an estimated incidence of 3—6 cases per 100,000 children
per year.” This incidence is approximately 50-fold higher
than in the US, with a peak in children aged 4—7 years and
a male-to-female ratio of approximately 2:1.8 The sporadic
variant is mostly seen in the US and Western Europe. In the
US, BL comprises 30% of pediatric lymphomas and <1%

of adult non-Hodgkin lymphomas (NHLs).’ This translates
into an estimated incidence of approximately 3 cases per
million in both children and adults. In Europe, the incidence
is approximately 2.2 cases per million.'® A large epidemio-
logical survey on 3403 cases diagnosed during 19782002
however documents a rising incidence over the years with
3 distinct peaks at around age 10, age 40 since 1998-2002,
and in the elderly."! In adults, sporadic BL is typically seen
in patients younger than 35 years, with a median age of 30
years.'>!3 Sporadic BL is more common among Caucasians
than Africans or Asian-Americans,’ and may be more com-
mon in some areas of Central America (Guatemala).'* In all
age groups, most patients are male with a 3:1 or 4:1 male-
to-female ratio.>!>16

The immunodeficiency-associated variant is primarily
seen in subjects infected by HIV who develop the AIDS and
less commonly in patients with other immunodeficiencies
(recipients of organ transplants). About 20% of all cases
of BL are HIV+ individuals, and HIV+ individuals are 57
times more likely to develop BL than HIV— ones.!” A steep
incidence was noted since the late 1980s, due to the growing
epidemics of HIV infection, especially in males, mirroring
the early epidemics of HIV infection among homosexual
males in the US.¢ In HIV+ patients, BL typically affects those
with a relatively high CD4 T-cell count (>200/ul) and without
opportunistic infections. In contrast to other HI V-associated
lymphomas, the rate of BL in the HIV+ population has not
decreased with the advent of powerful antiretroviral therapy.'

With regard to the risk factors for sporadic BL, a case—
control study on 295 BL patients and 21,818 healthy subjects
found the following factors to be significantly associated
with a diagnosis of BL in patients younger than 50 years
(n=133): history of eczema, taller height, and employment
as a cleaner; instead, a history of allergy seemed to provide
a protective effect.!”

Survival

A 20022008 Surveillance, Epidemiology, and End Results
(SEER) US study, including 3691 BL patients with a median
age of 43 years, reported a 3-year survival of only 56%.6
Possible explanations for this suboptimal outcome were
a selection bias with unequal access to tertiary medical
centers delivering effective lymphoma treatments. “Real-
world” results may be inferior to trial results because
patient selection is operated by inclusion/exclusion criteria
of prospective clinical studies. These normally include an
adequate performance status and the lack of severe organ
dysfunction and comorbidity, which increase the hazards
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related to intensive chemotherapy. Such very high-risk
patients should nevertheless be treated, though their outcome
can be inferior to that of trial patients. The worst setting is
that of late diagnosis and referral, variously combined with
disseminated disease, effusions, extensive gastrointestinal
involvement, and severe impairment of metabolism and liver
and kidney function. The SEER analysis emphasized how
the gap between clinical trials and “real-world” outcomes
was not the same across age groups. Outcome for patients
aged 0-19 years was comparable to that reported by the
literature, owing to the very high rate of participation of this
patient population in therapeutic clinical trials.?’ Reported
outcomes for adult patients were significantly inferior, even
in those aged 2039 years diagnosed between 2002 and 2008,
60% of whom were alive at 5 years. Notably, the majority
of BL-related deaths occurred within the first year from
diagnosis, and the risk of death correlated with age. The
analysis showed a cumulative incidence of death at 3 years
of 37.4% for patients aged 20-39 years. Moreover, the
conditional 5-year relative survival rate in patients alive for
>12 months from diagnosis was 83.4%, without significant
differences in age subgroups.*!

Etiology, pathogenesis, and
molecular pathogenesis

BL originates from germinal or post-germinal center
B cells. The different clinical subtypes (endemic, sporadic,
and immunodeficiency-related) likely arise from B cells at
different stages of development. Epstein—Barr virus (EBV)-
negative BL shows a lower degree of somatic hypermutation
of variable region heavy chain immunoglobulin (Ig) genes
and no signs of antigen selection, whereas EBV+ (gener-
ally endemic or AIDS-associated) BL displays significantly
higher levels of somatic Ig hypermutation and antigen
selection.?? These findings suggest that EBV— BL may
arise from early centroblasts, while EBV+ BL may arise
from memory B cells or late germinal center B cells. This
difference in cell origin may also relate to a difference in
¢c-MYC translocation breakpoints. The development of BL
is in fact dependent upon the constitutive activation of the
c-MYC proto-oncogene located at 8q24 and encoding for the
MYC protein. This acts as a transcription factor modulat-
ing several target genes involved in cell cycle regulation,
cellular differentiation, apoptosis, cellular adhesion, and
metabolism.?*?* Additional factors must be present because
a small percentage of HIV+ persons and healthy subjects
have ¢-MYC translocations in B lymphocytes of enlarged
lymph nodes without having BL.%

The overexpression of c-MYC is the result of translocation
t(8;14), by which MYC is placed in close proximity to the
promoter sequences of Ig genes, more frequently heavy chain
genes mapping on 14(q32), or in 10%—15% of cases in chro-
mosome 2 (at p12, promoter sequences of kappa light chain),
or chromosome 22 (at q11, lambda light chain genes).?%%
In endemic (African) cases, the breakpoint on chromosome
14 involves the heavy chain joining region, while in non-
endemic cases, the translocation involves the heavy chain
class-switch region.”®** In endemic cases, the breakpoint
in chromosome 8 usually lies adjacent to c-MYC, while in
sporadic cases, it often lies in intron 1 of the c-MYC gene.

Work in mouse models has shed light on the possible
mechanisms leading to c-MYC translocations. Translocations
involving the class-switch region of Ig heavy chain genes and
¢-MYC can occur with surprisingly high frequency in acti-
vated B cells undergoing class-switch recombination. These
apparent “mistakes” are observed during the recombination
events that allow B cells to switch from expression of IgM to
other Ig types, which requires the enzyme activation-induced
cytidine deaminase (AID),* an essential cofactor for normal
class-switch recombination. In further support, infection of
mice with malaria (a known risk factor for human endemic
BL) provokes sustained expansion of AID-expressing ger-
minal center B cells, increasing the frequency of aggressive
B-cell lymphomas bearing the molecular signatures of an
AID-mediated DNA damage.’!

The EBV infection is present in virtually all cases of
endemic BL, approximately 30% of sporadic BL, and 40%
of immunodeficiency-associated BL. One hypothesis is that
EBYV infection stimulates B-cell expansion, a process during
which gene translocations may occur leading to activation
and overexpression of c-MYC. Once BL emerges, the EBV
infection is thought to have little effect on tumor progression.
Of interest, EBV infection in BL displays a peculiar latent
infection phenotype, characterized by lack of expression of
the EBV transforming proteins LMP-1 and EBNA-2.%

Although chronic EBV infection has long been rec-
ognized to play a role in the etiology of virtually all cases
of endemic (African) BL and a minority of sporadic and
immunodeficiency-associated BL, this is more likely a
polymicrobial process in which patients with other infections
suffer from a persistent, acute phase of EBV infection.'>*
This prolonged acute phase, associated with a polyclonal
B-cell expansion, could increase the likelihood of transloca-
tions involving c-MYC which in turn favor oligoclonal/clonal
proliferations. Proposed diseases associated with persistent
EBYV infection and BL development include HIV, malaria,
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and arboviruses.' Early epidemiologic data documented a
high incidence of both Plasmodium falciparum malaria and
endemic BL in equatorial Africa and Papua New Guinea.>**
A subsequent study demonstrated that, when compared with
age-, sex-, and location-matched controls, children with
endemic BL were more likely to have had recent malaria
infection (anti-HRP-II antibodies) and less likely to have
had chronic malaria (anti-SE36 antibodies).*

Diagnosis and differential diagnosis

Histology and immunohistochemistry

The diagnosis of BL is based upon the evaluation of a biopsy
specimen by an expert pathologist. The diagnostic hallmark
of BL is the expression of markers typical of germinal cen-
ter B cells. Histologically, BL is characterized by a diffuse
growth pattern without any nodularity. Of interest, all the
3 clinico-epidemiologic subtypes have similar features. At
low magnification, the characteristic “starry sky” pattern may
be appreciated in standard hematoxylin/eosin preparations

A B

H&E, 10x H&E, 40x
C D

CD20 CD10
F G

CD38 c-MYC

(Figure 2A and B). This is composed of a “blue” background
of tightly packed round basophilic cells, without intercel-
lular stroma, forming the “sky”, on which the “stars” of
interspersed tangible-body macrophages are scattered. This
is reflective of the rapid rate of cell doubling with individual
cell apoptosis and tissue necrosis. At high magnification, the
lymphoma cells in the classic type are intermediate-sized,
monomorphic lymphocytes with scant blue cytoplasm, and
lipid vacuoles. The nuclei are round with lacy chromatin and
multiple, small nucleoli. Morphologic variants are designed
as plasmacytoid or pleomorphic BL. On immunohistochemi-
cal analysis (Figure 2C-H), BL cells are mature B cells more
similar to germinal center cells than activated B cells.”? They
express monotypic surface IgM, CD19, CD20, CD79a,
PAXS, and CD43, plus the plasma cell antigen CD38 and
germinal center antigens CD10 and BCL6, with a Ki-67
proliferative fraction >95%. They typically do not express
nuclear TdT, CD5, and BCL2. All cases with some expression
of BCL2 protein should be tested for MYC, BCL2, and BCL6

BCL6

Ki67

Figure 2 Diagnostic pathology of BL: low magnification (x10, x40) hematoxylin/eosin staining of BL sample involving the gastrointestinal tract, showing monotonous
proliferation of medium-sized basophilic lymphoid cells punctuated by lightly colored macrophages (“starry sky” pattern) (A and B); immunohistochemistry, demonstrating
staining for B-cell antigens including CD20 and the early CD10 antigen, with concurrent c-MYC and BCL6 expression and high proliferative rate (Ki67) (C-H).
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breakpoints to exclude a double-/triple-hit lymphoma. In situ
hybridization for EBV-encoded RNA is positive in >95% of
all cases of endemic BL, in 30%—40% of AIDS-associated
BL, and 20% of sporadic cases arising in Western countries.

Genetics and genomics

The molecular hallmark of BL is the translocation of the
MYC proto-oncogene to the Ig heavy or 1 light chain genes,
leading to constitutive MYC activation.’’” The most frequent
genomic alterations are point mutations/indels in MYC,
and TP53 mutations, confirming that these mutations may
functionally cooperate to promote MYC-mediated onco-
genesis.*® In classic BL, either endemic type or sporadic
type, 90%—-95% of Ig loci are involved, 85% for t(8;14)/
IgH-MYC, 10% for t(8;22)/Ig-lambda-MYC, and £5% for
t(2;8)/Ig-kappa-MYC. Any of the 3 translocations found in
BL can be demonstrated by fluorescent in situ hybridization
using break-apart fusion probes to the flanking regions of the
MYC locus. MYC translocation is sensitive but not specific
for BL, and some BL do not have a typical translocation,
including a recently identified entity called Burkitt-like
lymphoma with 11q aberration.* Additional gene alterations
include the following: truncating mutations of ARID1A and
amplification of MCL; point mutations of LRP6; truncating
alterations of LRPIB, PTPRD, PTEN, NOTCH, and ATM,
amplifications of RAF1, MDM4, MDM?2, KRAS, IKBKFE, and
CDKG6; deletion of CDKN2A4;*" overexpression of MIR1 7HG;
activating mutations of 7CF3 and/or inactivating mutations
of its negative regulator /D3; and CCND3 activating muta-
tions.?” Generally, EBV-negative cases are more likely to
express multiple genetic alterations than EBV+ cases, and
generally, there are biological differences between adults and
young: young patients display more frequent 13q31.3q32.1
amplification, 7q32q36 gain, and 5g23.3 copy-neutral loss
of heterozygosity (CN-LOH); 17p13 and 18q21.3 CN-LOH
are only detected in adults BL. /D3 mutations are present in
adult but only in 42% of childhood patients; /D3 double-hit
mutations, as well as 18q21 CN-LOH, seem to be associated
with poorer outcome.?”3® Moreover, all BL subtypes share a
very similar gene expression profile.*’

Differential diagnosis

BL needs to be clearly distinguished from diffuse large
B-cell lymphoma (DLBCL), unclassifiable BL/DLBCL,
which has an extremely poor prognosis, and other tumors
with histomorphological and immunohistochemical features
intermediate between BL and DLBCL, called “gray-zone
lymphoma”.** BL and DLBCL are recognized by the World

Health Organization (WHO) as separate entities having
distinct genetic alterations, tumor morphology, and immuno-
phenotype.?”3# Dysregulation of MYC through chromosomal
translocation is the genetic hallmark of BL, but it can be
encountered in several other lymphomas, especially DLBCL
and unclassifiable DLBCL.*”*® There have been numerous
reports of lymphomas with BL morphology or Burkitt-like
morphology with MYC translocation in addition to complex
cytogenetics or other translocations, such as t(14;18) with
IgH-BCL?2 gene fusion as seen in follicular lymphoma.
Therefore, the concurrent analysis for MYC and BCL2/BCL6
translocations is useful to differentiate BL from gray-zone
BL/DLBCL and DLBCL confounders. In hematoxylin/eosin-
stained sections, BL should be distinguished from a variety
of tumors, including some non-hematologic malignancies,
acute myeloid leukemia/myeloblastic sarcoma, lymphoblastic
lymphoma, some cases of blastic mantle cell lymphoma, and
even plasmablastic myeloma. More challenging is the dif-
ferential diagnosis from DLBCL, especially of the germinal
center type, due to the overlapping immunophenotypes and
the occasional growth pattern of DLBCL mimicking BL,
with sheets of relatively monomorphic, cohesive cells, and
the “starry sky” pattern related to the macrophages. These
mimickers of BL, in which no MYC translocation is usually
demonstrable, were previously diagnosed as Burkitt-like
lymphoma or unclassifiable B-cell lymphoma, with features
intermediate between DLBCL and BL. DLBCLs with simi-
lar BL appearance but positive MYC (5%—15%) as well as
a BCL2 or BCL6 translocation are called “double-hit” and
“triple-hit” lymphomas. In the 2016 WHO classification,
“double-" and “triple-hit” lymphomas were grouped in the
new category of high-grade B-cell lymphoma (HGBL) with
rearrangements of MYC and BCL2 and/or BCL6.* Cases of
blastic appearance or intermediate between DLBCL and BL
without MYC and/or BCL2/BCLG6 rearrangements are placed
in the HGBL category with no further specification. A sim-
plified diagnostic algorithm was developed to confirm the
diagnosis of BL vs DLBCL/BL, DLBCL, B-lymphoblastic
lymphoma, and blastoid mantle cell lymphoma.’

Clinical features

Because the tumor-doubling time is very short (about
25 hours), patients present rapidly growing tumor masses
and often have signs of rapid tumor turnover with high serum
lactate dehydrogenase (LDH) concentration and elevated uric
acid. Endemic or African BL usually develops in children
with a jaw or facial bone tumor (50%—60% of cases), while
an initial involvement of the abdomen is less common. The
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primary tumor can spread to mesentery, ovary, testis, kidney,
breast, and meninges, spreading to lymph nodes, mediasti-
num, and spleen less frequently. Bone marrow involvement
occurs in <10% of cases at presentation but is common at
recurrence or with treatment resistance. Non-endemic or
sporadic BL usually has an abdominal presentation (91%)
with massive disease and ascites, involving distal ileum,
stomach, cecum and/or mesentery, kidney, testis/ovary (6%),
and breast, plus bone marrow (20%) and/or central nervous
system (CNS; 14%).*! Presenting symptoms can be related
to bowel obstruction or gastrointestinal bleeding, mimicking
acute appendicitis or intussusception. Lymphadenopathy,
if present, is generally localized. Bone marrow and CNS
involvement is more common with recurrent or resistant dis-
ease.” Immunodeficiency-related BL is more likely to involve
lymph nodes, bone marrow, and CNS, accompanied by signs
or symptoms related to the underlying immunodeficiency.
A subset of patients display extensive bone marrow and
blood involvement. Such cases are termed Burkitt leukemia.
However, this is a different manifestation of the same disease
commonly treated as advanced-stage BL.

Clinical evaluation, staging, and risk

stratification
At diagnosis, the clinical evaluation aims to define the extent
ofthe disease, primarily through an accurate physical exami-
nation. Besides enlarged lymph nodes and abdominal masses
or hepatosplenomegaly, any cranial nerve palsy or a mental
neuropathy should raise the suspect of CNS involvement
and prompt further investigations (cerebrospinal fluid [CSF]
examination, magnetic resonance imaging, and/or computed
tomography [CT] of brain and spine, depending on clinical
symptoms). Laboratory tests include complete blood counts,
renal and liver function tests including creatinine clearance,
calcium and urate level, serum LDH level, and coagulation.
Checking the kidney function and urinary output is of the
utmost importance. Testing for HIV and hepatitis B and C
virus is recommended. Instrumental exams must be carried
out expeditiously in order not to delay the start of chemo-
therapy, and should include a CT scan of chest, abdomen,
and pelvis plus total-body positron-emission tomography
(PET) scan. A bone marrow biopsy is performed to detect
any degree of marrow involvement, along with an early
medicated lumbar puncture for diagnostic cytology and
flow cytometry analysis of the CSE* In selected cases, the
use of anthracyclines requires a pretreatment assessment of
cardiac function.*

At completion of all these investigations, BL can be
staged and classified as low or high risk based on number

of involved sites, presence of bulky disease, and LDH
concentration, according to the Murphy staging system
developed for childhood B-NHL.* With this system, stage
1 is defined by a single nodal/extranodal site excluding
mediastinum or abdomen; stage 2 is defined by a single
extranodal site with regional involvement, by two or more
nodal sites with or without regional node involvement on
the same side of the diaphragm, or by a completely resected
primary gastrointestinal tumor with or without regional
involvement; stage 3 is defined by all primary intrathoracic
tumors (mediastinum, pleura), by nodal/extranodal tumors
on both sides of the diaphragm, by unresectable extensive
intra-abdominal disease, and by paraspinal/epidural tumors
regardless of other involved areas; and stage 4 is defined
by CNS or bone marrow involvement. Slightly different
staging systems were developed in Europe by the French-
American-British/Lymphomes Malins B group and the
Berlin-Frankfurt-Muenster (BFM) group. These systems,
along with the classic Ann Arbor classification which
is still adopted in adult patients, are commonly used in
children and AYAs to define extent of disease and the risk
class, and to establish the treatment intensity accordingly
in some studies.*

Minimal disseminated and residual

disease

Minimal disseminated disease (MDD) and minimal resid-
ual disease (MRD) refer to subclinical, submicroscopic
amounts of lymphoma or leukemia cells detectable either
at diagnosis (MDD in BL) or following a successful therapy
of the disease in patients achieving a complete clinical
response (MRD in BL/Burkitt leukemia). Because MDD/
MRD is a well-known risk factor conferring a significantly
worse outcome in acute lymphoblastic leukemia (ALL)
and lymphoblastic lymphoma at all ages,*’-° studies were
incepted in this sense in BL patients as well. Because BL
is a c-MYC+ mature B-cell neoplasm, MRD in BL could be
assessed using a polymerase chain reaction (PCR) specific
for the MYC/IgH fusion, with a sensitivity between 10~* and
1073, identifying BL cells in the bone marrow and periph-
eral blood of 4 of 16 and 6 of 15 patients without visible
blasts at diagnosis.’! Moreover, because PCR for t(8;14) is
feasible for MDD/MRD analysis in 70% of the cases only,
another study demonstrated an improved feasibility, up to
95% in BL, using t(8;14) PCR in combination with PCRs
for IgH and Ig-kappa light chain rearrangements.> These
and other studies showed a negative prognostic impact of
MDD/MRD in patients with BL and Burkitt leukemia.
Mussolin et al,> for the pediatric Italian group, using

I 6 submit your manuscript

Dove

Adolescent Health, Medicine and Therapeutics 2017:8


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Burkitt lymphoma in younger adults and adolescents

t(8;14) PCR in 47 children with Burkitt leukemia, found
a significantly superior outcome in 31 patients who were
PCR-negative post-induction (3-year relapse-free survival
[RFS] 84%) compared to 9 PCR+ patients (3-year RFS
38%, P=0.0005). In BL, the same authors found MDD at
diagnosis in 31% of 84 patients, of whom only 18% had
morphological evidence of bone marrow disease. Three-year
progression-free survival (PFS) was 93% in MDD-negative
patients and 68% in MDD-positive patients (P=0.03), and
in multivariate analysis, MDD only was significant for a
higher risk of failure.> Finally, in a larger study including
422 patients (379 BL), in the subgroup of 128 children and
adolescents who had the study done, MDD was the only risk
factor in multivariate analysis. Studies from the Children’s
Oncology Group yielded nearly similar results.>* A report
on 14 BL subjects showed that none of 12 MRD-negative
after 2 months of therapy relapsed compared to both those
found MRD-positive.> Another PCR study conducted on
32 children and adolescents with a variety of aggressive
B-cell lymphomas including BL (n=22) confirmed the
presence of MDD in all cases, although only 3 had mor-
phological evidence of marrow involvement. With regard
to outcome, treatment results were excellent; however, 2
patients relapsed, both with MDD-positive specimens. In
Burkitt leukemia, a small study in 10 patients identified
MRD in 7 and 5 cases at end of induction and consolida-
tion, respectively.’® Because none of MRD-positive cases
relapsed, the study conclusion was that MRD monitoring
at later timepoints is warranted.

Other clinical and biological risk

factors

The prognosis of BL patients is significantly related to
age, with an increased curability rate in pediatric patients
compared to adults, with further worsening in older adults
and the elderly. It is unclear whether this occurs solely
because children tolerate better intensive treatments, or
because distinct pathogenetic mechanisms affect disease
outcome.*® Regardless of the conventional risk definition,
the recent FAB96 study by Cairo et al identified the clini-
cal variables conferring a significantly inferior event-free
survival (EFS).3” Apart from stage, these were an elevated
LDH, primary mediastinal involvement, and combined
bone marrow/CNS disease.’” The pediatric Italian review
on 379 BL patients confirmed LDH to exert the greatest
prognostic relevance (P<0.0001).>* Among biomarkers,
apart from MDD/MRD which is not always available, some
specific cytogenetic findings, such as deletion of 13q, gain
of 7q, and complex cytogenetics, could impart a worse

prognosis and/or benefit from treatment intensification.’’
Among genetic aberrations, /D3 and CCND3 double-
hit mutations and 1821 CN-LOH were associated with
poorer therapeutic response and adverse prognosis. The
occurrence of a double /D3 and CCND3 mutation may be
even more deleterious by acting simultaneously on 2 dif-
ferent pathways that cross talk to activate the pro-survival
PI3K pathway (/D3/TCF3) and drive cell cycle progression
(CCND3/CDK®6). TCF3 and CCND3 mutations may prevail
in older and younger patients, respectively.>” A concurrent
HIV+ status is another potential risk factor that may affect
a proportion of younger adults.

Response evaluation

A uniform approach to describe treatment response in
malignant lymphomas was proposed by Cheson et al. This
ranged from a complete response (CR) indicating the disap-
pearance of disease, to a partial response, stable disease, and
progressive disease when old lesions increase in size >50%
or new lesions develop. In the updated version, including
PET scan results, patients with PET-negative residual lesions
are considered in CR.>"*® However, a persistent residual mass
in children with NHL may require a biopsy to ascertain
induction failure. In pediatric lymphoblastic lymphoma,
end-of-induction biopsies are often negative, which indi-
cates the limitations of conventional diagnostic imaging.>
Functional PET scanning may help resolve this dilemma,
although interpretation of results is sometimes difficult and
the use of PET to guide therapeutic decision making should
be considered investigational and applied only within the
confines of clinical trials.®**' Moreover, false-positive PET
results were reported in a small series of children with BL.6
This may be the result of a benign inflammatory process,
a xanthomatous pseudotumor, brown fat uptake, rebound
thymic hyperplasia, infection, or even an effect of granu-
locyte colony-stimulating factor. A diagnostic challenge is
the persistence of minimal residual uptake (MRU). MRU is
generally felt to represent a benign process and not likely to
represent malignancy; however, there are no uniform criteria
to define MRU.%-% With the most recent criteria,’% MRU
is graded 1-5, identifying a group (grade 5) with poorer
PFS than MRU grades 1-4. This new classification may be
prognostically more informative than other MRU-grading
systems.®” The role of PET/CT in the management path
of younger patients with NHL including BL has yet to be
fully established. Although PET/CT is highly promising in
assessing disease involvement,*® its impact on therapeutic
stratification has yet to be clarified, and its role in remis-
sion assessment has only been investigated in small series.
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Some reports indicated high rates of false-positive results,
requiring histologic examination before treatment modifi-
cation.®® The prognostic value of early (after 1-3 cycles of
chemotherapy) PET/CT response assessment has also not
been established,®®* and defining the exact relationships
between treatment courses and PET response is one of the
remaining tasks in the management of BL lymphoma.

Shaping an effective BL therapy

BL is now regarded as one of the greatest therapeutic suc-
cesses in oncology; however, due to rapid growth kinetics
and frequent presence of extranodal localizations, it requires
a highly specific approach. The optimal initial therapy of BL
has not been clearly defined given the paucity of randomized
studies in this uncommon disease and the fact that different,
modern BL regimens can all achieve excellent results in
younger age groups.* Standard chemotherapy such as CHOP
(cyclophosphamide, doxorubicin, vincristine, prednisone) is
inadequate for treating BL, and there is no role for radiation
therapy, even for localized disease or paraspinal presenta-
tions, which respond very quickly to chemotherapy.?

Effective treatment strategies for BL were initially pio-
neered in pediatric studies and in HIV— patients, who still
represent the majority of BL cases in the AYA group. The
use of intensified chemotherapy protocols associated with the
prophylaxis of CNS localizations determined high percent-
ages of healing (Table 1).°3% A Children’s Cancer Group
trial demonstrated that the cyclophosphamide/methotrexate-
based COMP regimen was superior for the treatment of
advanced-stage BL.®! A major contribution achieving cure
rates of 70%—-90% in children was made by Magrath et
al, who developed CODOX-M/IVAC (cyclophosphamide,
doxorubicin, vincristine, methotrexate, ifosfamide, cytara-
bine and etoposide).™ In that study, 2-year EFS was 92% in
41 patients of median age 25 years, and AYAs fared better
than older adults.™

In addition, Murphy et al introduced another very effec-
tive regimen of fractionated high-dose cyclophosphamide
and high-dose methotrexate (HD-MTX), plus vincristine,
doxorubicin, and cytarabine, with cycles administered in
tight rotation. CR rate was 93% with 81% 2-year disease-
free survival (DFS).% A subsequent study from the German

Table | Treatment results in BL prior to rituximab (distribution and outcome of different age subsets indicated when available)

Study Chemotherapy regimen Patient Age (median age CR rate, OS, % (years) EFS/PFS,
number range), years n (%) % (years)
Fenaux et al® ALL-like (4 HCT) 18 26 (16-66) 10 (56) 31 (0.9) 57 (0.6)
Pees et al”! Pediatric NHL-based 14 39 (16-65) 10 (71) 71 (8)
Soussain et al” ALL-like 65 26 (17-65) 58 (89) 74 (3) 71 (3)
Hoelzer et al”? B-NHL-83 24 33 (15-58) 15 (63) 49 (8) 50 (4)
15-20 (n=3)
20-50 (n=16)
50-65 (n=5)
B-NHL-86 35 36 (18-65) 26 (74) 51 (4) 71 (4)
15-20 (n=2)
20-50 (n=22)
50-65 (n=I1)
Magrath et al™ 89-C-41 41 (20 adults) 25 (18-59) 39 (95) 92 (2)
CODOX-M/IVAC
Thomas et al”® Hyper-CVAD 26 58 (17-79) 21 (81) 49 (3) 61 (3)
<60 (n=14) 77 (3)
>60 (n=12) 17
Rizzieri et al’ CALGB (GMALL type) 92 47 (17-78) 68 (74)
52 (cohort I) 44 (18-72) 41 (79) 54 (3) 52 (3)
40 (cohort 2) 50 (17-78) 27 (68) 50 45
Lacasce et al”’ Modified CODOX-M/IVAC 14 47 (18-65) 12 (86) 71 64 (2.4)
Smeland et al’® 49 (15-69) 33 (67)
Arm A: MmCHOP (1982-1987) 13 30 (15-44) 7 (54) 23 (5) 31 (5)
Arm B: MmCHOP + HCT 17 31 (15-56) 12 (71) 71 (5) 71 (5)
(1988-1994)
Arm C: BFM (1995-2001) 19 36 (17-69) 14 (74) 65 (5) 73 (5)
Di Nicola et al””  Pediatric NHL-based 22 35 (18-76) 17 (77) 77 (2.5) 68 (2.5)
Tauro et al® BFM 90 24 33 (18—48) 39/45 (87) 80 (2) 82 (2)
NHL 86 22 30 (16—46) 72 (2)

Abbreviations: BL, Burkitt lymphoma; CR, complete response; OS, overall survival; EFS, event-free survival; PFS, progression-free survival.
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Multicenter Study Group for Adult ALL (GMALL), adapt-
ing to adults a different multidrug pediatric BFM schedule,
demonstrated that increasing MTX dosing did not improve
survival while aggravating toxicity in older patients, and
established an MTX dosing of 1500 mg/m? in adolescents
(age >15 years) and in general in patients younger than
55 years.® These and other short-intensive regimens,
developed before the rituximab era and adapted to AYAs
and adults, reported CR and overall survival (OS) rates of
54%-95% and 31%—80%, respectively. Importantly, all
effective regimens include multiple doses of CNS-penetrat-
ing agents (HD-MTX, cytarabine) and/or repeated medicated
intrathecals to prevent the risk of CNS progression, which
is otherwise rather common in BL.

Improving BL therapy with
rituximab

The addition to such brief, high-intensity BL regimens
of the anti-CD20 antibody rituximab resulted in further
prognostic improvement, bringing 3-year survival close

to 90% in younger adults (<55-60 years) (Table 2).5 To
underscore the usefulness of rituximab, a pediatric window
study with anti-CD20 rituximab given prior to chemotherapy
to 136 patients (22 aged =15 years) yielded a response
rate of 40% in BL/Burkitt leukemia.®” In adults, rituximab
added to the Hyper-CVAD regimen (cyclophosphamide,
vincristine, doxorubicin, and dexamethasone alternating
with HD-MTX and cytarabine) improved outcome with no
additional toxicity compared to Hyper-CVAD alone: 5-year
OS and DFS rates were improved from 60% and 50% to 70%
and 70%, respectively.®* In the final analysis of the most
recent rituximab-modified GMALL program administered
to 363 patients (2014-2016), CR rate was 88%, 5-year OS
was 80%, and PFS was 71%.7® Comparable results were
reported by others, confirming the value of rituximab and
the better outcome of younger patients whenever this type of
analysis was available. Lately, an infusional MTX-free regi-
men, dose-adjusted (DA) EPOCH-R (etoposide, prednisone,
vincristine, cyclophosphamide, doxorubicin, rituximab),
reported by Dunleavy et al, achieved excellent response

Table 2 Treatment results in BL with rituximab-based regimens (distribution and outcome of different age subsets indicated when

available)
Study Chemotherapy regimen Patient Age (median age CR rate, 08,2 % (years) EFS/PFS,?
number range), years n (%) % (years)
Thomas et al® R-Hyper-CVAD 31 46 (17-77) 24/28 (86) 89 (3) 80 (3)
<60 (n=22) 90 (3) 76 (3)
>60 (n=9) 89 89
Kujawski et al® Short duration/dose intensive I 51 (35-71) 10 (91) 72 (3) 64 (3)
Mead et al® Dose-modified CODOX-M/IVAC 53 37 (17-76) 34 (64) 67 (2) 64 (2)
Choi et al*” French pediatric LMB 38 47 (18-70) 28 (74) 68 (5) 75 (5)
Barnes et al® R-CODOX-M/IVAC 40 46 (17-78) 36 (90) 77 (3) 74 (3)
Corazzelli et al®® RD-CODOX-M/IVAC 30 52 93 82 (4) 78 (4)
<60 (n=18) 93 (3)
>60 (n=12) 49 (3)
Kasamon et al*® Various treatments 21 53 (34-75) 8/17 (47) 57 (3) 52 (3)
3040 (n=5)
41-50 (n=5)
51-60 (n=5)
>60 (n=6)
Ribera et al’! Burkimab (GMALL type) 80 47 (15-83) 70 (87) 78 (4) 80 (5)
Dunleavy et al*? DA-EPOCH-R 19 25 (15-88) 100 (7.1) 95 (7.1)
Intermesoli et al”® GMALL B-NHL 2002 105 47 (17-78) 83 (79) 67 (3) 75 (3)
<60 (n=79) 64 (81) 75 (3) 82 (3)
>60 (n=26) 19 (73) 45 55
Jain et al™* R-Hyper-CVAD 52 41 (17-77) 42/44 (95) 70 (5) 70 (5)
Rizzieri et al’® CALBG 10002 (GMALL type) 105 44 (19-79) 77 (73) 79 (2) 74 (2)
<60 (n=77) 62 (80) 84 (4) 82 (4)
>60 (n=28) 15 (54) 6l 54
Hong et al* R-Hyper-CVAD 43 51 24 (56) 8l (2) 71 (2)
2040 (n=14)
41-60 (n=17)
>60 (n=12)
Abbreviations: BL, Burkitt lymphoma; CR, complete response; OS, overall survival; EFS, event-free survival; PFS, progression-free survival.
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and survival rates in a small patient cohort, retaining a high
therapeutic potential even without dose adjustment.®? This
type of treatment has not yet been tested in adolescents and
children. The role of additional rituximab in BL was conclu-
sively demonstrated by a phase III trial from France,”® also
reporting separately the more favorable outcome of AYAs
<40 years compared to older patients (described in the “AYA
vs adult results” section).

Atpresent, it is not known whether any of these rituximab-
based modern regimens is superior to others, although differ-
ences exist (Table 3). This possibility could be suggested by
an easier drug scheduling and/or an inferior toxicity profile of
a given regimen, provided OS and DFS results are comparable
to other top regimens, or alternatively, by a clear therapeutic
advantage, which is more difficult to assess in view of the
uniform OS/DFS rates around 80%—90% for AYA patients.
Of note, a randomized comparison might be difficult to set
up not only for the choice of study arms (perhaps having
CODOX-M/IVAC as standard arm) but also for the primary
objective which, in case of efficacy, would require very high
patient numbers, while in case of feasibility and toxicity (SC-
EPOCH-RR better?) would imply a different design with a
combined end point consisting of multiple grade 3 and 4
toxicities plus a non-inferiority survival assessment.

AYA vs adult results

The more favorable outcome of younger patients in
both pre-rituximab and rituximab era was confirmed in

more than 1 study and in rather large patient numbers
(Table 4).33%%-10! Two no-rituximab study are of historical
interest only. With rituximab, the GMALL reported signifi-
cant outcome difference between AYAs aged 15-25 years,
adults between 26 and 55 years, and older patients (OS
90%, 84%, and 62%, respectively).®* The French study
randomizing 260 patients to chemotherapy with or without
rituximab reported therapeutic results for patients <40 vs
>40 years (AYAs 38%). In univariate analysis, regardless
of rituximab therapy, EFS and OS of 101 AYAs were sta-
tistically better than the figures observed in older patients
(P<0.0001).°® Therefore, with modern rituximab-based
BL regimens, the expectation is to cure 85%-90% of
AYAs in the 15-40 years age range, with a low incidence
of failures related to either resistant/progressive disease
or treatment complications. Among the latter, tumor lysis
syndrome (TLS) associated with acute kidney failure is a
well-recognized and most feared potentially fatal compli-
cation. Because BL is one of the malignancies at highest
risk of TLS, one primary treatment end point is to avoid
this possibility and preserve an adequate renal function
throughout therapy.

Tumor lysis syndrome

TLS results from massive cytolysis with release of large
amounts of phosphates and chelation of calcium and its
precipitation in the kidney tubules. It is characterized
by hyperuricemia, hyperkalemia, hyperphosphatemia,

Table 3 Comparative features of highly effective, modern treatment regimens for BL (all with rituximab)

Regimens Main characteristics Number of cycles “Surplus” Main limits

R-CODOX- First intensive regimen 4 (2 alternating cycles of Reference regimen; including Myelosuppression, mucositis,

M/IVACBs888 developed for BL, high-dose each regimen) etoposide and ifosfamide infections; 20% unable to complete
MTX-based therapy with high-dose MTX

R-Hyper- Hyperfractionated 8, alternating schedule A Smaller MTX dose to minimize Myelosuppression, mucositis,

CVAD#494% cyclophosphamide, (cycles 1, 3, 5,7) and side effects (I g/m?) infections related to high-dose

high-dose cytarabine/MTX

R-NHL 200278 Multidrug regimen,

BFM-based

R-LMB®798.100 Dose dense, with high-dose 3-8
MTX

DA-EPOCH-R/SC- Dose-adjusted 4-6

EPOCH-RR?* chemotherapy, continuous
24-hour infusion
(vincristine, doxorubicin,

etoposide), no MTX

schedule B (cycles 2, 4, 6, 8)
4-6 (A1-B1-C1-A2; B2-C2)

cytarabine (3 g/m?)
Introduced by BFM and Derived from BFM pediatric
GMALL, used by CALGB,
NILG, and PETHEMA
Escalating treatment intensity
(MTX) according to early

response

protocol; toxicity >55 years
(drug reduction)
Myelosuppression, mucositis,
infections

More tolerable by
older/HIV+/frail patients;

Few patients treated, mostly used
at NCI/NIH

no MTX-related toxicity;

outpatient administration

feasible (after CR)

Note: In some regimens, number of cycles may vary depending on disease stage and/or early treatment response.
Abbreviations: BL, Burkitt lymphoma; MTX, methotrexate; BFM, Berlin-Frankfurt-Muenster; GMALL, German Multicenter Study Group for Adult ALL; NCI/NIH,
National Cancer Institute/National Institutes of Health; CALGB, Cancer and Leukemia Group B; NILG, Northern Italy Leukemia Group; PETHEMA, Programa Espafiol de

Tratamientos en Hematologia.
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Table 4 Age-related treatment results in BL with or without rituximab-based regimens

Study Chemotherapy Patient number Age (median CR rate, n (%) OS, % (years) EFS/PFS,
regimen age range), % (years)
years
Mead et al” CODOX-M/IVAC 52 35 (15-60) 39 (75) 73 (2) 65 (2)
<21 (n=9) <30: 73 (1)
21-30 (n=10) 30-49: 71
3140 (n=I1) >50: 50
41-50 (n=8)
>50 (n=14)
Diviné et al'® French pediatric 72 33 (18-76) 53 (74) 70 (2) 65 (2)
LMB <33 (n=37) 84 (2)
>33 (n=35) 60
Todeschini et al'® POG 8617 71 56 (79) 79 (8)
<15 (n=25) 23 (92) 92
15—40 (n=24) 18 (75) 75
>40 (n=22) 15 (68) 68
Hoelzer et al®® GMALL-B ALL/ 363 42 (16-85) 319 (88) 80 (5) 71 (5)
NHL 2002 15-25 (n=69) 15-55:237/265 (89) 15-25: 90 (5) <55: 82 (5)
26-55 (n=196)  >55:82/98 (84) 26-55: 84 >55: 60
>55 (n=98) >55: 62
Ribrag et al® R-LMB protocol 260 47
(frituximab; Rituximab: 128 88 (3) 75 (3)
phase lIl) No rituximab: 129 70 62
<40 (n=101) 78 (3) 86 (3)
40-60 (n=98) 69 77
>60 (n=58) 52 6l

Abbreviations: BL, Burkitt lymphoma; CR, complete response; OS, overall survival; EFS, event-free survival; PFS, progression-free survival.

and hypocalcemia, which may overwhelm the kidney’s
homeostatic mechanisms and capacity of excretion.!9%1%
TLS can cause acute renal impairment, cardiac rhythm
disturbances, CNS toxicity, and eventually death.!> The
laboratory TLS is defined by >2 of the following metabolic
abnormalities occurring simultaneously within 3 days prior
to and up to 7 days after treatment initiation: hyperuricemia
(>8.0 mg/dl), hyperkalemia (>6.0 mmol/l), hyperphos-
phatemia (>4.5 mg/dl), and hypocalcemia (corrected Ca
<7.0 mg/dl, ionized Ca <1.12 mg/dl). The definition for
clinical TLS is as above plus the occurrence of an elevated
creatinine, seizures/CNS toxicity, cardiac dysrhythmia, or
symptomatic hypocalcemia.!® Risk factors for TLS include
preexisting kidney dysfunction, high pretreatment uric acid
and LDH, male gender, and splenomegaly.'*>'* Appropri-
ate fluid management before and during the administration
of chemotherapy is the key to prevent TLS, to maintain an
abundant urinary output that will dispose of systemic uric
acid and phosphate. Allopurinol and better rasburicase are
the cornerstones of TLS prevention, with the latter rapidly
inhibiting the uric acid synthesis.”*'®® When severe, acute
kidney failure develops, hemodialysis is mandatory, pref-
erably with a continuous modality to reduce the risk of
“rebound” hyperkalemia or hyperphosphatemia.'®

Hematopoietic cell transplantation

Because modern chemotherapy may be curative for the
majority of BL patients and up to 90% of AYAs, the interest
toward hematopoietic cell transplantation (HCT) has now
considerably diminished. Past experience with allogeneic
HCT is anecdotal, but some studies evaluated autologous
HCT. A Dutch group treated 27 patients in first CR with
brief initial high-dose chemotherapy consisting of 2 cycles
of cyclophosphamide, doxorubicin, etoposide, mitoxantrone,
and prednisone followed by autologous HCT after BEAM
conditioning (carmustine, etoposide, cytarabine, melpha-
lan), obtaining a 5-year EFS and OS estimates of 73% and
81%, respectively.'™ A retrospective analysis considered
117 patients with BL who underwent autologous HCT
between 1984 and 1994, showing a 72% 3-year OS for those
in first CR, 37% for those in chemosensitive progression, and
only 7% for those with chemoresistant disease.'” HCT is cur-
rently of no interest in AYAs responsive to modern treatment
regimens and is of unproven value in progressive disease.

Management of BL in HIV+ AYAs

The HIV infection is expected to occur in a fraction of BL
patients belonging to the AYA group defined by a maximum
age of 40 years. It is however difficult to extrapolate AYA
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results from the general experience in HIV+ adult patients.
Nevertheless, high cure rates were reported in HIV+ patients
treated with optimal BL regimens. In a series of 14 HIV+
patients treated with Magrath’s program, 2-year survival
was 60%, even though the majority of patients had stage
IV disease.® In other series with a median patient age of
46-52 years, 3-year survival ranged from 82% to 89%.%%:106
The major limitation in highly immunocompromised HIV+
patients with clinical AIDS and BL is the higher risk of
infections, despite the concurrent administration of highly
active antiretroviral therapy (HAART). In this setting, low
CD4+ T=cell counts and poor performance status are predic-
tors of inferior survival. In a study from Spain, 118 patients
(38 HIV+) were treated with the intensive GMALL program
plus rituximab. Four-year DFS and OS were not significantly
different between HIV+ and HIV— patients: 77% and 63% vs
80% and 78%.% A larger study on 81 HIV+ patients treated
with the same regimen and including AYAs (about 50% of the
cases aged <40 years) reported OS and PFS rates of 72% and
71% at 4 years, and confirmed the greater treatment-related
toxicity and the inferior outcome of patients in leukemic
presentation, with CD4 T-cell count <200/ul and Eastern
Cooperative Group performance score >2.'7 Another study
evaluated CHOP chemotherapy plus cytarabine and etoposide
in 63 HIV+ patients (median age 40 years) with a median
CD4 count at diagnosis of 239/ul: CR rate was 70% with
only 7 treatment-related deaths though marked cytopenia
developed in all patients; 2-year OS was 47%.!%

Oriol et al were among the first to show the effectiveness
of an intensive chemotherapy regimen in HIV+ individuals
with BL/Burkitt leukemia (n=53, median age 35 years, range
15-74 years), with 14 HIV+ patients receiving concurrent
HAART.!® Twenty-nine of these patients (55%) completed
the 8 scheduled cycles, 28% of HIV+ cases and 64% of
HIV- patients. However, there was no difference in CR rate
between HIV— (77%) and HIV+ patients (71%), and the
2-year OS probability was 51%, again without significant
difference between the 2 subsets (43% vs 55%). Only an
advanced age (>60 years) correlated with a lower CR rate
and resulted the only adverse prognostic factor.'® Another
PETHEMA study, enrolling 18 HIV+ patients, analyzed
the relation between HAART and response to treatment:
9 patients (47%) did not receive or discontinued HAART,
and 5 were started on HAART before diagnosis. CR was
70% for HAART users (7 of 10) and 71% for HAART
responders (5 of 7), with a significant difference in 2-year
OS between HAART responders (85%) and nonresponders
(27%).1% Despite the apparent benefit of HAART response in
HIV-related lymphomas treated with intermediate intensity

regimens, there may be concerns about the toxicity of com-
bining antiretroviral treatment with high-dose chemotherapy;
however, this study demonstrates, for the first time, that
response to HAART prolongs OS in HIV-infected patients
treated with a specific BL protocol.!?”

Recently, the DA-EPOCH-R regimen has been modified
for HIV+ patients, aiming to reduce the length of neutropenia
and the infectious risk, using a short-course lower dose for-
mulation including a second rituximab administration (SC-
EPOCH-RR).” Five-year OS was 90% in 13 immunodeficient
BL patients (11 HIV+). Based on all these studies, HIV+ BL
AYAs should be approached like immunocompetent patients
with the addition of HAART. A de-intensified, less toxic
regimen such as SC-EPOCH-RR deserves further evaluation.

BL in underdeveloped countries

The African BL epidemic affects mainly children with a
very low incidence of the disease in AYAs, yet it is highly
representative of the problems affecting the underdeveloped
world. In a study from Uganda (n=1088), median patient
age was 7 years, and apparently, no case was older than
14 years.'"® Comparable data were provided by another large
study from Northern Tanzania (n=944) and by a collaborative
series from equatorial Africa (n=356),!!%!'2 in which only 13
patients (3.7%) were aged 215 years. Apart from this unique-
ness, delayed referral to treatment center, favoring growth
and dissemination of BL,'"* low socioeconomic status of
patient families, and serious economic constraints of health
systems all preclude access to expensive drugs (rituximab,
high-dose therapies) and high-level supportive care, exclud-
ing these patients from the most effective, modern chemo-
immunotherapy regimens. As anticipated by the historical
experience, the CHOP regimen is poorly effective in endemic
BL.""* However, thanks to an international initiative led by Ian
Magrath, the use of a moderately intensive protocol consist-
ing of cyclophosphamide, standard-dose MTX, vincristine,
and intrathecal therapy, with a shift to ifosfamide, mesna,
etoposide, and cytarabine in refractory cases (INCTR 03-06),
this program resulted in an OS rate of 62% at 2 years, defi-
nitely an improvement over prior rates of 10%—20% only,''?
and a major step forward in the management of endemic BL
in underdeveloped areas with hundreds of new cases yearly.

Resistance and relapse

Apart from the occasional refractory case, a few responsive
BL patients will relapse soon after treatment completion
and generally within the first 6 months of follow-up. Cur-
rent results in refractory/relapsed BL are extremely poor,
and new options are urgently needed. While some patients
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with chemotherapy-sensitive disease may achieve long-term
remissions, the outcome of patients with chemotherapy-
resistant disease is dismal.*

The frequency of relapse vs progression of disease
varies according to first-line treatment used, and obtaining
an objective comparison is difficult. Kim et al reported an
incidence of relapse or refractory disease of 6.4% (9 of 140)
and 10.1% (33 of 327) in 2 Austrian and Japanese multi-
center series, respectively.!'> In the Japanese series, 15.2%
(19 of 125) of the patients had relapsed or refractory BL,
and after heterogenous reinduction chemotherapy, 7 of 19
achieved a second CR (36.8%) while 12 died of rapid disease
progression.''> Generally, the salvage regimen incorporates
chemotherapeutic agents to which the patient was not or
only partially exposed, as the DHAP regimen (dexametha-
sone, high-dose cytarabine, and cisplatin).'® If the disease
demonstrates chemosensitivity, the patients are referred for
high-dose chemotherapy and HCT, with a reported 5-year OS
of only 21% and 18% for autologous and allogeneic HCT,
respectively.''¢ Patients with chemoresistant disease are given
supportive care,'® but could be considered for experimental
therapies, which in general, due to the globally poor results

of traditional salvage programs, should be considered in all
refractory or relapsed cases.

Management challenges in AYAs
with BL

Remaining challenges with BL in AYAs are resistance and
relapse, induction of death by complications in high-risk
patients, and the limited access to an early diagnosis and effec-
tive treatments in equatorial Africa and other underdeveloped
countries. An early diagnosis with immediate referral is cru-
cial because intensive regimens may be too toxic for patients
with advanced disease and organ failure (liver, kidney), or
simply not feasible when acute renal failure develops (no
HD-MTX). This is of particular concern in HIV+ patients
and other frail patients who are more prone to infectious
complications and should be preferably treated with less toxic
chemotherapy. In this regard, the MTX-free SC-EPOCH-RR
regimen could be a valid choice to reduce the duration of
neutropenia and the risk of infections.”? The issue of an early
treatment failure related to late diagnosis and referral and/or
extensive disease with end-stage organ damage is of particular
concern in BL therapy as summarized in Table 5.

Table 5 Critical issues and steps to optimize the initial management of BL

Criticisms Implications

Prevention and/or management

Late diagnosis and Extensive/bulky disease
referral
gastrointestinal tract)
Poorer performance status
Reduced treatment compliance
Tumor lysis syndrome Phosphate shower with cardiac dysrhythmia
Acidosis
Acute renal failure/tubular necrosis

Risk of hemodialysis

Organ involvement/damage (liver, kidney, CNS,

Avoid any diagnostic delay and referral to qualified
treatment center

Evaluation of metabolic disturbances and renal function;
hydration with adequate urinary output; correction of
electrolyte imbalance and acidosis; use of rasburicase and
allopurinol to inhibit uric acid synthesis

Reduced treatment compliance (no MTX), treatment delay

Infections
severely neutropenic (Burkitt leukemia)
CNS involvement
headache/pain
Association with extensive disease

Higher risk of relapse if not recognized/treated

Ascites/pleural effusion  Extensive abdominal disease

Fluid overload

Risk of pulmonary edema and heart failure
Surgery-related issues

infiltration/adhesions

Gastrointestinal perforation, enterocutaneous fistula,

bowel obstruction
Poor performance/
older (>55 years)/frail
patients

Comorbidity

Inability to engage in intensive chemotherapy
HIV+ patients Higher risk of infections

Overall prognosis tendentially worse

Risk of pneumonia, abdominal infections, septic shock if

CNS symptoms: cranial nerve palsies, mental neuropathy,

BL not amenable to surgical debulking for organ

Antibiotic prophylaxis; G-CSF if neutropenic (neutrophils
<0.5x10°/1)

Early diagnostic lumbar puncture and repeated intrathecal
therapy

More precarious balance between hydration and diuretic
therapy (similar as tumor lysis syndrome)

Quick start of chemotherapy to reduce BL size and reset
organ function; local surgery when indicated/possible after
start of treatment

Need to reduce chemo intensity; SC-EPOCH-RR may be
preferable

Increased risk of kidney/heart damage and infections

SC-EPOCH-RR may be preferable; association with HAART
needed

Abbreviations: BL, Burkitt lymphoma; CNS, central nervous system; MTX, methotrexate; G-CSF, granulocyte colony-stimulating factor; HAART, highly active antiretroviral

therapy.
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New drugs and treatment modalities
At present, it is not possible to define which patients will fail
therapy due to tumor resistance or progression during or soon
after therapy. With an OS rate of 90% in most AYA series,
exclusively obtained with highly intensive first-line therapy,
resistance and relapse are rare, and no specific retreatment
regimen is associated with durable results. Rather, the early
identification of cases at high risk of failure could allow a
stepwise intensification of therapy with radiotherapy (for
localized residual disease on CT/PET reassessment) and/
or novel agents such as immunotherapeutics and other (for
detection of MRD at critical evaluation timepoints).

Immunotherapy

Immunotherapy is an attractive option, since BL cells express
several target antigens and new monoclonals are now avail-
able other than rituximab. Ofatumumab and obinutuzumab
(GA101), the latter demonstrated more active than rituximab
even in rituximab-resistant BL cell lines, are other anti-CD20
antibodies deserving further evaluation in BL therapy.'"”
Other most promising new agents are blinatumomab, a
bispecific antibody targeting CD19 and bridging CD19+
BL cells to CD3+ cytotoxic autologous T cells, and inotu-
zumab ozogamicin, an anti-CD22 monoclonal conjugated to
calicheamicin. Both were demonstrated effective in refrac-
tory/relapsed and MRD+ B-precursor ALL,!"#2° and could
therefore be used in BL to enhance the activity of current
first-line regimens and/or improve treatment of advanced or
MRD+ disease. Anti-CD19 chimeric antigen receptor T cells
could also be exploited therapeutically, although compared
to monoclonals they are more cumbersome to obtain, which
contrasts with the need for an immediate therapeutic action
at first signs of treatment failure in BL.

Experimental agents
Among experimental drugs, evidence is accumulating in
favor of histone acetylase inhibitors (valproic acid, tubacin)
and mTOR inhibitors (temsirolimus). When used at pharma-
cologic concentrations, these drugs may interact synergisti-
cally and inhibit BL cell growth by induction of autophagy
or apoptopsis. 122 Activity against BL cells was reported for
plitidepsin, an antitumor agent of marine origin expressing
antiproliferative and antiangiogenic activity, in association
with rituximab.'? Of interest are also ascorbic acid in EBV+
BL cells,'** and icaritin, which induces S-phase arrest and cell
apoptosis by activation of caspase-8 and -9 and inhibition of
¢-MYC and BCL2.'»

Other highly effective inhibitors of cell proliferation
already tested with success in a variety of aggressive B-cell

neoplasms may soon lead to further improvement of existing
BL chemo-immunotherapy regimens. These agents include
the proteasome inhibitor bortezomib,'?%!?” inhibitors of
metabolic pathways related to the B-cell receptor (ibrutinib,
idelalisib), and the BCL2 inhibitor venetoclax.'?® Blocking
the tumor cell escape from the immune response mediated by
the PD-1 pathway is another therapeutic opportunity. Several
trials with anti-PD-1 and anti-PD-L1 agents in a variety of
resistant B-cell malignancies (excluding BL but including

DLBCL) were recently completed or are still recruiting.'?

Toward MYC inhibition in BL

Because of the functional overexpression and the pathoge-
netic role of the MYC proto-oncogene in BL, new experimen-
tal therapy using direct and indirect MYC inhibitors is highly
attractive. Direct inhibitors such as JQ1 and THZI target
MYC and MAX interactions, since MYC heterodimerizes with
MAX to bind a consensus DNA sequence.'* Furthermore,
the link between JQ1 and MYC may involve the dependence
of MYC on multiple enhancers and “super-enhancers” that
are highly dependent on a BET protein BRD443 in combi-
nation with the PI3K pathway, mechanistically targeted by
rapamycin (mTOR inhibitor) or histone deacetylase (HDAC)
inhibitors, which may cause tumor regression. Inhibition
of the BET mitigates the effect of MYC overexpression by
preventing signal transduction. JQ1 was found to inhibit
the bromodomain BRD4, reducing MYC transcription.!3-132
Decreased expression of c-MYC and restoration of apoptosis
can also be obtained by dual mTOR inhibitors,'** and BET
inhibitors can synergize with inhibitors of the upstream rep-
lication stress sensor ATR, blocking progression of c-MYC+
lymphoma cells.** THZ1 was developed as a novel highly
selective covalent inhibitor of CDK7, which, by linking to
a cysteine residue, specifically downregulates MYC expres-
sion.'* Other agents currently being evaluated to modulate
MYC indirectly in vivo are Aurora kinases A and B. They
are normally upregulated by MYC, and therefore, when
blocked, they escape MYC activity leading to cell apop-
tosis.”®! Other BET inhibitors (I-BET 151, GSK525762,
CPI-0610) are currently in phase I clinical trials. Another
recent and very interesting finding is the loss of expression
of the tumor suppressor PTEN, leading to MYC upregulation
by constitutive activation of the PI3K/AKT pathway. PI3K
inhibition is selectively toxic to PTEN-deficient aggressive
lymphoma models, suggesting a role for PI3K inhibitors in
these diseases.'”® Several PI3K inhibitors directed against
different isoforms of PI3K are under development, show-
ing promising activity. Recent studies have demonstrated
that BET and HDAC inhibitors have synergistic activity in

24 submit your manuscript

Dove

Adolescent Health, Medicine and Therapeutics 2017:8


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Burkitt lymphoma in younger adults and adolescents

MYC-induced murine lymphoma suggesting a rationale for
testing combination therapy. Other potential targets that may
affect MYC overexpression include human mitochondrial
peptide deformylase and the mitochondrial sirtuin 4. The
optimal approach to the diseases with these new drugs is
still unknown, but the development of rationally designed
small-molecule inhibitors is a great promise for the future.'**

Discovering new therapies

With recently developed technologies, new drugs could
undergo rapid preclinical sensitivity screening using ex vivo
coculture methods with simultaneous testing in leukemia/
lymphoma xenografts.'*¢ Relative to B-lymphoid malignan-
cies, venetoclax was found synergistic with vincristine and
dexamethasone in B-precursor ALL expressing TCF3-HLF
gene rearrangement,’?” and 7CF3 mutations are known
to occur in BL. Another example concerns birinapant, an
SMAC-mimetic inductor of necroptosis found effective
against highly MRD-resistant cases of B-lineage ALL.!*® In
a study regarding another MYC-driven neoplasm (Group 3
medulloblastoma), an in silico analysis method for screening
drug sensitivity databases resulted in the identification of
new molecular targets (cyclin-dependent kinase) for these
¢c-MYC-transformed cells.'*

Conclusion

The availability of several new compounds coupled with these
sophisticated techniques will hopefully open a new phase of
highly personalized, precision medicine that could warrant the
achievement of cure in all AYAs with newly diagnosed BL.
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