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Non-Hodgkin lymphomas (NHLs) are a diverse group of entities, both clinically and molec-
ularly. Here, we review the evolution of classification schemes in B-cell lymphoma, noting
the now standard WHO classification system that is based on immune cell-of-origin and
molecular phenotypes. We review how lymphomas arise throughout the B-cell development
process as well as the molecular and clinical features of prominent B-cell lymphomas. We
provide an overview of the major progress that has occurred over the past decade in terms of
our molecular understanding of these diseases. We discuss treatment options available and
focus on a number of the diverse research tools that have been employed to improve our
understanding of these diseases. We discuss the problem of heterogeneity in lymphomas and
anticipate that the near future will bring significant advances that provide a measurable

impact on NHL outcomes.

on-Hodgkin lymphomas (NHLs) are can-
N cers that arise predominantly from mature
B lymphocytes, white blood cells responsible
for humoral immunity. These malignancies are
common, affecting nearly 75,000 new patients
each year in the United States alone. Lymphomas
represent a striking degree of diversity in molec-
ular origins and clinical behavior. Efforts to clas-
sify lymphomas were initially developed based
on the recognition of the varying clinical aggres-
siveness of the disease. This early classification
(“Working Formulation” [Robb-Smith 1982])
has since been supplanted by more biological

approaches that have culminated in the now
standard, but still evolving, World Health Orga-
nization (WHO) classification that is guided by
immune cell lineage (Swerdlow et al. 2017).

B-cell development sets the stage for the
acquisition of a number of different genetic
alterations that result in a tumor with a stage-
specific immunophenotype, including cell sur-
face markers and a gene expression profile that
reflects the normal cell of origin. This resem-
blance to the normal cell of origin in lymphoid
development serves as the foundation for the
WHO classification of lymphomas.
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Here, we describe our current understand-
ing of the pathogenesis, underlying biology, and
clinical treatment of NHLs.

LYMPHOCYTE DEVELOPMENT AND
LYMPHOMAGENESIS

Although lymphomas can arise from either B or
T cells, the vast majority of lymphomas arise
from B cells. B cells undergo a complex and
well-regulated program of development begin-
ning in the bone marrow before terminally dif-
ferentiating into mature effector cells following
antigen stimulation (Fig. 1). In the bone marrow,
the earliest progenitor B cells begin to undergo
rearrangement of the immunoglobulin gene lo-
cus, giving rise to a unique antigen-binding
B-cell receptor (BCR) comprised of heavy and
light peptide chains that both contain variable
and constant regions. The variable region of the
heavy chain locus (IGH) is composed of variable
(V), diversity (D), and joining (J) segments,
whereas the variable regions of the light chain
loci (IGK and IGL) contain only V and ] seg-
ments. During B-cell differentiation, a random
assortment of V, D, and J segments is chosen in
each pre-B cell, which leads a BCR repertoire
size on the order of 10'°. Certain lymphomas
show preferential selection of particular V(D)]
segments. For instance, in particular, mucosa-
associated lymphoid tissue (MALT) lymphomas
frequently manifest identical V segments,
whereas certain V(D)] recombinations are pref-
erentially selected in B-cell chronic lymphocytic
leukemias (B-CLLs) (Fais et al. 1998; Widhopf
and Kipps 2001; Zucca and Bertoni 2004;
Ghiotto et al. 2006). These data point to the
role of particular antigens, including autoanti-
bodies, in the development of these lymphomas.

Following initial recognition of a foreign an-
tigen by the BCR, B-cell immunoglobulin genes
undergo somatic hypermutation (SHM) in lym-
phoid tissue germinal centers (GCs) (Di Noia
and Neuberger 2007). The process of SHM re-
fines the affinity of the antibodies produced by
B cells and further increases the antibody reper-
toire. The diversity of antibodies created during
SHM is caused by direct mutagenesis of nucle-
otides in the variable region by the enzyme AID,

encoded by AICDA (activation-induced cyti-
dine deaminase) (Maul and Gearhart 2010).
The SHM status of malignant cells in a tumor
can be an additional indicator of the stage of B-
cell maturation of the lymphoma cell of origin.

In parallel, at different stages of develop-
ment, B-lineage cells express one of nine con-
stant region gene segments corresponding to
different immunoglobulin heavy chain isotypes
with various effector functions. Only IgM is ex-
pressed in immature B cells. As B cells mature,
they gain the ability to produce either IgM or
IgD through alternative splicing mechanisms
directed by AID. Upon activation, B cells in the
GC undergo class switch recombination (CSR),
which brings additional IG variable regions into
proximity with one of the constant region gene
segments to produce IgG, IgA, or IgE (Li et al.
2004).

The rearrangements associated with BCR
formation in the GC can go awry and result in
powerful oncogenic signals that transform
B cells. Indeed, a majority of B-cell lymphomas
arise from GC B cells. For instance, Burkitt lym-
phoma is associated with a translocation of the
MYC gene to one of the IG loci, dysregulating
the MYC gene more than 100-fold, a scale that
makes Burkitt lymphoma one of the fastest
growing tumors (Molyneux et al. 2012). Like-
wise, BCL2 is commonly deregulated in GC
B-cell-derived lymphomas including follicular
lymphoma and diffuse large B-cell lymphomas
(Takata et al. 2014; Reddy et al. 2017; Chapuy
et al. 2018; Schmitz et al. 2018).

CLASSIFICATION OF B-CELL LYMPHOMAS

Lymphomas can be broadly divided into four
categories: B-cell lymphomas, T-cell lympho-
mas, cutaneous lymphomas, and lymphomas
related to transplant and immunodeficiency.
This section describes these categories and the
most common lymphoma types in each category
(summarized in Table 1).

As discussed above, the nature of the GC
reaction leaves B cells vulnerable to genetic al-
terations that lead to lymphoma. The morpho-
logical, antigen-expression, and genetic features
of each B-cell lymphoma subtype often mirror
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Table 1. The genetic features of B-cell lymphoma

Recurrent translocations

Recurrently mutated genes

Type (if known) (if known)
Pre-germinal center origin
B-cell prolymphocytic leukemia (B-PLL) t(8;14)(MYC/IGH), MYC, TP53

Mantle cell lymphoma

Germinal center origin
Burkitt lymphoma

Diftuse large B-cell lymphoma (DLBCL), NOS

Follicular lymphoma

Follicular lymphoma ( pediatric type)

High-grade B-cell lymphoma with MYC and
BCL2 and/or BCL6 rearrangements

Primary diffuse large B-cell lymphoma of the
CNS

Post-germinal center origin
ALK-positive large B-cell lymphoma

Chronic lymphocytic leukemia (CLL)/Small
lymphocytic lymphoma (SLL)

Extranodal marginal zone lymphoma of
mucosa-associated lymphoid tissue (MALT
lymphoma)

Hairy cell leukemia

Hairy cell leukemia variant

Lymphoplasmacytic lymphoma (LPL)/
Waldenstrom’s macroglobulinemia (WM)

Nodal marginal zone lymphoma
Plasmablastic lymphoma

Primary effusion lymphoma

£(2;8)(IGK/MYC),
£(8;22)(MYC/IGL)
t(11;14)(CCND1/IGH),
t(2;11)(IGK/CCNDL1),
£(11;22)(CCND1/IGL),
£(8;14)(MYC/IGH),
t(3;14)(BCL6/IGH)

£(8;14)(MYC/IGH),
£(2;8)(IGK/MYC),
£(8;22)(MYC/IGL)

BCL2, BCL6, and MYC
rearrangements

t(14;18)(IGH/BCL2)

None

MYC, BCL2, and/or BCL6
rearrangements

IG genes, BCL6 and MYC
rearrangements

t(2;17)(ALK/CLTC),
£(2;5)(ALK/NPM),
ALK rearrangements with
SQSTM1, SEC31A
t(14;18)(IGH/BCL2),
t(14;19)(IGH/BCL3)

t(11;18)(BIRC3/MALT1),
t(14;18)(IGH/MALT1),
t(1;14)(BCL10/IGH),
t(3;14)(FOXP1/IGH)
None

None

None

MYC rearrangements with IG

genes
None

ATM, CCNDI, KMT2D,
NOTCH1/2, TP53

MYC, ID3, DDX3X, TP53,
TCF3, CCND3, RHOA,
SMARCA4, ARIDIA

EZH2, SGK1, GNA13,
MYD88, ETV6, CD78B

BCL2, KMT2D, EZH2,
BCL6, CREBBP, EP300,
FAS, MEF2B

TNFRSF14, MAP2K1

TP53, MYDS8S8, 1D3

MYD88, CD79B, INPP5D,
CBL, BLNK, CARDI11,
MALTI, BCL2

NOTCH1, SF3B1, TP53,
ATM, BIRC3, POTI,
MYDS88

MYDSS$

BRAF, MAP2K1

TP53, MAP2K1

MYD88, CXCR4, ARIDIA,
TP53, CD79B, KMT2D,
MYBBPIA

BCL6

Continued
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Table 1. Continued

Non-Hodgkin Lymphomas

Type

Recurrent translocations
(if known)

Recurrently mutated genes
(if known)

Splenic marginal zone lymphoma

Cutaneous lymphomas

Primary cutaneous diffuse large B-cell
lymphoma, leg-type

Primary cutaneous follicle center lymphoma

Unknown origin

High-grade B-cell lymphoma, NOS

Intravascular large B-cell lymphoma

Large B-cell lymphoma with IRF4
rearrangement

Primary mediastinal (thymic) large B-cell
lymphoma

Splenic diffuse red pulp small B-cell lymphoma

T-cell/histiocyte-rich large B-cell lymphoma

t(14;18)(IGH/BCL2),

t(11;14)(CCND1/IGH),
t(11;18)(BIRC3/MALT1),
t(14;18)(IGH/MALT1),
t(1;14)(BCL10/IGH),
t(2;7)(IGK/CDKG6)

NOTCH2, KLF2

t(3;14)(BCL6/IGH),
£(8;14)(MYC/IGH)
t(14;18)(IGH/BCL2)

None

t(6;14)(IRF4/IGH),
t(3;14)(BCL6/IGH)

MHC CIIA rearrangements
with PDL1/2, PDL1/2
rearrangements

t(9;14)(PAX5/IGH)

MYDS8S8, CARD11, CD78B,
TNFAIP3
CDKNZ2A, CDKN2B

TP53

SOCS1, STAT6, PTPNI,
BCL6, ITPKB, MFHASI,
XPO1I

TP53, CCND3, NOTCH1,
MAP2K1, BRAF, SF3B1

Major B-cell lymphoma subtypes grouped by cell of origin with characteristic translocations and recurrently mutated genes.
NOS, Not otherwise specified; CNS, central nervous system; ALK, anaplastic lymphoma kinase.

that of their normal cell of origin and are used as
diagnostic markers.

Pre-GC B-Cell-Derived Lymphomas

Before entering germinal centers, (the pre-GC
stage), B cells are primed for antigen exposure
and migration. Such “naive” B cells often reside
in the mantle zone of lymph nodes. These cells
can transition from the mantle zone to germinal
centers and sometimes back to the mantle zone.
Mantle cell lymphoma (MCL) develops from
such cells (Bertoni and Ponzoni 2007). This
lymphoma is often associated with gastrointes-
tinal and extranodal involvement. The genetic
aspects that define MCL include t(11;14) trans-
location of the CCNDI gene to the IGH locus,
high SOX11 expression, and mutations in ATM,
KMT2C, NOTCH1, and TP53 (Rimokh et al.
1994; Ek et al. 2008; Kridel et al. 2012; Zhang
et al. 2014). Interestingly, chronic lymphocytic
leukemias (CLLs) can arise from pre- or post-

GC cells, evidenced by patterns of somatic hy-
permutation, giving rise to distinct subgroups
(“mutated” and “unmutated” CLL) that respond
at different rates to standard chemotherapy.
Genes across many pathways are recurrently
mutated including MYD88, NOTCHI, and
MAPK] (Puente et al. 2011).

GC B-Cell-Derived Lymphomas

The GC represents the most vulnerable stage for
the oncogenic transformation of B cells and is
where a majority of B-cell lymphomas arise.
These include the two most common forms
of lymphoma: diffuse large B-cell lymphoma
(DLBCL) and follicular lymphoma (FL), in ad-
dition to Burkitt lymphoma (BL) and others
(Fig. 2). DLBCL comprises at least two subtypes
arising from either GC B cells (GCB-DLBCL) or
activated B cells (ABC-DLBCL), which likely
arise from a pre- or post-GC stage associated
with differentiation to plasma cells (Lenz et al.

Cite this article as Cold Spring Harb Perspect Med 2021;11:a034843 5
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Unknown /
lineage /
2%

Non-Hodgkin lymphoma \
incidence in the United States \

—— 24%, Diffuse large B-cell lymphoma

—— 22%, Chronic/small/prolymphocytic/
mantle cell lymphoma

I

—— 21%, Plasma cell neoplasms

—— 13%, Follicular lymphoma

7%, Marginal zone lymphoma

5%, Non-Hodgkin B-cell ymphoma, NOS
4%, Precursor non-Hodgkin B-cell lymphoma
2%, Lymphoplasmacytic lymphoma/WM

1%, Burkitt ymphoma

1%, Hairy cell leukemia

<1%, Heavy chain disease

Figure 2. Incidence of B-cell non-Hodgkin lymphomas. NOS, Not otherwise specified; WM, Waldenstrom’s

macroglobulinemia.

2008). DLBCLs commonly manifest mutations
in KMT2D, SPEN, PIM1, and CREBBP. Muta-
tions in EZH2, SGK1, and GNA 13 are associated
with the GCB subtype, whereas mutations in
MYD88, ETV6, and CD79B are associated with
the ABC subtype (Morin et al. 2013; Zhang et al.
2013). A proportion of cases also present with
chromosomal rearrangements involving BCL2,
BCL6, or MYC, which are termed “double-hit”
or “triple-hit” lymphomas and are associated
with a poorer prognosis.

Follicular lymphoma can be an indolent dis-
ease that can transforms into DLBCL. The hall-
mark translocation observed in >90% of follic-
ular lymphomas is t(14;18) translocation of the
BCL2 gene to the IGH locus (Cleary and Sklar
1985). Commonly mutated genes in follicular
lymphoma include BCL2, KMT2D, CREBBP,
GNA13, and EZH2 (Okosun et al. 2014).

BL arises from GC cells and is comprised of
three subtypes: sporadic, endemic (associated
with EBV), and immunosuppression-associated
(associated with HIV). BL is highly aggressive
and can present in extranodal sites depending
on the subtype. BLs present with hallmark
t(8;14), t(2;8), or t(8;22) translocations of the
MYC gene to the IGH, IGK, or IGL promoter
sites, respectively (Taub et al. 1982). Commonly
mutated genes include MYC, ID3, DDX3X, and
TP53 (Love et al. 2012; Richter et al. 2012;
Schmitz et al. 2012).

Post-GC and Marginal Zone B-Cell-Derived
Lymphomas

Differentiated B cells that do not develop into
plasma cells or memory B cells either undergo
apoptosis or migrate to the mantle zone and

6 Cite this article as Cold Spring Harb Perspect Med 2021;11:a034843
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marginal zones. These B cells may later differ-
entiate into plasma cells or monocytoid B cells.
Three types of lymphomas with distinct clinical
behaviors arise from these B cells; they include
nodal and splenic marginal zone lymphomas
(NMZLs and SMZLs, respectively), and MALT
lymphoma. NMZL manifests as peripheral
lymphadenopathy in the head and neck lymph
nodes. SMZL presents with splenomegaly with
bone marrow involvement and can be associat-
ed with autoimmune thrombocytopenia or ane-
mia. MALT lymphoma involvement is observed
in the stomach, ocular adnexa, or thyroid,
with involvement of multiple extranodal sites
observed. Although there is no hallmark trans-
location, t(14;18) (IGH-MALT1) leads to dereg-
ulation of MALT1 and is found in ocular adnexa,
orbit, and salivary gland sites (Clark et al. 1992).
The t(3;14) translocation (FOXP1-IGH) is asso-
ciated with deregulation of FOXP1I and is found
in thyroid, ocular adnexa, orbit, and skin (Streu-
bel et al. 2005).

Plasma cells represent terminally differenti-
ated post-GC B cells. Multiple myeloma is the
malignancy that arises from plasma cells. There
are likely intermediate B-cell stages between the
GC B cells and plasma cells as there are at least
two distinct malignancies that are characterized
by expression profiles intermediate between
these cell types. First, WM or lymphoplasma-
cytic lymphoma (LPL) is derived from cells
with plasmacytic differentiation. These cells
may arise from memory B cells that can undergo
differentiation to plasma cells outside GCs. Most
WM cases have a mutation in genes in the B-cell
receptor pathway including MYD88, CXCR4,
and CD79B (Treon et al. 2012; Hunter et al.
2014). A subset of DLBCLs, ABC DLBCLs, arise
from cells with an intermediate expression of
genes that distinguish GC cells from plasma cells
(Wright et al. 2003).

Primary Cutaneous Lymphoma

Primary cutaneous B-cell lymphoma (CBCL) is
characterized by its sole localization in the skin
at the time of diagnosis. CBCL consists of
indolent types including primary cutaneous
marginal zone B-cell lymphoma (PCMZL, 30%

Non-Hodgkin Lymphomas

of cases) and primary cutaneous follicle center
lymphoma (PCFCL, 48% of cases), and interme-
diate aggressive types such as primary cutaneous
diffuse large B-cell lymphoma (PCLBCL, 20% of
cases) (Willemze et al. 2005). These lymphomas
are mainly derived from mature GC B cells.
PCMZL arises as a tumor of marginal zone cells,
lymphoplasmacytoid cells, and plasma cells on
the trunk or extremities. PCFCL is characterized
by centrocytes and centroblasts in a follicular or
diffuse pattern on the head or truck. PCLBCL is
characterized by skin lesions, mostly on the legs.
These “leg-type” PCLBCLs resemble DLBCLs
that arise from lymph nodes in terms of their
cell of origin (Pham-Ledard et al. 2017). How-
ever, the origins of the immune cells that give
rise to cutaneous lymphomas remain obscure.

Immunodeficiency-Related Lymphomas

Immunodeficiency diseases, both primary dis-
eases caused by a genetic defect (PIDDs) and
secondary, are associated with a 10-fold in-
creased risk of lymphoma compared to the
general population (Mayor et al. 2018). This in-
creased lymphoma risk may be due to increased
susceptibility to viral illness (including Epstein—
Barr virus [EBV]), defective immune surveil-
lance, DNA repair defects, tumor-suppressor
gene defects, iatrogenic effects, or chronic in-
flammation (Gangemi et al. 2015; Mortaz et al.
2016). Ataxia telangiectasia, a disorder of DNA
repair with mutations in ATM, has the highest
rate of malignancy (mostly lymphoma) among
PIDDs (Mortaz et al. 2016). Interestingly, ATM
is also frequently mutated in a number of differ-
ent lymphomas including DLBCL and CLL.
Common variable immunodeficiency, Wis-
kott-Aldrich syndrome, and severe combined
immunodeficiency (SCID) are other PIDDs as-
sociated with a higher risk for lymphomas.
Lymphomas in PIDD patients are often associ-
ated with poorer outcomes than those without
PIDDs.

HIV-AIDS, which results in immunodefi-
ciency from the selective depletion of CD4"
helper T cells, is known to have an increased
incidence of NHL and Hodgkin lymphoma
compared to the general U.S. population (Sea-
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berg et al. 2010). The most common types of
NHL seen in this population include DLBCL
and BL (Meister et al. 2018). Additional types
of NHL include Burkitt-like lymphoma, extra-
nodal MALT lymphoma, peripheral T-cell lym-
phoma (PTCL), primary effusion/body cavity
lymphoma, plasmablastic lymphoma of the
oral cavity, and polymorphic B-cell lymphoma
(Rubinstein et al. 2014). An important mecha-
nism in AIDS-related lymphoma development
is chronic infection with EBV and/or HHV8
leading to chronic B-cell stimulation and pro-
duction of a monoclonal B-cell population. EBV
infection is associated with DLBCL (30%), plas-
mablastic DLBCL (90%), and primary effusion/
body cavity lymphoma (100%). HHVS infection
is associated with 50% of plasmablastic lympho-
mas of the oral cavity. A patient’s risk of lym-
phoma and response to therapy are correlated
with the CD4 cell count, viral load, infections,
and treatment with combination antiretroviral
therapy (Meister et al. 2018).

Another state of secondary immunodefi-
ciency is that which occurs as a result of iatro-
genic immunosuppression to protect the graft
after a solid organ or hematopoietic stem cell
transplant (HSCT). Posttransplant lymphopro-
liferative disorders (PTLDs) comprise 20% of all
cancers that occur after solid organ transplanta-
tion and are rare complications of HSCT (Nagle
et al. 2017). Most cases of PTLD are due to EBV
infection (either following primary EBV infec-
tion or reactivation of a previous infection), al-
though PTLD can occur without the presence of
EBV (Martinez and Krams 2017; Nagle et al.
2017). Iatrogenic immunosuppression allows
EBV-induced B-cell proliferation and PTLD de-
velopment (Martinez and Krams 2017). The
main risk factors for PTLD include EBV status
of the recipient and the degree of immuno-
suppression, specifically T-cell suppression.
Therefore, treatment involves the reduction of
immune suppression (Nagle et al. 2017). It may
also involve the addition of the anti-CD20 anti-
body rituximab to control the proliferating
B cells. There is no accepted system for deter-
mining prognosis, although tumor monoclon-
ality, EBV negativity, and graft involvement are
thought to predict a poorer outcome.

THERAPEUTIC APPROACHES IN B-CELL
LYMPHOMA

Therapeutic Approaches and Promising
Clinical Trials

For the clinician, the initial general therapeutic
approach for the management of lymphoma is
determined by the aggressiveness of disease and
treatment intent. This guiding principle goes
back to the original attempts to classify lympho-
ma (Working Formulation) that classified
non-Hodgkin lymphomas as low-, intermedi-
ate-, or high-grade solely based on morpholog-
ical and clinical characteristics of the disease
(Robb-Smith 1982). Indolent, or slow-growing
lymphomas (CLL, FL, and others), are generally
considered incurable; the goal is to control the
disease and prevent complications like organ
dysfunction, cytopenias, malignant effusions,
and symptoms attributable to the disease. In
the absence of these problems, active observa-
tion is often pursued. In contrast, aggressive
lymphomas (BL, DLBCL, PTCLs, etc.) are treat-
ed with curative intent. Here, multi-agent che-
motherapy regimens are employed up front for
several cycles with the goal of obtaining a com-
plete response.

Lymphoma is a systemic disease. Although
lymphocytes are exquisitely sensitive to radia-
tion, radiation therapy is generally used in pa-
tients with localized disease in conjunction with
chemotherapy and/or immunotherapy. Pallia-
tive radiation for relief of symptoms caused by
bulky tumors remains an effective, if short-lived,
therapy for patients.

Although aggressive B-cell lymphomas gen-
erally respond well to multi-agent chemothera-
py, the complete response rate is far less in
aggressive T-cell lymphomas, in which relapses
are also more common. Therefore, some clini-
cians opt to give high-dose chemotherapy with
autologous stem cell transplant upon attaining
first complete remission in aggressive T-cell
lymphomas, although there are no randomized
data to support this practice.

The approach to subsequent line treatment
of lymphoma is also largely guided by the intent
to cure versus palliate. In large B-cell lympho-
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mas and Hodgkin lymphomas that have re-
lapsed or are refractory to first-line treatment,
second-line multi-agent chemotherapy is given,
and if response is attained, high-dose chemo-
therapy followed by autologous stem cell trans-
plantation is considered standard of care. This
approach offers the best chance for long-term
remission in second-line treatment. With
each subsequent relapse, the chance for long-
term complete remission with chemotherapy
decreases, and alternative small-molecule inhib-
itors, targeted agents, and cellular or immuno-
therapies may be used, even as the intent may
not be to attempt a cure. In indolent and ag-
gressive lymphomas alike, the optimal sequence
of subsequent line therapies is not defined and
is chosen based on urgency for disease con-
trol, toxicity profile, and patient or physician
preference.

The current WHO classification of lympho-
ma integrates immunohistochemical and mo-
lecular characteristics of disease in addition to
clinical and morphologic features. For example,
molecular features like MYC, BCL2, and BCL6
translocations are associated with particularly
aggressive disease, informing up-front treat-
ment decisions while providing prognostic in-
formation as long-term remissions are difficult
to obtain. Many clinicians tend to use more
aggressive chemotherapy regimens, particularly
in patients whose tumors manifest two or
more translocations (“double hit”) simultane-
ously.

Determination of cell of origin in aggres-
sive B-cell lymphomas by the Hans algorithm
may provide the clinician some biological basis
for selecting a subsequent line therapy for a
given patient, although the optimal treatment
for any given molecular subtype of lymphoma
remains to be defined. Therefore, there is am-
ple room for consideration of clinical trial op-
tions in the up-front treatment of high-risk
disease or subsequent treatment of refractory
disease. Outside of clinical trials, novel ap-
proaches using immune checkpoint blockade
and chimeric antigen receptor modified
T cells are appropriate in the relapsed or re-
fractory setting after failing two lines of sys-
temic therapy.

Non-Hodgkin Lymphomas

Chemotherapy

The most common treatment for NHL contin-
ues to be combination chemotherapy. Many of
the compounds used in these therapies leverage
the cytotoxic stress of DNA damage in the rap-
idly proliferating cancer cells in order to prefer-
entially eliminate them. Alkylating agents (e.g.,
cyclophosphamide) and platins (e.g., cisplatin)
form DNA cross-links that exploit the impaired
ability of cancer cells to repair and replicate
DNA with these genetic lesions. Purine analogs
(e.g., fludarabine) act both as an antimetabolite
of purines and as a DNA synthesis inhibitor
once integrated into DNA. Pyrimidine antime-
tabolites (cytarabine) act in a similar manner to
inhibit DNA synthesis at the incorporated base.
Other antimetabolites (e.g., methotrexate) tar-
get folate metabolism that is required for the
production of DNA/RNA bases and thymidy-
lates (Rajagopalan et al. 2002). Anthracycline
compounds (e.g., doxorubicin) intercalate into
DNA, preventing topoisomerase II progression
as well as evicting histones from transcription-
ally active regions of the genome (Pommier et al.
2010; Pang et al. 2013). Vinca alkaloids (e.g.,
vincristine) are also effective in many lympho-
mas, inhibiting microtubule formation and thus
disrupting mitosis. Many combination thera-
pies for lymphoid neoplasms contain a cortico-
steroid agent (e.g., prednisone) that leverages
the immunomodulating effects of the glucocor-
ticoid pathway within the tumor cells.

Patients with NHL are typically treated with
a combination of these chemotherapeutic
agents. Common treatment regimens include
CHOP (cyclophosphamide, doxorubicin, vin-
cristine, and prednisone) and EPOCH (eto-
poside, prednisone, vincristine, cyclophospha-
mide, and doxorubicin). Escalated regimens
for refractory or aggressive tumors include hy-
per-CVAD  (cyclophosphamide, vincristine,
doxorubicin, dexamethasone, methotrexate,
and cytarabine) and DHAP (dexamethasone,
cytarabine, and cisplatin). Many chemotherapy
regimens are augmented with rituximab and/or
targeted immunotherapy. Rituximab is an anti-
CD20 monoclonal antibody that, when admin-
istered in conjunction with chemotherapy, is an
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effective component of curative standard care for
B-cell lymphoma patients (>85% of all NHL pa-
tients) (Weiner 2010). Rituximab induces killing
of CD20" cells via multiple mechanisms includ-
ing complement-mediated cytotoxicity and an-
tibody-dependent cell-mediated cytotoxicity.

Brentuximab is an anti-CD30 antibody that
is administered conjugated to a chemotherapeu-
tic drug via protease-cleavable linker (Bhatt et al.
2013). This complex, brentuximab vedotin, can
be used to treat some T-cell lymphomas in con-
junction with CHOP or as an alternative treat-
ment if lymphoma persists after utilizing other
treatment options. Upon binding the CD30 an-
tigen, brentuximab vedotin is internalized and
transported to lysosomes, where the chemother-
apeutic agent is released and binds to tubulin,
causing cell cycle arrest and apoptosis.

Although these standard therapies are effec-
tive for a majority of patients, drug resistance and
disease relapse in the remaining patients lead to
poor clinical outcomes. Drug resistance can be
intrinsic, treatment-acquired, or tumor micro-
environment-mediated (for review, see Camicia
etal. 2015). Major avenues of therapy resistance
that arise via these mechanisms involve up-reg-
ulation of anti-apoptotic proteins (e.g., BCL2),
down-regulation of pro-apoptotic factors (e.g.,
BAX), and down-regulation or mutation of
drug targets (e.g., CD20). Disease relapse can
arise from a clone that diverged either early or
late from the dominant clone. Alterations that
mediate immune evasion have been associated
with relapse (Jiang et al. 2014). Resistant patients
and the extreme side effects of treatment call for
new, more effective treatment options to be add-
ed to the current treatment regimens.

Targeted Therapies

One of the promising avenues of targeted ther-
apies in NHL is targeting endogenous and
altered signaling pathways within the tumor. Re-
current genetic alterations indicate critical genes
and pathways that drive the disease. Targeting
these critical pathways with small molecules
deprives the cancer cells of required signaling
without the global off-target effects of other che-
motherapy types such as genotoxic agents (Fig. 3).

There are several notable signaling pathways
that are shared to differing degrees by NHLs.
These include the JAK-STAT pathway, which
is critical for lymphoid cell formation and dif-
ferentiation and is a primary driver of activating
signaling via cytokines (Liao et al. 2011). Con-
stitutive STAT3/STATS5 activation is a feature of
a number of different lymphoid malignancies
(Migone et al. 1995; Buettner et al. 2002).
JAK?2 inhibition with ruxolitinib is currently in
clinical trials in a number of lymphomas (Lee
et al. 2018).

The major signaling networks in both B and
T cells are modulated by surface immunoglob-
ulin receptors that, once activated, generate
powerful signaling cascades that induce growth,
proliferation, and differentiation. The natural
function of these immune cells requires an abil-
ity to rapidly divide upon antigen stimulation
and then recede upon antigen clearance. Activa-
tion of the B-cell receptor (BCR) pathway is crit-
ical in B-cell neoplasms as it circumvents poised
apoptosis of the unstimulated state (Lam et al.
1997). The BCR pathway contains a series of
critical kinase nodes (SYK, PI3K, CD79A, and
BTK) that are essential for proper BCR activa-
tion and have become important therapeutic
targets (Seda and Mraz 2015). The Bruton’s ty-
rosine kinase (BTK) inhibitor ibrutinib was
shown to be effective in MCL and CLL, but other
B-cell malignancies have not been as responsive,
suggesting that more refined drugs or different
signaling nodes should be targeted in these cas-
es. Upstream in the signaling cascade, SYK has
also been a target to disrupt tonic BCR signaling
that drives lymphoma. Fostamatinib was devel-
oped as a potent SYK inhibitor and has shown
response in a variety of NHL patients. The effi-
cacy of these types of drugs demonstrate a path
for disrupting the tonic endogenous growth sig-
nals that sustain lymphoma.

Further down the signaling cascade, both the
B- and T-cell receptors signal through PI3K and
NF-kB. Dysregulation of the PI3K pathway has
been described in several lymphoid malignan-
cies including Hodgkin lymphoma, MCL, and
FL (Psyrri et al. 2009; Meadows et al. 2012; Ya-
hiaoui et al. 2014). Idelalisib, a potent PI3K$
inhibitor, was shown to be effective in preclinical
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Figure 3. Targetable signaling pathways in non-Hodgkin lymphoma. Targetable nodes with clinically available
small molecule inhibitors are ringed in red. BCR, B-cell receptor; SYK, spleen tyrosine kinase; BTK, Bruton’s
tyrosine kinase; PI3K3, phosphoinositide 3-kinases delta; NICD, Notch intracellular domain; JAK, Janus kinase;

IKK, IxB kinase; HDAC, histone deacetylase.

models at not only reducing tonic BCR signal-
ing, but also modulating the tumor microenvi-
ronment to be less tumor-supporting (Hoellen-
riegel et al. 2011). As a monotherapy, idelalisib
was very effective in refractory patients; howev-
er, in combination, serious side effects halted
further trials. DLBCL has been shown to be
NF-kB-dependent, with mutations in genes
such as CARDI1 leading to constitutive NF-xB
activation, making these related nodes attractive
targets for targeted therapies (Davis et al. 2001;
Milhollen et al. 2010; Staudt 2010).

Notch pathway mutations and dysregula-
tion have been observed in many lymphoma
subtypes, including DLBCL, SMZL, FL, MCL,

and PTCL (Karube et al. 2014). Many of these
changes involve loss of the PEST domain that
regulates NOTCH degradation, leading to in-
creased protein half-life and thus activity and
related downstream signaling. The major target-
able component of this pathway is y-secretase;
however, no clinical trials focused on lymphoma
have been performed thus far.

The histone methyltransferase EZH2 is re-
currently mutated in both DLBCL and FL
(Morin et al. 2010; Bodor et al. 2011; Béguelin
et al. 2016; Reddy et al. 2017). Interestingly,
EZH?2 mutations are largely gain-of-function al-
terations that impair the normal course of B-cell
differentiation. In particular, the Y641 amino
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acid is a hotspot for missense mutations that
result in increased levels of H3K27me3. A recent
phase 1 trial of the inhibitor tazemetostat exhib-
ited promising clinical response in patients with
relapsed or refractory B-cell lymphomas (Ital-
iano et al. 2018). EZH2 inhibitors might also
be combined with HDAC inhibitors to relieve
transcriptional repression of key target genes
(Lue et al. 2019).

Whereas targeted therapies offer the ability
to single out specific pathways that lymphomas
rely on for growth and cell death escape, there is
much to learn about translating the genetic and
experimental findings into effective therapies.
Unraveling the genetics provides a critical first
step to this understanding.

Immunotherapy

Immunotherapy presents a highly promising
new method for treating lymphomas. Immuno-
therapy consists of multiple approaches, chiefly
(1) checkpoint inhibitor therapy, (2) chimeric
antigen receptor (CAR) T-cell therapy, and (3)
bispecific T-cell engager (BiTE) therapy.

Checkpoint inhibitor therapy targets pro-
teins found on the surface of T cells or anti-
gen-presenting cells that act to dampen T-cell
activity in a normal immune response. Al-
though this approach has proven to be effective
in solid tumors and in Hodgkin lymphoma, the
results in NHL have been disappointing. Ongo-
ing work will help delineate the potential appli-
cation of these therapies.

On the other hand, CARs are genetically
engineered immune receptors that consist of a
single peptide-containing V-heavy chain and
V-light chain segments connected to an intra-
cellular signaling chain. T cells are expanded
from peripheral blood mononuclear cells
(PBMCs) collected from patients, then trans-
duced to express CARs targeting a tumor-asso-
ciated antigen (TAA) of choice. One of the most
widely used and most effective TAAs is CD19,
which is widely expressed on NHLs. Early CAR
T-cell clinical trials have demonstrated a striking
degree of efficacy in patients, even as further
advancements are needed to improve efficacy
and reduce toxicity.

BiTE therapy also seeks to promote T-cell
activity against tumor cells. As their name im-
plies, BiTE antibodies bind two antigens simul-
taneously, generally the CD3 component of the
T-cell receptor and a tumor antigen, resulting in
T-cell activation and target cell lysis. To date,
BiTE antibodies targeting CD19 (blinatumo-
mab) and CD20 (e.g., mosunetuzumab) have
been developed to treat B-cell malignancies. Bli-
natumomab is approved for relapsed/refractory
acute lymphoblastic leukemia, but the severity of
side effects, short half-life, and the advent of
anti-CD19 CAR-T therapy have hindered its
widespread adoption in NHL (Bacac et al.
2018; Yu et al. 2019). CD20-targeting BiTE an-
tibodies with longer half-lives are still in early
phases of investigation, although results have
been promising (Chu et al. 2014; Sun et al.
2015; Schuster et al. 2019).

Much work is still needed in understand-
ing the appropriate duration, intensity, and se-
quencing of different approaches in the appro-
priately risk-stratified patients with NHLs.

MODELING LYMPHOMAS

Preclinical models of cancer are essential tools
that have furthered our understanding of the
disease. These models allow for investigation
of tumor biology and disease progression, eval-
uation of drug targets, and development of ef-
fective treatment strategies. There are currently
three main approaches to model lymphomas,
each representing a different set of trade-offs
in recapitulating the complete tumor pheno-
types: cell lines, patient-derived xenograft mod-
els (PDXs), and genetically engineered mouse
models (GEMMs) (Fig. 4).

Cancer cell lines are derived by in vitro im-
mortalization of lymphoma patient-derived tu-
mor cells. As such, cancer cell lines represent the
complete genotype of the tumor, in a way that is
hard to achieve in engineered models. Many
established lymphoma cell lines have well-char-
acterized genetic alterations and cytogenetics,
providing a platform to assess various genomic
pathways. They allow for rapid and economical
testing of therapeutic approaches and predic-
tions of treatment efficacy. Cell lines, however,

12 Cite this article as Cold Spring Harb Perspect Med 2021;11:a034843



Cold Spring Harbor Perspectives in Medicine

CSH

PERSPECTIVES

www.perspectivesinmedicine.org

Non-Hodgkin Lymphomas

Applications Limitations
Cancer cell lines . . ) . .
* Easy to acquire, propagate, and  Inability to recapitulate microenvi-
manipulate ronment limits translational power
_\ * Relatively less costly, quick results * Genetic drift over multiple passages

» Useful for preliminary testing of
therapeutic approaches and prediction
of treatment efficacy

PDX mouse models

Patient-derived tumor cells * Reflect heterogeneity of tumors * Fail to model tumor-immune
transplanted into immuno- * Preserve molecular, genetic, and interactions
compromised mice 7 4 histological features of tumors of origin ¢ Tumor not autochthonous

* Faster to generate compared to ¢ Immunocompromised mice
transgenic mice, no genetic require extra supportive care
manipulation

* Easy to measure effect of treatment on
tumor and predict patient response

* Humanized mice enable onco-
immunological studies

PDX mice
Transgenic mouse models
Transgene
s © Autochthonous tumor ¢ Requires prior knowledge of driver
¢ Highly informative for onco-immuno- genes
logical studies * Expensive and time-consuming to
* Allow research into early stages of generate new strains
. L tumor development and progression ¢ Less practical for modeling highly
Germline transgenic mice « Intratumor heterogeneity can be heterogeneous diseases (e.g., DLBCL)
observed * Tumors may take months to arise
* Control over temporal and spatial (especially for indolent diseases)
expression of transgene (conditional ¢ Transgene is expressed throughout
transgenic) more closely mimics embryonic development, hence
human disease may not be a good model for adult
¢ CRISPR-Cas9 technology allows cancers

precise and rapid genetic manipulation

Transgene expression is temporally
regulated (e.g., with drug-inducible
promoters)

Conditional
transgenic mice

&Y

o0
Transgene expression is spatially

controlled (e.g., with tissue-specific
promoters)

Figure 4. Lymphoma models. Cell culture, patient-derived xenograft (PDX), and transgenic mouse models are
used to model lymphomas in the research and clinical settings.
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have a limited ability to translate findings to
clinical practice because of their unregulated
growth outside a normal tumor microenviron-
ment, which can result in genetic divergence
from the primary tumors of origin. Cell lines
also lack the ability to model interactions with
the surrounding stroma normally present with-
in the microenvironment, which currently can
only be replicated in vivo.

Some of these limitations are overcome in
PDX mouse models, which are generated by im-
planting patient-derived tumor cells into immu-
nocompromised mice. Propagation of PDXs
does not require in vitro manipulation and has
been shown to maintain the same biological,
genetic, and histopathological features as the tu-
mor of origin (Zhang et al. 2017). As such, PDXs
have been used to predict drug response in pa-
tients and for confirming in vitro findings.
Transplanted cells may take up to several
months to engraft after implantation, and sup-
portive care is needed for the maintenance of
immunocompromised mice. Nevertheless, xe-
nografts can be generated more rapidly than
transgenic mice. A major drawback of xeno-
grafts is that due to the compromised immune
system of host mice, treatment strategies such as
immunotherapy cannot be evaluated. This lim-
itation has spurred the development of human-
ized mice in which human hematopoietic stem
progenitor cells (HSPCs) are co-transplanted
with genetically manipulated cells or tumor cells
into immunocompromised mice (Choi et al.
2018). These human HSPCs repopulate the
host immune system, enabling investigations
into tumor-immune system interactions. Al-
though generation of humanized mice can be
more time-consuming and expensive than tra-
ditional xenograft models, they may be more
informative as they closely recapitulate the hu-
man disease and allow study of the tumor mi-
croenvironment.

Generation of GEMMs primarily involves
introduction of “knock-out” mutations or
“knock-in” of target genes into immunocompe-
tent mice to study loss of function and gain of
function, respectively. Germline transgenic mice
express the transgene at all developmental stages
and in all tissues. However, such systems may

not accurately model adult cancers and may lead
to embryonic lethality. Incorporation of specific
gene-regulatory elements, such as drug-induc-
ible and cell/tissue-specific promoters, allows
for temporal or tissue-specific control of trans-
gene expression. The advent of CRISPR-Cas9
technology has improved generation of in vivo
models. CRISPR-Cas9 allows more rapid intro-
duction of gene mutations in mouse zygotes,
especially in situations with multiple target
genes of interest (Wang et al. 2013; Aida et al.
2015). CRISPR-Cas9 editing also allows the mu-
tated gene to remain under the control of its
endogenous promoter. Newly developed Cas9
base editors allow investigators to make precise
nucleotide changes and model hotspot or inter-
genic point mutations (Zafra et al. 2018). As the
CRISPR-Cas9 toolbox expands, investigators will
have more tools with which to model hematolog-
ic malignancies with increasing accuracy.

THE “HETEROGENEITY PROBLEM”
IN LYMPHOMA

In spite of steady progress over the past decades
in our understanding of the biology of lympho-
mas, the frontline therapies for most lympho-
mas have remained unchanged. A major reason
for the lack of progress in these cancers is the
biologic heterogeneity that underlies each lym-
phoma type. This problem is exemplified in the
most common lymphoma, DLBCL.

DLBCLs have been extensively characterized
to identify molecular subgroups and genomic
correlates of prognosis following standard ther-
apy. Gene expression profiling has revealed
many competing approaches for classification
(Kuze et al. 2000; Ando et al. 2002; Lossos
et al. 2003; Rimsza et al. 2004; Hans et al.
2005; Natkunam et al. 2008)—two of the most
widely cited include those based on cell of origin
(Alizadeh et al. 2000) and those based on host
response, B-cell receptor, and tumor metabolic
states (Monti et al. 2005). The clinical applica-
tion of these approaches has remained limited,
even a decade after their initial description.

The advent of next-generation sequencing
has provided a powerful approach to incorpo-
rate genetic alterations into prognostic models
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Table 2. Recently published next-generation sequencing (NGS) studies of diffuse large B-cell lymphoma

(DLBCL)
References Reddy et al. 2017 Schmitz et al. 2018 Chapuy et al. 2018
Number of samples 1001 574 304
Paired tumor/normal 401 0 167

samples
Percentage FFPE 95% 0% 50%

samples
Data types Exome-seq, RNA-seq, Exome-seq, RNA-seq, aCGH  Exome-seq, targeted

CRISPR screen sequencing
Survival time Overall survival Overall survival, progression-  Progression-free
free survival survival

Predictor type Survival predictor Supervised clustering Supervised clustering
Number of subgroups 3 4 5

FFPE, formalin-fixed paraffin-embedded; aCGH, array comparative genomic hybridization.

and subgroups. More than 100 genetic drivers
have been described in DLBCL, with the average
tumor comprising five to 10 distinct events si-
multaneously. Thus, no two patients appear to
manifest identical sets of mutations, confound-
ing our ability to subgroup patients and present-
ing daunting power calculations for samples
needed to effectively discern the prognostic ef-
fects of diverse mutations.

The relatively high prevalence of DLBCL has
enabled several landmark studies that used com-
plementary approaches to understand the het-
erogeneity underlying survival differences in
DLBCL (Table 2). There are two distinct ap-
proaches to genomic survival modeling in can-
cers including lymphoma. The first approach
treats survival as a continuous variable that is
modeled on individual mutations and critical
expression features (e.g., MYC, BCL2, and cell
of origin). The second approach treats survival
as a reflection of underlying discrete subgroups
with characteristic alterations that have distinct
survival outcomes. The latter approach is par-
ticularly attractive because it enables us to con-
sider such subgroups as the minimal entity to
focus on for disease modeling and therapeutic
targeting.

The first approach of treating survival as a
continuous variable was utilized in a study of
1001 patients with DLBCL that showed that
combinatorial blending of different genomic
features generated very strong effects on overall
patient survival. The second approach of treat-

Cite this article as Cold Spring Harb Perspect Med 2021;

ing survival as a function of distinct subgroups
of genetic alterations was adopted by two differ-
ent studies summarized in Table 2. Both studies
were based on highly supervised approaches to
analysis with somewhat different assumptions
with relatively little overlap in the subgroups
described between the two studies. The first
study described five subgroups that collectively
describe all 304 patients (i.e., no unclassified
cases). The second study described four sub-
groups that collectively comprised fewer than
one-half the patients with the remainder be-
ing unclassified. These subgroups offer a differ-
ent window into DLBCL biology by highlighting
mutually exclusive genetic events. Importantly,
these described subgroups are themselves het-
erogeneous. Existing survival factors such as
BCL2, MYC, cell of origin, EBV status, and
many others remain prognostic within these
subgroups, suggesting considerable molecular
and clinical heterogeneity within these sub-
groups.

Interestingly, the issue of clinical and genetic
heterogeneity has been studied in acute myeloid
leukemia (AML) in large studies (Papaemma-
nuil et al. 2016; Gerstung et al. 2017). These
studies have demonstrated that survival is better
understood as a large set of combinatorial ef-
fects, rather than a few dominant subgroups. It
appears that, in terms of overall survival, DLBCL
shares this critical feature with AML. Ultimately,
the utility of all survival models can only be
established clinically.
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CONCLUSION

Lymphomas collectively represent the fourth
most common group of cancers and are a lead-
ing cause of cancer mortality. B-cell lymphomas
represent a strikingly diverse group of malig-
nancies that are best understood in the context
of lineage. Recent work has given us greater in-
sight into the molecular composition of these
tumors. The coming years hold great promise
for translating that knowledge into better clini-
cal outcomes.
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