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Epidemiology and Etiology
of Non-Hodgkin Lymphoma

Brian C.-H. Chiu and Ningqi Hou

Abstract

Non-Hodgkin lymphoma (NHL) consists of many histologically and biologi-
cally distinct lymphoid malignancies with poorly understood, but possibly
distinct, etiologies. The patterns of incidence and time trend vary not only by
age, sex, and race/ethnicity in the USA, but also show significant geographic
differences, suggesting the potential role of infectious agents, environmental
factors, and lifestyle factors in addition to host genetic status in the development
of NHL. Important pathogenetic mechanisms include immune modulation and
chronic antigen stimulation. Epidemiologic studies in the past two decades have
provided intriguing new insights on the possible causes of lymphoma and
support the idea that there is some mechanistic commonality of lymphomagen-
esis, but significant etiologic heterogeneity clearly exists. This review presents a
summary of the current understanding of the descriptive epidemiology and
etiology of NHL and suggests areas of focus for future epidemiologic research.
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1 Introduction

Non-Hodgkin lymphomas (NHL) account for about 4.2 % of new cancer diagnoses
in the USA [1]. It is the seventh most commonly diagnosed cancer in both men and
women in the USA [2], with approximately 70,800 new cases (38,270 men and
32,530 women) expected in 2014 [1]. NHL is a heterogeneous group of malig-
nancies that arises from two distinct lymphocyte types, B or T lymphocytes, at
various stages of differentiation [3]. While 60–75 % of NHL develops or presents in
the lymphoid tissues, such as lymph nodes, spleen, and bone marrow, it can occur
in almost any tissue and ranges from the more indolent follicular lymphoma to the
more aggressive diffuse large B-cell and Burkitt’s lymphomas [4]. Incidence rates
of NHL almost doubled between 1970 and 1990, but have stabilized since the late
1990s among general populations [2, 5]. The increases have been more pronounced
in whites, males, the elderly, and those with NHL diagnosed at extranodal sites.
Patterns of occurrence and intensive research efforts in the past two decades
strongly suggest the role of environmental effects and considerable etiologic vari-
ation among NHL subtypes. This review presents the descriptive epidemiology of
NHL and summarizes current knowledge about the possible etiology of NHL, with
a focus on NHL subtypes for which data are available.

2 Descriptive Epidemiology

2.1 Histologic Classification and Disease Sites

NHL is presently classified according to the fourth edition of the World Health
Organization (WHO) classification of tumors of hemopoietic and lymphoid tissues
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that distinguishes between precursor and mature neoplasms corresponding to stages
of differentiation [3]. Approximately 85–90 % of all lymphomas arise from B
lymphocytes and the remainder derives from T lymphocytes or NK lymphocytes
[3]. The two most common types of NHL are diffuse large B-cell lymphoma
(DLBCL) and follicular lymphoma, accounting for approximately 35 and 20 % of
all lymphomas, respectively (Fig. 1) [2, 3, 6]. Nodal disease accounted for
approximately 65–70 % of all lymphomas in the USA [2]. The incidence of ex-
tranodal disease has increased rapidly during the 1980s and early 1990s and is now
accounts for 20–30 % of all cases, with the most common sites of origin the skin,
the gastrointestinal tract, and the central nervous system [2, 6–8].

2.2 Incidence

The annual incidence rate of NHL from 2007 to 2011, estimated from the Sur-
veillance, Epidemiology, and End-Results (SEER) Program of the National Cancer
Institute, was 19.7 cases per 100,000 persons, and it increased exponentially with
age (9.3 per 100,000 persons under 65 years and 91.5 per 100,000 persons age

Fig. 1 Incidence Rates of NHL subtypes in the USA, 2000–2011, Surveillance, Epidemiology,
and End-Results Program (Surveillance Research Program, National Cancer Institute SEER*Stat
software (www.seer.cancer.gov/seerstat), Version 8.1.5. Surveillance, Epidemiology, and End
Results (SEER) Program (www.seer.cancer.gov) Database: Incidence-SEER 18 Registries
Research Data, Nov 2013 Submission (2000–2011)
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65 years and older) [2]. The overall incidence of NHL is about 50 % higher in men
(23.9 per 100,000) than in women (16.4 per 100,000) in the USA [2], and this
increased risk for men is seen in other countries as well [2, 6]. Male predominance
in incidence was seen in most histologic subtypes with Burkitt lymphoma and
mantle cell lymphoma exhibited the most marked excess among men (men vs.
women rate ratios of 4 and 3, respectively) [6, 9]. The overall NHL incidence rates
remained largely unchanged during 2001–2010 among women, but increased at the
rate of 0.5 % per year among men.

In the USA, the incidence of NHL varies by race/ethnicity, with non-Hispanic
whites (21 per 100,000 persons) at higher risk than blacks (14.3 per 100,000),
Asian/Pacific Islanders (13.1 per 100,000) and Hispanics (17.8 per 100,000) during
2007–2011 [2]. Most histologies, particularly low-grade lymphoma and follicular
lymphoma, are more common in whites than in blacks [9]. Only peripheral T-cell
lymphoma (PTCL), mycosis fungoides, and Sezary syndrome are more common in
blacks than in whites. There is also substantial variation in both incidence and
histologic subtypes around the world. NHL is most common in developed coun-
tries, with the USA and Australia having one of the highest rates worldwide,
followed by Europe (Fig. 2) [10]. In contrast, incidence rates are generally lowest in
eastern and southern Asia (2–3 per 100,000). There are also marked differences in
the distribution of lymphoma subtypes across geographic regions. Compared with
North America and Western European countries, Asian countries tend to have
higher incidences of mature T-/natural killer (NK)-cell lymphomas and extranodal
marginal zone B-cell lymphoma of mucosa-associated lymphoid tissue type
(MALT lymphoma) and lower rates of follicular lymphoma, CLL/SLL, and
Hodgkin lymphoma [11–15]. This geographic and racial/ethnic heterogeneity
suggest that infectious, environmental, and lifestyle factors are important in addi-
tion to host factors in the etiology of certain subtypes of NHL [8, 16, 17].

2.3 Time Trends

The incidence of NHL has changed substantially in the past four decades in both the
USA (Fig. 3) and in other countries [2, 6, 8, 18]. In the USA, the incidence almost
doubled between 1970 (10.2 per 100,000) and 1990 (18.5 in 1990), and the increase
has been more pronounced in whites, males, the elderly, and those with NHL
diagnosed at extranodal sites [5, 7, 8]. Some of this increase may be due to
improved diagnostic techniques, effect of the human immunodeficiency virus (HIV)
epidemic, and immunosuppressive therapies. While the overall incidence rates
stabilized between 1995 and 2010 (about 19 per 100,000), NHL rates among HIV-
unaffected individuals increased 1.4 % per year during 1992 and 2003, before
stabilizing in mid-2000s [19]. This slow increase of NHL incidence in HIV-unaf-
fected individuals is largely unexplained.

Studies have reported diverse trends by NHL subtypes (Fig. 3). From 1992 to
2001, DLBCL and follicular lymphoma increased 1.4 and 1.8 % per year,
respectively, whereas rates of CLL/SLL declined 2.1 % per year. The rates for
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DLBCL and follicular lymphoma in the general population appear to have stabi-
lized since mid-2000s, independent of HIV [19]. During 2002–2011, incidence
rates increased significantly for marginal zone lymphoma (1.7 % per year) and
mantle cell lymphoma (1.7 % per year), with white elderly men seeing the most

Fig. 2 Incidence and mortality of NHL in different parts of the world (Ferlay J, Soerjomataram I,
Ervik M, Dikshit R, Eser S, Mathers C, Rebelo M, Parkin DM, Forman D, Bray, F. GLOBOCAN
2012 v1.0, Cancer Incidence and Mortality Worldwide: IARC CancerBase No. 11 [Internet].
Lyon, France: International Agency for Research on Cancer; 2013. Available from: http://
globocan.iarc.fr, accessed on day/month/year)
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Fig. 3 Incidence rates of overall NHL and main histologic subtypes in the USA, 1973-2011,
Surveillance, Epidemiology and End-Results Program (Surveillance Research Program, National
Cancer Institute SEER*Stat software (www.seer.cancer.gov/seerstat), Version 8.1.5. Surveillance,
Epidemiology, and End-Results (SEER) Program (www.seer.cancer.gov) SEER*Stat Database:
Incidence-SEER 9 Registries Limited-Use Data, Nov 2013 Submission (1973–2011)
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striking increase [2, 20–22]. These time trends are difficult to assess due to the
recent recognition of these two entities as distinct subtypes.

Primary extranodal disease has increased more rapidly than nodal disease since
the 1970s [7, 23]. Incidence rates increased 3.0–6.9 % per year for extranodal cases
compared to only 1.7–2.5 % per year for nodal cases, with the largest increase
occurring in the brain and other areas of the central nervous system (224 %). The
increase in extranodal lymphomas is, in part, a consequence of improved diagnostic
tools and the application of modern immunophenotypic and molecular methods
[24]. Although primary central nervous system lymphomas are rare, there has been
a threefold increase in incidence. The dramatic increase in NHL of the central
nervous system warrants investigation, although the rates have begun to decrease
since the mid-1990s [25], most likely due to the decline in the incidence of acquired
immunodeficiency syndrome (AIDS) [26].

Intensive research efforts have been made in the past two decades to understand
factors that might account for the incidence patterns and trends. This effort is
strengthened by the initiation of several consortia, such as a large International
Lymphoma Epidemiology Consortium (InterLymph) and the EPILYMPH study in
six European countries that have allowed a detailed examination of NHL subtype-
specific association and the potential for etiologic heterogeneity as well as the
assessment of less prevalent exposures [27–30]. The following section will review
some of the established and postulated risk factors for the development of NHL
with an emphasis on epidemiologic findings reported in the past two decades.

3 Etiology

3.1 Immune Modulation

Congenital and acquired states of immunosuppression are the strongest factor
known to increase NHL risk [31]. These conditions include ataxia-telangiectasia,
Wiskott-Aldrich syndrome, common variable hypogammaglobulinemia, X-linked
lymphoproliferative syndrome, and severe combined immunodeficiency [32].
Epstein-Barr virus (EBV) appears to be an important cofactor, and host defects in
immune regulation resulting in uncontrolled infection and proliferation of B-lym-
phocytes likely contribute to the development of NHL.

Acquired immunodeficiency states such as HIV infection are associated with 75-
to 100-fold increased risk of NHL compared with the general population [19, 33],
although recent data in the post-HARRT (highly active antiretroviral therapy) era
suggest it has decreased [34, 35]. These NHLs are usually high-grade and often
present with extranodal disease. Increased risk varied by NHL subtypes, ranging
from 30-fold, 50-fold, and 1020-fold for DLBCL, Burkitt lymphoma, and central
nervous system lymphoma, respectively [34]. The occurrence of NHL in HIV-
infected persons has been attributed to deficient immune surveillance of oncogenic
herpesviruses, such as EBV and human herpesvirus 8, as well as defective immune
regulation and chronic antigenic stimulation due to other infections [36].

Epidemiology and Etiology of Non-Hodgkin Lymphoma 7



Patients who are treated with immunosuppressive drugs following solid organ
transplant or hematopoietic stem cell transplant are at substantially increased risk
(30–50 times) for NHL [37–39], particularly during the first year after transplant [40,
41]. The risk varied widely across subtypes and appeared markedly elevated for
DLBCL, marginal zone lymphoma, lymphoplasmacytic lymphoma, and NK/T-cell
lymphoma [37–39]. Chronic antigenic stimulation induced by the graft and signif-
icant immunosuppression associated with EBV infection are the probable mecha-
nisms. Polyclonal or monoclonal B-cell proliferations are seen in transplant patients,
but these often regress when immunosuppressive therapy is stopped. However, the
proliferation may persist and evolve into an aggressive NHL. Loss of control of
persistent EBV infection caused by the immunosuppressive therapy appears to be
important to this process.

Patients who receive chemotherapy and/or radiation are also at increased risk for
developing subsequent secondary NHL [42, 43]. In the SEER database, NHL risk
was increased after initial radiotherapy for all solid cancers combined, non-small
cell lung cancer, and prostate cancer [42]. Risk increased with longer latency after
radiotherapy, but there was no clear pattern by NHL subtype or age.

Epidemiologic studies concerning a history of blood transfusion and the sub-
sequent development of NHL have produced contradictory findings. A meta-
analysis including 14 studies showed that blood transfusion was associated with a
20 % increase in the risk of NHL overall that was limited to cohort studies [44]. The
association was similar for men and women as well as for transfusions given before
or after 1992. In contrast, case–control studies have demonstrated no association of
NHL with transfusion [45, 46]. A recent large pooled analysis from InterLymph
found an inverse association between transfusion history and risk of DLBCL [47],
follicular lymphoma [48], and CLL/SLL [49]. Bias cannot be ruled out because
these results are inconsistent with the hypothesis that the immunosuppressive
effects of allogeneic blood transfusion and infections caused by blood-borne
organisms would likely increase the risk of NHL [50].

An increased incidence of gastrointestinal lymphomas is seen in patients with
celiac (nontropical) sprue and inflammatory bowel disease, particularly Crohn’s
disease [5]. Sjogren’s syndrome has been associated with NHL overall, particularly
follicular lymphoma [48], DLBCL [51], marginal zone lymphoma [52, 53],
and lymphoplasmacytic lymphoma/Waldenstrom’s macroglobulinemia (LPL/WM)
[54]. Systemic lupus erythematosus and rheumatoid arthritis have also been asso-
ciated with B-cell lymphoma [53]. It remains unclear whether the excess risk is due
to immunosuppressive drugs to treat these autoimmune conditions or the condition
itself.

3.2 Viruses

Several viruses have been implicated in the pathogenesis of NHL, including EBV,
human T-cell lymphotrophic virus (HTLV-1), Kaposi sarcoma-associated herpes-
virus (KSHV, also known as human herpesvirus 8), and hepatitis C virus (HCV).
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3.2.1 Epstein-Barr Virus (EBV)
Infection with EBV is highly prevalent in the adult population, with approximately
90 % of individuals in developed countries having evidence of previous infection
by age 40 years [31]. In healthy individuals, equilibrium exists between latent EBV
infection and the host’s immune system. In immunocompromised patients (i.e.,
organ transplant and HIV infection), however, control mechanisms are impaired
which could lead to EBV-driven B-cell proliferation and ultimately the develop-
ment of B-cell lymphoma [18, 55]. EBV has been associated with Burkitt lym-
phoma (particularly in areas of Africa where the virus is endemic), Hodgkin
lymphoma, lymphoma in immunocompromised patients, sinonasal lymphoma in
Asia and South America, and sporadically in other NK/T-cell lymphomas (pre-
dominantly occurring in Asia) [31].

3.2.2 Human T-Cell Lymphotrophic Virus (HTLV-1)
HTLV-1 is a human retrovirus that establishes a latent infection via reverse tran-
scription in activated T-helper cells. Infection with HTLV-1, especially in early
childhood, is strongly related to adult T-cell leukemia/lymphoma in the Caribbean
and Japan, where infection is endemic [56]. The cumulative lifetime risk in infected
individuals is estimated to be approximately 5 % [57], suggesting a multistage
process of T-cell transformation and involvement of additional pathogenetic factors
[58]. An HTLV-1-like provirus has been detected in some patients with mycosis
fungoides, although findings have been inconsistent.

3.2.3 Kaposi Sarcoma-associated Herpesvirus (KSHV)
KSHV-like DNA sequences are frequently detected in primary effusion lympho-
mas, in patients with Kaposi sarcoma, and in those with multicentric Castleman
disease-plasmablastic lymphoma [6] . These herpesvirus 8 (HHV-8)-related NHL
subtypes are associated almost exclusively with HIV infection in settings of pro-
found immunosuppression, particularly primary effusion lymphomas [59]. It has
also been seen in the absence of immunodeficiency in areas of high HHV-8 sero-
prevalence, such as the Mediterranean [18].

3.2.4 Hepatitis C Virus (HCV)
Several studies have linked HCV to NHL, but results are not entirely consistent. A
positive association between HCV and B-cell NHL was found in some studies [60,
61], but not others [62, 63]. A study in Southern Italy showed a higher incidence of
HCV infection in high-grade NHL than in low-grade NHL [64], whereas other
studies report a higher incidence in low-grade NHL [61]. A meta-analysis of 18
studies found positive associations for both B- and T-cell NHL [65], while pooled
analyses of individual-level data in 20 case–control studies from InterLymph
reported excess risk for DLBCL [47], marginal zone lymphoma [52], CLL/SLL
[49], and LPL/WM [54], but not follicular lymphoma [48, 66]. EPILYMPH also
reported a positive association with DLBCL [67]. Geographic variability in HCV
seroprevalence may account for some of the inconsistency in that positive
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associations tend to be reported from geographical areas with high HCV sero-
prevalence such as Italy and Japan, whereas no associations were noted mostly in
studies from northern Europe, northern USA, or Canada where HCV seropreva-
lence is low [18].

3.3 Bacterial Infections

Chronic gastric infection with H. pylori has been linked to the development of low-
grade, gastric mucosa-associated lymphoid tissue (MALT) lymphoma [68, 69]. A
pooled analysis of 1,052 marginal zone lymphoma cases and 13,766 controls in 12
case–control studies from the InterLymph found a positive association between
self-reported peptic ulcers and risk of extranodal marginal zone lymphoma, but not
nodal or splenic marginal zone lymphoma [52]. Eradication of Helicobacter pylori
has been shown to result in the regression of MALT lymphoma [70]. Infection with
B. burgdorferi, the causative agent in Lyme disease, has been detected in about
35 % of patients with primary cutaneous B-cell lymphoma [71]. A near-complete
remission of a primary marginal zone B-cell lymphoma was observed after eradi-
cation of Borrelia burgdorferi with antibiotic treatment [72]. Studies have also
linked C. psittaci to ocular adnexal marginal zone lymphoma [73]. This infection,
however, is highly specific and does not reflect a subclinical infection widespread
among the general population [5]. Herpes zoster has also been associated with
Hodgkin lymphoma and NHL [74–76]. Findings on infectious agents are consistent
with the idea of chronic antigenic stimulation or inflammation in the pathogenesis
of NHL.

3.4 Lifestyle Factors

3.4.1 Tobacco
Cigarette smoking appears to have no association [77–79] or only a weak associ-
ation [80–82] with NHL. A meta-analysis of 50 studies reported that ever smoking
was associated with a higher risk of NHL, mainly because of the association with T-
cell NHL [83]. Some studies, however, have linked smoking with a higher risk of
follicular lymphoma [82, 84–86] and high-grade NHL including diffuse large B-cell
NHL [80, 82]. Pooled analyses of 20 case–control studies from the InterLymph
found that cigarette smoking was positively associated with risk of central nervous
system, testicular and cutaneous DLBCL [47], follicular lymphoma [48], LPL/WM
[54], and mycosis fungoides and Sezary syndromes (MF/SS) [87], but inversely
associated with risk of CLL/SLL [49] and hairy cell leukemia [88]. Because greater
smoking exposure was found to be associated with a higher frequency of t(14;18), a
translocation that occurs commonly in follicular lymphoma, in healthy individuals
[89], two studies specifically evaluated cigarette smoking and risk of t(14;18)-
positive NHL but found no clear association [90, 91]. A recent study suggested that
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while exposure to environmental tobacco smoke is not associated with NHL
overall, it was associated with a higher risk of follicular lymphoma for both children
and adults, and a lowered risk of DLBCL in adults [92].

3.4.2 Alcohol Use
Several epidemiologic studies have evaluated alcohol use and risk of NHL, but the
findings are not entirely consistent. Alcohol use has been linked to an increased risk
[93], a lower risk [94–98], or no effect on the risk of NHL [99]. Studies that
assessed the association by type of alcoholic beverages or by subtype of NHL have
also reported conflicting results. A large InterLymph NHL subtypes project [30]
found an inverse association between ever drinkers and risk of many subtypes of
NHL, including DLBCL [47], follicular lymphoma [48], marginal zone lymphoma
[52], peripheral T-cell lymphomas [100], and sporadic Burkitt lymphoma [101], but
most findings lack clear dose-response. The EPILYMPH study did not observe an
association for NHL overall or across histologic subtypes, but found an inverse
association in men [79].

3.4.3 Diet
The role of dietary intake and NHL risk has been reviewed elsewhere [102, 103].
Some studies found positive associations with intake of meat [104, 105], particu-
larly red meat [104, 106, 107], whereas no association was reported by others [108–
110]. Fish consumption has been associated with a lower risk of NHL [111, 112],
although null results were also reported [105, 106, 108]. There are multiple path-
ways through which meat intake might impact NHL risk, including modulating the
immune response through meat and its constituents (e.g., fat and protein), carcin-
ogens, and mutagens [104, 113]. An excess risk of NHL has been associated with a
higher intake of dietary fat, including total fat, animal fat, saturated fat, and trans
fatty acids [104–107, 111, 112]. Evidence for total and animal protein intakes was
less consistent. Findings on meat mutagens and NHL risk are also not entirely
consistent [107, 109]. One recent study reported that phytanic acid, a saturated fatty
acid obtained primarily through the consumption of ruminant meat and dairy
products, is positively associated with risk of NHL, especially follicular lymphoma
and CLL/SLL [114].

Dietary intake of fruit and vegetables has received great attention in the pre-
vention of NHL because antioxidants and other constituents in these foods are
thought to influence immune function and to inhibit oxidative processes involved in
carcinogenesis and cell proliferation [103, 115]. Epidemiologic studies have
reported inverse associations between the risk of NHL and a higher intake of all
vegetables combined [116, 117], green leafy vegetables [108, 116], or cruciferous
vegetables [116], but others have found no associations [104, 105, 118, 119] or
even a suggestive positive association with green leafy vegetables [118]. A recent
study found that higher circulating carotenoids prior to diagnosis are associated
with reduced risk of NHL [120].
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Dietary patterns and NHL risk were evaluated in one cohort [121] and one case–
control study [122]. The Multiethnic cohort reported that the vegetable pattern was
inversely related to risk in Caucasian women, whereas the fat and meat pattern
was associated with a fivefold higher risk of follicular lymphoma in men [121].
A population-based case–control study found that a dietary pattern high in meats,
fats, and sweets is associated with an increased risk of overall NHL, follicular
lymphoma, DLBCL, and marginal zone lymphoma [122].

3.4.4 Anthropometric Measures
Obesity is associated with chronic, low-grade inflammation, and specific immune
modulations including changes in cytokine profiles that may predispose to NHL
[123]. Several studies have found a significant positive association between obesity
and NHL risk [96, 124, 125], whereas others reported null associations with body
mass index [126–128] or central obesity [129–131]. Excess risk of DLBCL was
linked to obesity [126, 132, 133] and severe obesity [131]. The InterLymph NHL
Subtypes Project reported a positive association between higher young adult body
mass index and risk of diffuse large lymphoma [47] and follicular lymphoma [48].
Usual adult height was linked to risk of CLL/SLL [49] and sporadic Burkitt lym-
phoma [101].

3.4.5 Hair Dyes
Hair coloring products contain compounds that are mutagenic and carcinogenic in
animals [134]. Several studies reported excess NHL risk associated with the use of
hair dyes, particularly long-term use of dark permanent dyes [135–137]. A pooled
analysis from InterLymph found excess risk of follicular lymphoma and CLL/SLL,
but not other subtypes, in women who started use before 1980 [137]. These findings
were supported by recent reports from the InterLymph with more than four times as
many cases and controls [48, 49].

3.4.6 Ultraviolet (UV) Radiation
Exposure to sunlight and other sources of UV radiation, with possible immuno-
suppressive effects, has been suggested as a risk factor for NHL [138]. Recent
studies estimated personal sun exposure with questionnaires instead of using lati-
tude as a proxy reported an inverse association in general [139–142], particularly
with regard to recreational sun exposure [139]. Pooled analyses from InterLymph
found that the inverse association with recreational sun exposure was more evident
for follicular lymphoma [48, 143] and DLBCL [47, 143]. This inverse association
has been suggested to be due partly to effects on the immune function from sun
exposure [144] or vitamin D production [145]. While low serum concentration of
the vitamin D metabolite, 25-hydroxyvitamin D, has been found as an independent
poor prognostic factor in patients with NHL [146], particularly CLL [147],
DLBCL, and T-cell lymphoma [148], circulating 25-hydroxyvitamin D was not
associated with risk of NHL in the European Prospective Investigation into Cancer
and Nutrition (EPIC) study [149] and a pooled analysis of 10 cohorts in the cohort
consortium [150].
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3.5 Occupational Exposures

A number of occupations have been associated with increased risk for the devel-
opment of NHL, including farmers, pesticide applicators, benzene workers, rubber
workers, petroleum refinery workers, dry cleaners, firefighters, and chemists [6, 18,
151–153]. The InterLymph Subtypes Project reported excess risk of DLBCL in
persons who worked as field crop/vegetables farmer, seamstress/embroiderer, and
driver/material handling equipment operator [47], follicular lymphoma and
employment as a spray painter [48], marginal zone lymphoma and metalworker
occupation [52], CLL/SLL in persons worked as hairdresser [49], LPL/WM and
occupation as medical doctor [54], sporadic Burkitt lymphoma and employment as
a cleaner [101], adult acute lymphocytic leukemia in leather and sewing/embroidery
workers [154], mycosis fungoides and Sezary syndrome in crop/vegetables farmers,
painters, wood workers, and general carpenters [87], and PTCL in persons worked
as textile worker and electrical fitter [100]. Common exposures in these occupations
include benzene, pesticides, herbicides, and other organic solvents [6, 18, 155].
However, mechanisms linking these exposures to specific NHL subtypes remain to
be determined.

Epidemiologic studies suggest that an excess risk of NHL among farmers is
related to the use of phenoxyacetic acid herbicides, organophosphate insecticides,
and fertilizers [151]. Pesticides have also been associated specifically with follicular
NHL and small lymphocytic NHL [156–158]. Two studies evaluating the pesticide-
NHL association according to the t(14;18) status of the NHL found that t(14;18)-
positive NHL was associated with farming and pesticides, whereas there were no
such associations with t(14;18)-negative NHL [159, 160]. Solvents have been
associated with an increased risk of NHL, especially in occupational studies of
rubber workers, aircraft maintenance workers, and dry cleaners [161]. A large
EPILYMPH study found excess risk for follicular lymphoma and CLL [162]. A
recent case–control study in Connecticut reported that polymorphism in IL10
(rs1800890) modified the association between occupational exposure to organic
solvents and the risk of DLBCL [163].

3.6 Host Factors

3.6.1 Familial Aggregation
A history of NHL or other hematolymphoid cancer in close relatives has repeatedly
been shown to increase the risk of NHL by 2- to 3-fold [164–166], a stronger
association than is estimated for most of the other suspected risk factors. A pooled
analysis from InterLymph reported that NHL risk was elevated for individuals who
reposted a first-degree relative with NHL, especially among those who reported a
brother with NHL [167]. A recent InterLymph pooled analysis with an additional
cases and controls confirmed these earlier findings and further linked family history
of NHL to risk of DLBCL [47], follicular lymphoma [48], and marginal zone
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lymphoma [52]. Familial aggregation has been associated with an inherited defect
of immune function in some instances, but no such abnormality can be discerned in
most families [31]. Lymphomas may also cluster within families, not because of
an inherited susceptibility, but because of shared environmental determinants
[95, 164, 168].

3.6.2 Genetics
Numerous studies implicate the role of genetic variants that promote B-cell survival
and growth with increased risk of NHL [169]. For example, NHL risk has been
linked to genetic variation in various pathways, including one-carbon metabolism,
cytokine, innate immunity, oxidative stress, and apoptotic and DNA repair path-
ways as well as in the HLA region [169, 170]. Two recent genome-wide association
studies (GWAS) identified associations between FL risk and three variants within
the HLA region, one at 6p21.33 (rs6457327) [171] and three at 6p21.32
(rs10484561, rs7755224, and rs2647012) [172]. Another study found that
rs10484561 was also associated with risk of DLBCL [172], suggesting some shared
biological mechanisms of susceptibility between these two common NHL subtypes.
Another study reported that the TAP2 coding SNP rs2411447 at 6p21.4 was
strongly associated with follicular lymphoma and, to a lesser extent, DLBCL [173].
Findings from the Population Architecture using Genomics and Epidemiology
(PAGE) consortium further support a shared genetic susceptibility between follic-
ular lymphoma and DLBCL, particularly involving variants in the major histo-
compatibility complex region [174]. The 6p21.3 also emerged as a potential
susceptibility locus associated with familial CLL [175]. A GWAS of CLL further
identified 4 highly correlated intronic variants within the IRF8 gene that were
associated with CLL [176]. This association is specific to CLL, with little evidence
for association across the other common NHL subtypes.

A large pooled InterLymph study reported that common polymorphisms of TNF
and IL10, which are both key cytokines for inflammatory response and T-helper
balance, were associated with risk of NHL, particularly for diffuse large B-cell
lymphoma, but not for follicular lymphoma [177]. Studies evaluating the associa-
tions of SNPs in folate-metabolizing genes with NHL risk have reported incon-
sistent findings [178–180].

4 Conclusions

After two decades of steep increase in the incidence of NHL in the USA, the overall
NHL incidence rates appear to have stabilized in the early 1990s due primarily to a
decline in the AIDS incidence. NHL rates among HIV-unaffected individuals,
however, continued to increase throughout the 1990–2009. The temporal trends
varied by histologic subtypes. The incidence of NHL and the distribution of his-
tologic subtypes not only show significant geographic differences and distinct time
trends but also vary by age, sex, and race/ethnicity. These incidence patterns and
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time trend, although poorly understood, strongly suggest that infectious, environ-
mental, and lifestyle factors in addition to host factors are important in the etiology
of NHL as well as certain NHL subtypes.

Intensive research efforts, including international consortia, in the past two
decades, have led to a better understanding of the causes of NHL in that there is
some mechanistic commonality of lymphomagenesis, but it has also become
apparent that significant etiologic heterogeneity exists [8, 29, 181]. It is more likely
that a compilation of immune function, genetic host susceptibility, and environ-
mental and lifestyle factors will identify the most robust profiles for lymphoma risk
[182]. Continued epidemiologic research to rigorously evaluate the interplay
between these factors in NHL etiology is warranted and critically needed.

Cytogenetics, fluorescence in situ hybridization (FISH), immunophenotyping,
and gene-rearrangement studies are increasingly being used to diagnose and
characterize NHL [183]. New techniques, such as FISH and gene expression pro-
files, have made the identification of genetic abnormalities possible in routine
paraffin-embedded tissue [184]. Because many WHO-defined NHL subtypes
remain heterogeneous at the molecular level, future epidemiologic studies should
collect not only peripheral blood but also tissues and incorporate these new tech-
nologies to investigate specific etiologic factors that are associated with well-
defined homogeneous molecular subtypes of NHL.
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Pathology of B-Cell Lymphomas:
Diagnosis and Biomarker Discovery
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Abstract

The diagnosis of B-cell non-Hodgkin lymphomas has changed significantly over
the past few decades as new immunophenotypic markers, molecular subtype
classification schemes, and novel biomarkers have emerged. Meanwhile, there
has been an increasing emphasis on individualizing treatment approaches in
accordance with a biologic heterogeneity that has been uncovered within many
of the individual B-cell lymphoma entities. The application of high-throughput
genomic sequencing to B-cell lymphomas has yielded large amounts of valuable
information. The data encompass discoveries essential to an understanding of
pathogenesis, clonal or tumoral evolution, and identification of biomarkers that
may be useful for prognostic or therapeutic considerations. The following review
discusses several of the more common, primarily tissuebased B-cell lymphomas,
with a focus on pathologic classification and certain phenotypic characteristics or
genetic lesions that apply to refinement of diagnosis and therapy.
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1 Introduction

B-cell lymphoma diagnosis has conventionally incorporated morphologic, immu-
nophenotypic, and genetic findings for classification into specific disease catego-
ries. Despite this, the clinical behavior within each B-cell lymphoma subtype is
variable and reflects a biologic heterogeneity that is increasingly recognized with
the application of unbiased molecular characterization. Recent discovery of new
biomarkers has led to improvements in diagnosis and prognosis in B-cell lym-
phomas. Massively parallel sequencing technologies have identified recurrent
mutations that target important cellular pathways, and this has deepened our
understanding of the oncogenic mechanisms of many of these neoplasms. Aside
from providing insights into pathogenesis, identification of biomarkers that might
provide clues to new therapeutic options or targeted therapies with lower toxicity
would be of great benefit to patients with B-cell lymphomas. An additional benefit
of useful biomarkers is that they might serve to predict disease course, in order to
inform individualized treatment decisions. This review will cover some of the more
common, primarily tissue-based B-cell lymphomas, progressing from small B-cell
entities to the diffuse aggressive B-cell lymphomas. Pertinent pathologic features
and current classification issues will be addressed along the way, including phe-
notypic (Table 1) and genetic considerations for diagnosis and disease management.
Potential biomarkers that have surfaced over the last few years will be considered
along with each entity, in light of the feasibility of application in routine clinical
settings (Table 2). Finally, a discussion of perhaps the most promising discoveries
out of next-generation sequencing studies will provide a framework for ongoing
literature review as the field advances.
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2 Practical Points

Diagnosis of B-cell lymphoma is best achieved with excisional or incisional lymph
node or extranodal tissue biopsy. Examination of the fresh biopsy tissue (by touch
imprint or frozen section) clinically suspected of lymphomatous involvement at the
time of the procedure allows proper allocation of fresh tissue for flow cytometry and
cytogenetic studies. While fine-needle aspiration can result in procurement of fresh
cells for ancillary flow cytometry testing, it is not ideal for definitive lymphoma
classification since this requires assessment of spatial and architectural pattern
recognition that is lost in FNA samples. Similarly, needle core biopsies may not
show important architectural features and may result in a non-definitive diagnosis,
misclassification, or even misdiagnosis. Formalin fixation is the standard, and
through technical advances over the past 20 years, formalin-fixed paraffin-embed-
ded tissues can now be used for detailed immunophenotyping by immunohisto-
chemistry (essential in modern practice), fluorescence in situ hybridization for

Table 1 Expected immunophenotype of selected B cell non-Hodgkin lymphomas

Expected immunophenotype

Follicular lymphoma CD19+, CD20+, IgM ± IgD, monotypic sIg+, CD10+,
bcl-6+, bcl-2 ±, HGAL, LMO2; associated with CD21+/
CD23+ follicular dendritic cell meshworks

Lymphoplasmacytic lymphoma CD19+, CD20+, monotypic sIg+, IgM, CD22+, CD79a+,
CD5 ∓; plasma cells have monotypic cytoplasmic Ig

Mantle cell lymphoma CD19+, CD20+, monotypic sIg+, IgM ± IgD, CD5+,
CD23− or weakly+, cyclinD1+, SOX11± , LEF1 −

Diffuse large B cell lymphoma,
nos

CD19+, CD20+, monotypic sIg+ or absent sIg, BCL2± .
MYC+ in some cases of typical DLBCL, nos,
and in BCL-U

∙ Germinal center B like Hans: (CD10+) or (CD10−/bcl-6+/MUM1−)
Choi: (GCET+/MUM1−) or (GCET−/CD10+) or
(GCET−/CD10−/BCL6+/FOXP1−)

Tally: Scoring system favors CD10, GCET, and
LMO2 >30 %

∙ Non-germinal center B like Hans: (CD10−/BCL6−) or (CD10−/BCL6+/MUM1+)
Choi: (GCET+/MUM1+) or (GCET−/CD10−/BCL6+/
FOXP1+) or (GCET−/CD10−/BCL6−)

Tally: Scoring system favors MUM1, FOXP1, and
LMO2 <30 %

Primary mediastinal (thymic)
large B-cell lymphoma

CD19+, CD20+, CD22+, CD79a+, MAL+, cREL+,
CD200, MUM1, CD23, BCL2±, BCL6±, CD30± (weak,
heterogeneous), surface Ig weak to absent

Burkitt lymphoma CD19+, CD20+, CD10+, BCL6+, BCL2-, monotypic sIg
+, MUM1−, MYC+, Ki67 > 95 %. Cases associated with
EBV: EBV-encoded RNA+/EBNA-1+ and
LMP1−/EBNA-2−
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specific chromosomal rearrangements or numerical abnormalities, and DNA- or
RNA-based testing (such as gene rearrangement, other amplification-based,
expression, or sequencing studies). To summarize, excisional lymph node biopsy
with a small portion sent for flow cytometric analysis provides the best guarantee of
arriving at a specific diagnosis, particularly if an adequate lymphoid sample can be
confirmed at the time of surgery.

3 Follicular Lymphoma

Follicular lymphoma (FL) is a common B-cell lymphoma that accounts for 20 % of
non-Hodgkin lymphomas in the USA and Western Europe. It has a median age of
60 years and female predominance. Patients usually present with painless, slowly
progressive lymphadenopathy and higher stage (Ann Arbor III–IV) with few
exhibiting B symptoms. Despite its prototypic clinical course, it has been known for
some time that the disease is variable with some patients experiencing waxing and
waning symptoms, while others might succumb following early transformation to a
high-grade lymphoma [47].

Histopathologically, this lymphoma subtype effaces the nodal architecture with
at least a partially follicular pattern. The cytologic composition is a mixture of
centrocytes and centroblasts in varying proportions, and grading is based on the
number of centroblasts per 400× microscopic field (grades 1—3B). The phenotype
is that of a germinal center B cell (GCB) with expression of BCL6, CD10, LMO2,
and HGAL in most cases [40, 118]. The genetic features include clonally rear-
ranged immunoglobulin genes and t(14;18)(q32;q21) that leads to aberrant BCL2
expression. Alternatively, BCL2 can be duplicated/amplified or translocated to one
of the immunoglobulin light-chain genes, but the proportion of cases that have
BCL2 rearrangements decreases with increasing cytologic grade. The largest pro-
portion of FL in North America and Western Europe has low-grade cytology, t
(14;18)(q32;q21), and CD10 and BCL2 protein coexpression [37]. FISH seems to
be the most sensitive method for detection of BCL2 translocation [107].

FL is incurable but relatively indolent. The outcome can be predicted by the FL-
specific International Prognostic Index (i.e., FLIPI), which was developed for all FL
histologies, and includes a point system based on 5 factors (age > 60, stage III/IV,
LDH > upper limit of normal, nodal groups > 4, and Hgb < 12 [96]. This was
revised to the FLIPI-2 which was designed in the rituximab era and took into
account the mass diameter size, as well as using progression-free survival as an
endpoint instead of overall survival [25].

The clinical heterogeneity in FL was investigated by gene expression profiling.
This led to the discovery of the importance of the microenvironment in predicting
survival. Within a large cohort of FL, a survival predictor was generated based on
genes that were found to reflect the nonmalignant immune cells (such as T cells,
macrophages, and dendritic cells) that were flow sorted from the tumor [16]. A
separate gene expression study using different selection criteria and endpoints found
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differences between transformed and non-transformed FL, notably possession of an
activated follicular hyperplasia versus a downregulated immune response signature,
respectively. They also found that characterization of the immune state by immu-
nohistochemistry was a sensitive way to assess the microenvironmental features
[31]. However, there was little overlap in terms of a clinically useful gene set that
could be exploited. Additional immunohistochemistry-based studies as a surrogate
for GEP, in an attempt to characterize the immune cell composition (lymphoma-
associated macrophages, “polarized macrophages,” and T-cell helper or regulatory
subsets) for prognostic benefit, yielded conflicting results, especially when this was
extended to prospective studies of patients on monoclonal antibody therapy. Some
were able to stratify groups based on outcome [102, 111], while others showed no
association with immune makeup and overall survival [99]. Differences in results
may be explained by differences in patient selection, treatment regimens, or technical
issues. Regardless, there is evidence that the microenvironmental composition in FL
shifts during disease progression and is likely important for tumor survival [50].

FL, along with other B-cell malignancies, possesses many genetic alterations
that are being defined and characterized as to biologic and clinical significance.
Recently, mutations in genes associated with chromatin modification (EZH2, 20 %
of FL) and histone methytransferases (MLL2, 89 % of FL; CREBBP, 32 % of FL)
were discovered using high-throughput sequencing technologies [61, 85]. MLL2
has a high mutational frequency and was thus hypothesized to cooperate with other
mutations to increase genetic instability. CREBBP mutation attenuates acetylation
of BCL6, resulting in an increase in activity of that oncogene and altered expression
of BCL6 target genes [74]. Importantly though, to understand the significance of
each mutation in lymphomagenesis, a pursuit of the clonal/subclonal architecture of
FL demonstrated that IGH@/BCL2 frequently underlies the disease (assumed to be
the primary event), while CREBBP is a candidate driver mutation and an important
secondary event. MLL2 and TNFRSF14 were considered tertiary accelerator
mutations [35].

To summarize, the FLIPI remains the most widely used prognosticator for FL at
diagnosis. Cytologic grade is not prognostic in many studies, but FL grade 3B
(comprised almost entirely of large centroblasts) shares biologic features more akin
to diffuse large B-cell lymphoma [41], and a recent large retrospective review found
that FL grade 3B has a higher mortality and a distinctly different clinical course
(more aggressive, but curable) in comparison with grades 1–2 and 3a [112]. Studies
using array comparative genomic hybridization to detect DNA copy number
alterations or using gene expression profiling revealing lesions of TP53 or
CKND2A, or increased MYC expression levels, have approximated risk of trans-
formation. However, this is not routinely done, and risk is not consistently pre-
dictable for all samples, precluding its clinical utility [18, 27]. At present, there is
no prospectively validated clinical tool with which to use gene expression profiling
in FL to evaluate the microenvironment for prediction of prognosis. High-
throughput sequencing is an avenue that will likely be utilized as a part of routine
diagnostics in the near future, now that it is feasible on formalin-fixed paraffin-
embedded tissues. Uncovering the clonal architecture of neoplasms can help to
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identify therapeutic targets by helping to focus on what mutations might be sub-
clonal (and less effective for a targeted therapy) as opposed to a founder, driver, or
accelerator mutation [35]. These shed light on new targets for therapies such as
demethylating agents, histone- or chromatin-modifying therapies, and small-mol-
ecule inhibitors but also might be powerful to predict whether a patient’s individual
tumor might be responsive to these therapies based on its stage of clonal evolution.

4 Lymphoplasmacytic Lymphoma

Lymphoplasmacytic lymphoma (LPL) is a small B-cell neoplasm of older adults
that usually affects the bone marrow, and less often involves spleen or lymph nodes
[101]. It is characteristically accompanied by a serum IgM monoclonal paraprotein.
Clinically, it is associated with hyperviscosity and Waldenstrӧm macroglobuline-
mia (WM), defined as bone marrow involvement with monoclonal B cells of LPL
type and serum IgM paraproteinemia at any level [73]. While the pathologic fea-
tures can be distinctive, it shares features with other types of small B-cell lym-
phomas, and genetic abnormalities such as deletion of 6q occurring most commonly
in LPL are neither sensitive nor specific in assisting the diagnosis [9].

Recently, whole-genome sequencing identified a recurrent somatic mutation in
the myeloid differentiation response gene 88 (MYD88 L265P) present in approxi-
mately 91 % of patients with WM, which is absent in multiple myeloma and rarely
present in splenic marginal zone lymphoma (approximately 6 %) [29, 105]. The
mutation itself was initially discovered in DLBCL (29 % of activated B-cell-like
DLBCL vs. 1.4 % germinal center-like, and 9 % of gastric MALT lymphomas),
where it was shown to promote cell survival via an IRAK kinase–protein complex
leading to JAK-STAT3 activation, NF-KB signaling, and interleukin/interferon
secretion [64]. It is prevalent among other types of aggressive B-cell lymphomas
with an activated B-cell-like immunophenotype, such as primary central nervous
system lymphoma [60] and primary cutaneous DLBCL, leg type [76].

TheMYD88 L265P is not entirely specific for LPL in small B-cell lymphomas. It
can be identified using high-sensitivity allele-specific PCR in a small percentage of
splenic marginal zone lymphoma and a very small minority of chronic lymphocytic
leukemia, as well as one reported case of hairy cell leukemia. [22, 46, 69]. It is also
present in 50–87 % of IgM MGUS [46, 54]. Aside from its use in diagnosis of LPL/
WM, recurrent somatic mutations in WM such as MYD88 and, to a lesser degree, in
the more recently discovered chemokine receptor CXCR4 (27 %) may determine
clinical presentation, progression, and/or overall survival. For patients with IgM
MGUS, presence of MYD88 L265P was associated with greater disease burden and
an increased risk of disease progression, such that it might prove to be a useful
biomarker in evaluation of this disease [109]. The Bruton tyrosine kinase (BTK)
inhibitor ibrutinib was shown to inhibit MYD88-BTK complexes and thus support
lymphoplasmacytic cell survival in patients with WM [117]. Presence of the
CXCR4 mutation was shown to be associated with resistance to ibrutinib by
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mediating signaling pathways resistant to growth suppression in the presence of
CXCR4 ligand [11]. Nonetheless, in a phase I study, ibrutinib therapy showed
promising results in patients with WM [2]. Detection of MYD88 L265P in the
peripheral blood of patients with WM and IgM MGUS by quantitative allele-
specific PCR is an area of recent interest, as the delta Ct might predict disease
burden in the bone marrow and might obviate the need for bone marrow aspiration/
biopsy-based monitoring of patients with WM/IgM MGUS [116]. It may also have
utility in minimal residual disease (MRD) assessment. Thus, MYD88 L265P has
proven its utility not only as a diagnostic marker, but as a biomarker for disease
burden and/or progression, and it is a fairly simple assay to implement in a clinical
laboratory setting.

5 Mantle Cell Lymphoma

Mantle cell lymphoma represents 2–8 % of non-Hodgkin lymphomas in the United
States. It presents in the seventh decade (median age 63 years) and is characterized
by a widespread nodal presentation (Ann Arbor stage III/IV) accompanied by B
symptoms, with a high frequency of Waldeyer’s tonsillar ring involvement, and
often with splenic involvement. Some patients have gastrointestinal manifestations
in the form of multiple intestinal lymphomatous polyposis. Staging bone marrow
examinations are frequently positive, and occasionally, circulating lymphoma cells
are identifiable by morphology and flow cytometric analysis [100]. The median
survival has increased over the past 30 years and is now estimated to be 4–5 years.
MCL is typified by a high response to frontline therapies with development of
chemoresistance at the time of relapse [33].

Various histopathologic growth patterns of lymph node involvement include
mantle zone, nodular, and diffuse, in addition to a relatively recently described,
extremely rare “in situ” pattern of localization [1, 12]; Weisenburger et al. [113].
The neoplastic cells are monomorphous small lymphocytes with nuclear irregu-
larities and scant cytoplasm, with a distinctive B-cell immunophenotype (CD19+,
CD20+, sIg+, CD5+, CD10−, CD23− or subset+, IgM ±IgD, cyclinD1+). Less
commonly, blastoid or pleomorphic variants with lymphoblast-like or centroblast-
like cytologic features and numerous mitoses can occur, either de novo or as
histologic progression of usual mantle cell lymphoma [72]. MCLs with a higher
proliferative index as estimated by Ki-67 immunohistochemistry or by mitotic
index have a worse overall survival, regardless of the cytologic variant [103].

The genetic hallmark of mantle cell lymphoma is t(11;14)(q13;q32). As a result
of this translocation, the cyclin D1 gene (CCND1) on chromosomal region 11q13 is
translocated into the IGH@ locus, where it comes under regulatory control of the
IGH@ enhancer sequences, resulting in overexpression of cyclin D1 protein [93].
This leads to constitutive cell cycle dysregulation, which together with secondary
alterations in DNA damage response and with activation of cell survival signals
underlies the pathogenesis of MCL. Less often, other partner loci such as either of
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the immunoglobulin light-chain genes (κ, 2p11; λ, 22q11) are joined to CCND1
[51]. While an in-depth discussion of cyclin D1-negative mantle cell lymphoma is
beyond the scope of this chapter, it is an increasingly studied variant that can be
recognized by typical morphologic and phenotypic features of MCL and a shared
global genomic profile, with the exception of cyclin D1 [28]. A recent study found
that in over half of the cyclin D1-negative MCL variants, a CCND2 rearrangement
was detected predominantly involving one of the Ig light-chain genes. Still, the
molecular mechanism for cyclin D1-negative mantle cell lymphomas is only par-
tially revealed. The clinical and biologic behavior of the cyclin D1-negative mantle
cell lymphomas was similar to that of conventional MCL, indicating that CCND2
rearrangement can be a biomarker that indicates a need for intensive chemotherapy
[88]. In addition to cyclin D1 translocation, there are numerous secondary genetic
alterations in mantle cell lymphoma that contribute to its pathogenesis including
deletion of the 9p21 locus (thereby CKDN2A and affecting cell cycle control via
INK4a/CDK4/RB1), point mutation or deletion of RB1 or TP53, other gene
amplification, or ATM deletion contributing to genomic instability [45]. Finally,
somatic mutational data generated by whole-genome or exome sequencing tech-
nologies have identified significantly mutated genes in MCL including known
drivers of pathogenesis and others that play a role in anti-apoptosis or chromatin
modification. NOTCH2 mutations were discovered and correlated with a poor
prognosis. Additional studies are needed to further understand mutational profiles in
the setting of disease progression and significance for biologic therapies [6].

The Mantle Cell Lymphoma International Prognostic Index (MIPI) can accu-
rately stratify patients into low-, intermediate-, and high-risk groups. Assessment of
the tumor cell proliferative index by Ki67 yielded valuable prognostic information
independent of the MIPI, but combined with the prognostic index, a “biologic
MIPI” can serve as a prognostic guide for risk-adapted therapy [20, 42]. So far,
TP53 appears to be the only significant independent molecular marker to add
additional prognostic value to the MIPI in multivariate analysis [66].

While mantle cell lymphoma is typified by overall short survival and relatively
aggressive disease course, it is now recognized that an indolent form of mantle cell
lymphoma exists. It can be identified clinically as a subgroup of patients with non-
nodal disease who may present with splenomegaly and leukemic involvement. This
has been associated with mutated IGVH genes and lack of CD38 expression [70].
These patients have been shown to have a favorable prognosis with a median
survival of 79 months compared to a group of nodal-based lymphoma with median
OS of 30 months [70]. Indeed, patients with what could be considered a monoclonal
B-cell lymphocytosis with t(11;14) have been identified [68]. Furthermore, we now
realize that patients do not need to be treated at diagnosis and may do well with a
“wait and watch” strategy [58]. Several independent studies have identified
recurrent biologic and clinical features that may identify this indolent subtype,
including non-nodal leukemic presentation, hypermutated immunoglobulin heavy-
chain variable genes (IGVH, indicating derivation from post-GCBs), simple
karyotype, and stable disease with longer survival [70, 84]. These features were
reinforced by gene expression profiling in a study that identified a molecular
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signature of 13 genes that was highly expressed in conventional mantle cell lym-
phoma as compared to indolent MCL. Within the gene set, the transcription factor
SOX11 was particularly overexpressed in conventional mantle cell lymphoma and
confirmed by protein expression [26]. A separate outcomes-based study divided
patients into groups based on degree of IGHV mutations from germline. There was
a significant difference in overall survival between those with high and low
mutational load. The highly mutated cases had a better survival, were preferentially
SOX11 negative, had lower genomic complexity, and were more often non-nodal in
disease distribution [63]. Furthermore, studies of patients with a monoclonal B-
lymphocytosis-like presentation of cyclin D1-positive MCL were more often
SOX11 negative as compared with symptomatic, nodal cases [24, 68].

While most cohorts of indolent patients showed a predilection for SOX11
negativity, a population-based cohort study published conflicting results with a
shorter overall survival in SOX11-cases, but the significance was lost on multi-
variate analysis [67]. Another study among patients treated with dose-intensive (i.e.,
hyper-CVAD based) regimens found that high SOX11 expression was associated
with improved survival [52]. Lack of uniformity among studies and difference in
selection criteria of indolent populations add to the difficulty in drawing an overall
conclusion from these data.

SOX11 has been recognized in the last several years as a reliable biomarker in
identification of mantle cell lymphoma as well as the cyclin D1-negative conven-
tional or blastoid variants [21, 62, 120]. Several new monoclonal antibodies are
commercially available to incorporate into routine diagnostic practice [97]. It has
been suggested that SOX11 by itself should not be considered to be a prognostic
parameter but rather used as a biomarker that may help to recognize either cyclin
D1-negative MCL or a subtype of MCL with different biologic and clinical features.
Nonetheless, study of SOX11 target genes is an active area of interest and it
remains to be determined whether SOX11 could be a useful prognostic marker.

With a broad range of treatment options for patients with small B-cell lym-
phomas, some patients achieve a long-lasting remission. However, the majority
suffer a relapse that might be heralded by very low levels of residual lymphoma
cells. Detection of MRD has been expanded from acute lymphoblastic leukemia to
B-cell lymphomas, including MCL, in an increasingly important tool for risk
prediction [77]. This can be achieved via various modalities including flow cyto-
metric analysis, reporting sensitivities of approximately 10−3 [8]. PCR-based
methods have made great strides in achieving optimal sensitivity. Real-time
quantitative PCR using allele-specific primer design has standardization guidelines
[108] and a high sensitivity (10−5), superior to the sensitivity of immunoglobulin
heavy-chain PCR analysis using consensus primers and overcoming inherent lim-
itations such as ongoing somatic mutation [10]. An ideal, MCL-specific target is the
t(11;14) translocation, which can be highly sensitive (10−5) by nested PCR, but the
translocation is PCR detectable in only 25–40 % of cases [4, 36]. A promising
prospect, SOX11, as a MRD marker for MCL was studied using mRNA-specific
quantitative PCR (qPCR) technology in longitudinal peripheral blood samples of
MCL patients. The researchers were able to correlate quantifiable level of SOX11
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expression with clinical status and with level of t(11;14) by qPCR. Still, patient
selection and validation over larger cohorts of patient groups will be required before
this could be considered for clinical use [95].

In summary, cyclin D1 and SOX11 remain good biomarkers for the diagnosis of
MCL, including cyclin D1-negative MCL. The MIPI is a good clinical risk strat-
ification tool, and assessment of proliferation and TP53 provide added prognostic
information. Further work on defining additional useful prognostic biomarkers will
require validation in uniformly treated patient populations.

6 Diffuse Large B-Cell Lymphoma, Not Otherwise
Specified

This section covers diffuse large B-cell lymphoma (DLBCL), which represents the
most common type of non-Hodgkin lymphoma (30–40 % of adult non-Hodgkin
lymphomas) and can arise de novo or from transformation of a preexisting low-
grade lymphoma. Patients usually present with a rapidly enlarging mass that is FDG
avid on positron emission tomography imaging. Occurrence at lymph node sites is
most common, but it can arise in virtually any location in the body and is common
at extranodal sites such as the gastrointestinal tract or skin. Patients are most often
treated with anthracyclin-containing multiple-agent chemotherapy regimens that
include rituximab, and there is an approximately 55 % 5-year survival [65], but
there is much variability in that percentage depending on other prognostic factors.
The International Prognostic Index (IPI) is a valuable tool that can separate patients
in distinct prognostic risk groups [94], and it has been revised and validated in the
rituximab era [92].

From a morphologic standpoint, the recognized variants of DLBCL, not other-
wise specified (NOS), include centroblastic, immunoblastic, and anaplastic. Rarer
variants also exist and are important for recognition by the pathologist. The im-
munoblastic variant (being composed of at least 90 % immunoblasts) has been
associated with poorer event-free and overall survival [7]. Other special categories
of large B-cell lymphoma (without plasmablastic features) that are beyond the
scope of this discussion include T cell/histiocyte-rich large B-cell lymphoma, pri-
mary DLBCL of the central nervous system, primary cutaneous DLBCL, leg type,
EBV-positive DLBCL of the elderly, DLBCL associated with chronic inflamma-
tion, lymphomatoid granulomatosis, and intravascular large B-cell lymphoma,
along with other categories of large B-cell lymphoma in association with
immunodeficiency.

To better understand the heterogeneity of this lymphoma, gene expression
profiling has identified “cell-of-origin” molecular subgroups of DLBCL that are
similar to the profiles of different normal B-cell counterparts. One subgroup
retained the gene expression program of the GCB and was thus termed “GCB like,”
while the other group expressed genes that were induced during activation of
peripheral blood B cells (“activated B cell like,” ABC) [3]. Aside from providing
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insight into additional molecular alterations and activated pathways within the
subgroups, distinct differences in overall survival between patients with GCB
versus ABC subgroups were observed. The ABC type was shown to have an
inferior outcome compared with the GCB type, even in the rituximab era. The
subgroup occurs in an older proportion of patients (>70 years) and has biologic
significance for sustained activation of the NF-κB pathway [55]. Since then, sub-
sequent studies have validated this classification approach with large numbers of
patients and have selected smaller gene sets to identify groups [14, 82, 91, 115]. To
more easily identify a molecular subtype, immunohistochemical staining algorithms
were developed based on the results of gene expression profiling [13, 38, 59]. When
performed in qualified laboratories, these algorithms can show very good concor-
dance with the GEP classifier [81]. The COO concept as a prognostic biomarker is
relevant with modern immunochemotherapy [82, 110]. However, in addition, it
may gain added relevance as a predictive marker. Given that the ABC-like
DLBCLs demonstrate mutations that activate the B-cell receptor signaling pathway
and ultimately NFkB, development of targeted therapies with preferential activity in
the ABC subtype may call for knowledge of COO subtype in order to assist in
therapy selection. Preliminary data support this approach, and trials are underway
and in the planning phases that require COO determination as part of eligibility
requirements [114].

Recent attention has been drawn to the importance of translocations involving
MYC, BCL2, and BCL6. Apart from identifying some cases of B-cell lymphoma,
unclassifiable, with features intermediate between DLBCL and Burkitt lymphoma
(BL, see below), these translocations may have prognostic significance in DLBCL,
NOS. The most frequent genetic finding in DLBCL, NOS, is a rearrangement of
BCL6 (3q27, 30–40 %), which occurs more often in the ABC subgroup, whereas
BCL2 and MYC translocations are usually associated with GCB DLBCL. In par-
ticular, MYC translocations occur in approximately 10 % of DLBCL and portend a
dismal prognosis, either as a single genetic insult or as additional hits involving
BCL2/MYC, BCL6/MYC (“double-hit lymphomas”), or the rare BCL2/BCL6/MYC-
rearranged “triple-hit” lymphomas [5]. This includes cases with IGH@BCL2/t
(14;18)(q32;q21) plus extra MYC signals or amplification, as well as cases with
MYC rearrangements with extra BCL2 copies [57]. However, there is still contro-
versy as to whether MYC rearrangements in DLBCL are truly an independent
predictor of prognosis. Studies of risk stratification in patients treated with ritux-
imab–CHOP found confirmed MYC translocation as predictive of progression-free
survival and overall survival on multivariate analysis [89] and also showed a sig-
nificant association with treatment resistance [106]. Similarly, a Southwest
Oncology Group Study of high-grade morphologic features and MYC protein
expression by immunohistochemistry [15] found MYC to be a poor prognostic
factor on multivariate analysis and independent of morphology, highlighting the
importance of staining for this protein in routine clinical practice. However, other
studies have questioned the prognostic power of MYC as a single abnormality. In
one study examining BCL2 and MYC protein expression, the prognostic impact of
MYC was due to the confounding effect of BCL2/MYC double-protein-positive
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cases, and MYC positivity alone did not impact overall survival [43]. Another study
showed that isolated MYC rearrangements have weaker prognostic relevance than
isolated BCL2 translocations [110]. In an attempt to clarify this issue, a recent
systematic review and meta-analysis that included 24 enrolling clinical trials con-
firmed the prognostic relevance of isolated MYC aberrations (including amplifica-
tions) in terms of both protein and mRNA expression; however, interpretation of
the data is challenged by the heterogeneity of the included studies [121].

More recently, it was found that MYC and BCL2 protein coexpression predicts
survival in patients with DLBCL that are treated with rituximab (R)–CHOP che-
motherapy (cyclophosphamide, doxorubicin, vincristine, and prednisone). While
high MYC protein expression by IHC is often (but not invariably) associated with a
MYC translocation (and thus an adverse risk), the negative impact of MYC protein
expression on progression-free and overall survival was shown only when BCL2
protein was coexpressed. This was significant even after adjusting for high-risk
features in the IPI score [48]. The practical use of an immunohistochemical
“double-hit score” was demonstrated in a study that validated shorter overall and
progression-free survival in patients with high BCL2/MYC protein coexpression
independent of other variables and was able to identify patients with high-risk
“double-hit biology” from within an independent cohort of DLBCL [34]. When
examining these biomarkers in DLBCL patients according to the cell of origin, the
level of positive protein expression was a strong independent predictor of overall
survival in patients with GCB, but not the non-GCB subtype DLBCL, with high
BCL2 (>30 %) and MYC (>50 %) coexpression correlating with the worst outcome
[75]. Because of its wide availability, assessment of BCL2 and MYC expression by
immunohistochemistry is becoming a routine part of the pathology report to provide
additional prognostic information to clinicians.

7 Primary Mediastinal Large B-Cell Lymphoma

Primary mediastinal large B-cell lymphoma (PMBL) arises within the mediastinum
from B cells of probable thymic origin. Patients are young adults with a median age
of 35 and a female predominance. They may present with a bulky anterosuperior
mediastinal mass that can secondarily invade nearby organs such as lungs or
directly extend to local lymph nodes, but it rarely disseminates. It is important to
exclude primary lymph node involvement at other sites, as well as bone marrow
involvement, to avoid misdiagnosis of a systemic DLBCL that might secondarily
involve the mediastinum [30].

The microscopic features of this lymphoma type vary from case but can take the
form of a diffuse proliferation of intermediate to large cells with a moderate amount
of clear cytoplasm and either ovoid or sometimes slightly more pleomorphic nuclei.
Compartmentalizing alveolar sclerosis is a prominent feature in many cases. The
phenotype includes most B-cell antigens including IRF4/MUM1, positive for
CD23, with low to absent immunoglobulin and CD10 expression, sometimes
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heterogeneous/weak CD30 expression, and MAL antigen. Frequent karyotypic
abnormalities include chromosomal aberrations for 2p16.1, 9p24.1, and 8q24 [71].
A large study of B-cell lymphomas demonstrated rearrangement of the MHC class
II transactivator CIITA (16p13.13) in PMBL (29/77, 38 %) [98]. The implication of
such an aberration might be that the tumor can then escape from immune sur-
veillance by downregulation of HLA class II associated proteins, among other
mechanisms. An association was found between CIITA gene fusions, and reduced
HLA-DR protein expression was demonstrated [23]. Additional research is needed
to identify biomarkers for prognosis in PMBL, though one recent study found
MUM1 protein expression to correlate independently with a decreased overall
survival [19].

It recognized that some lymphomas have combined features of both classical
Hodgkin lymphoma and DLBCL, particularly nodular sclerosis classical Hodgkin
lymphoma and PMBL [104]. Furthermore, some patients were reported to develop
large B-cell lymphoma after treatment for Hodgkin lymphoma, while others
reported composite Hodgkin/large B-cell lymphoma, and thus the designation
“mediastinal gray-zone lymphoma” [32, 119]. While PMBL lacks truly distinctive
morphologic features that might otherwise distinguish it from conventional
DLBCL, identification of gene expression signature unique to this entity was
pivotal in the molecular classification of large B-cell lymphoma. In fact, when gene
expression profiling was used to establish a more precise molecular diagnosis of
PMBL, it emerged as an entity that primarily affected younger patients and iden-
tified a subgroup with a better prognosis compared to other DLBCLs. Gene pro-
filing supported the suspected relationship between PMBL and Hodgkin lymphoma
in that over one-third of the genes that were part of the PMBL signature were
characteristic of Hodgkin lymphoma cells [83]. Furthermore, the epigenetic profile
of PMBL was found to be distinct and separate from DLBCL, and analysis of
methylation patterns supported an intermediate position between DLBCL and
classical Hodgkin lymphoma [23].

8 Burkitt Lymphoma

BL is a highly aggressive mature B-cell neoplasm that makes up 40 % of non-
Hodgkin lymphomas in youth under age 20. It presents as a rapidly enlarging mass,
commonly involving extranodal sites, and exists in three different clinical variants.
The endemic form predominantly affects young children in equatorial Africa and is
usually associated with Epstein-Barr viral infection, and the tumors are often
localized to the jaw or facial bones, kidneys, or abdominal region. The sporadic
type occurs in a broad geographic distribution that includes North America and
European countries, and often affects the abdomen or terminal ileum of immuno-
competent children. The third type is immunodeficiency related, and it is known for
its association with HIV. Rarely, a leukemic phase exists, either in patients with
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bulky disease or very uncommonly as a de novo peripheral blood/bone marrow
leukemia phenomenon [56].

The neoplastic infiltrate is composed of intermediately sized, monotonous B
cells with numerous mitoses and tingible body macrophages imparting a “starry
sky” appearance. BL cells resemble germinal center centroblasts by cytomorpho-
logic grounds and express pan B-cell antigens and surface immunoglobulin, plus
CD10 and BCL6. BCL2 is characteristically negative or only weakly positive [86].

The vast majority of cases have a detectable MYC translocation (8q24) to the
immunoglobulin heavy-chain region (14q32), or to the kappa light-chain gene
(2p11) or lambda-chain gene (22q11). In some cases, a MYC cannot be demon-
strated by FISH, but in these cases, differences in the MYC breakpoint or subde-
tectable insertions/deletions in the MYC gene may elude detection. Thus, a negative
test result does not exclude the diagnosis. Similarly, it is important to remember that
other types of lymphomas can harbor a MYC rearrangement, such as DLBCL
discussed previously, as well as mantle cell lymphoma and FL can acquire a MYC
translocation as it transforms to a more aggressive tumor [18, 39].

Gene expression profiling has revealed a distinct molecular phenotype for BL
[17] and that BL can be identified with certainty on the basis of a number of MYC
target genes, involved in germinal center differentiation, NF-KB activation, and
MHC class I molecules [44]. The genetic makeup of BL was further elucidated by
using deep sequencing technologies which identified ID3 as an important tumor
suppressor gene in BL that appears to serve as a negative regulator ofMYC [80, 90].

9 B-Cell Lymphoma, Unclassifiable, with Features
Intermediate Between Diffuse Large B-Cell
Lymphoma and Burkitt Lymphoma

The WHO 2008 category of B-cell lymphoma, unclassifiable, incorporates cases
with morphologic, immunophenotypic and genetic features that are intermediate
between DLBCL and BL (WHO 2008 classification). The existence of this category
is supported by gene expression and karyotypic/genomic profiling, which can
identify a “molecular Burkitt” signature [17, 44, 87]. Classification of these cases at
the practice level is problematic, since the tools used to define them are not readily
available in clinical laboratories. These types of case were likely included in former
designations such as “small non-cleaved, non-Burkitt” (Working Formulation),
“atypical Burkitt lymphoma,” and “high-grade B-cell lymphoma, Burkitt-like”
(Revised European and American Lymphoma Classification) or were loosely
referred to as “DLBCL with high-grade features,” “gray-zone lymphoma,” or
“diffuse aggressive B-cell lymphoma.” Genetically defined “double-hit” lympho-
mas are included in this category of B-cell lymphoma, unclassifiable (BCL-U) [49].
These can be recognized with currently available clinical laboratory tests such as
FISH testing. Thus, assessment of MYC, BCL2, and MYC translocation should be
performed in all diffuse aggressive B-cell lymphomas suspected of being a double-
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hit lymphoma. One practical way to screen is to perform MYC IHC given its ability
to predict presence of MYC translocation and to perform FISH confirmation (for all
three targets) in cases with high nuclear MYC (>40–50 %) expression.

This still leaves a difficult group of cases that belong to this category for which
we cannot yet definitively recognize by current laboratory tests. The category
should then be used only for cases in which the clinical, morphologic, phenotypic,
and/or genetic evidence cause a truly inscrutable diagnostic conundrum between
DLBCL and BL [79]. An example may be cases with morphologic features sug-
gestive but insufficient for BL in which a BL-like (CD10+/BCL2 weak-negative)
phenotype is seen, in the setting of a demonstrated immunoglobulin gene/MYC
translocation with complex karyotype.

10 Next-Generation Sequencing for Minimal Residual
Disease Monitoring and Mutation Detection

Many advances have been made in the treatment of B-cell lymphoma, and a need
exists for post-treatment assessment and monitoring of treated patients as a means
to identify an early relapse or predict the potential for relapse. MRD can be detected
by cytogenetics, flow cytometry, or PCR-based methods. PCR-based MRD
detection by detection of immunoglobulin heavy-chain and/or T-cell receptor gene
rearrangements using tumor-specific primers has potential to be a sensitive means
of assessment [78]. Next-generation sequencing was shown to be a feasible tool in
MRD detection in MCL, with comparable results to real-time quantitative PCR
[53]. Identification of an ideal MRD marker/target is of utmost importance in
establishing a useful assay, and difficulties might arise due to ongoing somatic
hypermutation or clonal evolution. Certainly, next-generation sequencing on rou-
tine patient samples will be feasible in the next several years, and it may provide
valuable diagnostic information and prognostic information and help guide indi-
vidualized therapies by identifying biologic pathways that can be targeted with new
therapies. The challenge will be to refine them for use in routinely processed tissues
and apply these techniques to highly annotated clinical data sets in order to begin to
rationally use this complex data for prognosis and prediction.
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Abstract

T-cell lymphomas are a group of predominantly rare hematologic malignancies
that tend to recapitulate different stages of T-cell development, in a similar way
that B-cell lymphomas do. As opposed to B-cell lymphomas, the understanding
of the biology and the classification of T-cell lymphomas are somewhat
rudimentary, and numerous entities are still included as ‘provisional categories’
in the World Health Classification of hematolopoietic malignancies. A relevant
and useful classification of these disorders have been difficult to accomplish
because of the rarity nature of them, the relative lack of understanding of the
molecular pathogenesis, and their morphological and immunophenotypical
complexity. Overall, T-cell lymphomas represent only 15 % of all non-Hodgkin
lymphomas. This review is focused on addressing the current status of the
categories of mature T-cell leukemias and lymphomas (nodal and extranodal)
using an approach that incorporates histopathology, immunophenotype, and
molecular understanding of the nature of these disorders, using the same
philosophy of the most recent revised WHO classification of hematopoietic
malignancies.
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1 Introduction

T-cell lymphomas are a group of predominantly rare hematologic malignancies that
tend to recapitulate different stages of T-cell development, in a similar way that B-
cell lymphomas do. As opposed to B-cell lymphomas, the understanding of the
biology and the classification of T-cell lymphomas is somewhat rudimentary, and
numerous entities are still included as ‘provisional categories’ in the World Health
Classification of hematopoietic malignancies [1]. A relevant and useful classifica-
tion of these disorders has been difficult to accomplish because of their rarity, the
relative lack of understanding of the molecular pathogenesis, and their morpho-
logical and immunophenotypical complexity [2]. Overall, T-cell lymphomas rep-
resent only 15 % of all non-Hodgkin lymphomas [2, 3].

In the recent years, many developments in immunology and molecular biology
have provided tools to subclassify these disorders, using an approach that will
benefit targeted therapy. In this sense, peripheral T-cell lymphomas (PTCL) not
otherwise specified, an old waste basket category with an overall poor prognosis,
have emerged with subsets of follicular T-helper (FTH) differentiation [2, 4] with an
overall better prognosis. In addition, studies have determined an important prog-
nostic value in distinguishing cases of ALK− anaplastic large cell lymphoma
(ALCL) from PTCL as the former appear to have better prognosis and could benefit
from certain forms of therapy [3–8]. Certain site-specific forms of ALCL (not yet
incorporated into the WHO classification), such as ALCL associated with breast
implants, can be completely indolent and not require additional forms of therapy
other than removing the implants [9, 10]. The classification schemes that, are
already difficult and of limited value for systemic T-cell lymphomas, are even more
problematic for the cutaneous T-cell lymphomas (CTCL), where other than mycosis
fungoides (MF), Sézary syndrome (SS), cutaneous ALCL, and subcutaneous pan-
niculitis-like T-cell lymphoma (SPTCL), the remaining subtypes are currently still
at the ‘provisional’ stage.

This review is focused on addressing the current status of the categories of
mature T-cell leukemias and lymphomas (nodal and extranodal) using an approach
that incorporates histopathology, immunophenotype, and molecular understanding
of the nature of these disorders, using the same philosophy of the most recent
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revised WHO classification of hematopoietic malignancies. The current accepted
and provisional categories of T-cell and NK-cell lymphomas are detailed in the
Table 1 [1, 11].

1.1 Mature T-Cell Leukemias

1.1.1 T-Cell Prolymphocytic Leukemia (T-PLL)

Clinical and Epidemiologic Features
T-cell prolymphocytic leukemia is a rare, predominantly aggressive disorder,
accounting for 2 % of the mature lymphoid leukemias. The median age at pre-
sentation is 65 years, and clinically, most patients have generalized disease with
hepatosplenomegaly, generalized adenopathy, and a striking lymphocytosis
(>100 × 109/l) [12–16]. Cutaneous dissemination is very common, and particularly
in the form of a facial rash, which can be present in up to 20 % of patients.
Sometimes, the rash is the first clue to the diagnosis [13, 17, 18]. Serologies for

Table 1 WHO classification of mature T/NK-cell leukemias and lymphomas

Mature leukemias

• T-cell prolymphocytic leukemia

• T-cell large granular lymphocytic leukemia

• Chronic lymphoproliferative disorders of NK-cells

• Aggressive NK-cell leukemia

• Adult T-cell leukemia/lymphoma

• Sezary syndrome

Mature Lymphomas

• Extranodal NK/T-cell lymphoma, nasal type

• Enteropathy-associated T-cell lymphoma

• Hepatosplenic T-cell lymphoma

• Peripheral T-cell lymphoma, not otherwise specified

• Angioimmunoblastic T-cell lymphoma

• Anaplastic large cell lymphoma (ALCL), ALK positive

• Subcutaneous panniculitis-like T-cell lymphoma

• Mycosis fungoides

• Primary cutaneous anaplastic large cell lymphoma (C-ALCL)

• Lymphomatoid papulosis

Provisional categories

• Primary cutaneous gamma–delta T-cell lymphoma

• Primary cutaneous CD8-positive aggressive epidermotropic cytotoxic T-cell lymphoma

• Primary cutaneous CD4−positive small/medium T-cell lymphoma

• Anaplastic large cell lymphoma, ALK negative
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HTLV are negative, but rare cases have been reported as positive [19]. The
prognosis has been a matter of debate: Most cases have an aggressive course, with a
survival of less than 1 year, but others have shown a more indolent clinical course
[13–15, 20].

Histopathology, Immunophenotypic, and Molecular Features
The morphologic features (Fig. 1) of T-PLL are vital to make a diagnosis. It is
recognized that this type of leukemia can have a broad morphologic spectrum of
findings: In half of the cases, the cells have a round-to-oval nucleus, and the
remainder can be irregular and somewhat cerebriform [14, 21]. Most cases show a
predominance of prolymphocytic cells with condensed chromatin and prominent
nucleoli. The cytoplasm is basophilic and agranular and can show ‘blebs.’ In 20 %
of cases, the cells are much smaller and with more inconspicuous nucleoli. This is
referred to as ‘small cell variant of T-PLL.’ A cerebriform variant, morphologically
similar to the cells of SS can be seen in 5 % of cases [12–14, 16, 22]. Tissue
diagnosis is not essential for its diagnosis: In the bone marrow, there are diffuse and
interstitial infiltrates accompanied almost invariably by reticulin fibrosis. In most
lymph node biopsies, there is an abnormal paracortical expansion of neoplastic T
cells. Skin should be evaluated carefully: The infiltrates in T-PLL tend to be
superficial and deep with a perivascular and interstitial distribution and spare the
epidermis, as opposed to most primary CTCL [17, 18, 23].

Immunophenotypically, T-PLL is a mature T-cell leukemia (TdT and CD1a
negative), while CD2, CD3, and CD7 are positive. Nearly 80 % of cases express
CD4 and, of those, 65 % do not have coexpression of CD8 (CD4+/CD8−), 21 %
have coexpression of both CD4+/CD8+, approximately 17 % were CD8+/CD4−
[12], and 3.4 % are CD4−/CD8−. Rare cases can show a switch from CD4 to CD8
[22, 24]. Most cases have high levels of CD52 expression, providing a rational for
treatment with alemtuzumab [15, 25–28]. CD25, CD38, and HLA-DR are variably
expressed. The distinctive coexpression of CD4/CD8, weak membrane CD3, and
strong CD7 suggests that T-PLL represents an intermediate stage of differentiation
between a cortical thymocyte and a circulating mature T cell. Nearly all cases will
have rearrangements of the TCR-β- or γ-genes.

T-PLL shows complex cytogenetic aberrations: Inversion (14)(q11;q32) is
characteristic of the disease and present in more than 2/3 of cases [14, 15]. Tandem
translocations between the 2 chromosomes 14, t(14;14) can also occur. The rear-
rangements involve the TCR-α and protooncogene TCL-1. 20 % of patients have a t
(X;14) translocation. Abnormalities involving both arms of chromosome 8 are
frequent, and overexpression of the c-myc protein is found in cases with iso8q.
While the 14q abnormality and trisomy 8q are common in Western countries, they
are rarely seen in Japan [20]. Although 11q23 abnormalities are seldom detected on
cytogenetics, molecular analysis frequently detects mutations of the ATM gene [29].
Since these cytogenetic aberrations are believed to be incapable of leukemogenesis,
more recently mutations in JAK1 and JAK3 have been found in up to 34 % of cases
of T-PLL [30, 31]. JAK3 is directly linked to T-cell maturation. Abnormalities of
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Fig. 1 a–b, T-cell prolymphocytic leukemia. The small-to-medium-sized cells show nuclear
contour irregularities and ‘blebbing,’ with distinctive prominent nucleoli. c (PBL) and d (aspirate)
T-LGL. The cells are small to medium, with irregular borders, with abundant cytoplasm with
granules. e and f T-LGL involving the bone marrow. Interstitial and nodular aggregates of
lymphoid cells. The atypical cells are positive for CD8, granzyme B (GRN), CD57 (weak), and
TIA-1. The pattern of involvement in sinusoidal
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chromosomes 22q11, 13q, 6q, 9p, 12p, 11p11-p14, and 17p have also been shown
by chromosome analysis and aCGH [14, 32].

1.1.2 T-Cell Large Granular Lymphocytic Leukemia (T-LGL)

Clinical and Epidemiologic Features
T-LGL accounts for less than 5 % of all mature leukemic lymphoproliferative
disorders [2, 33–35] with a mean age of 50–60. There is a slight higher prevalence
of the disease in Asians, where appears to be more commonly associated with
anemia [36, 37]. T-LGL is commonly associated with rheumatoid arthritis (20 % of
cases) and some lymphoproliferative disorders such as CLL/SLL and monoclonal
B-cell lymphocytosis (10–20 %). Other rheumatologic processes can be seen in
association, and nearly half of patients with T-LGL have a positive rheumatoid
factor or polyclonal hypergammaglobulinemia [38–46]. Rare cases present after
transplantation [47, 48].

Originally, a large granular lymphocytosis of >2 × 109/L was proposed as a
diagnostic criterion but, since a third of cases show <1 × 109/L, this is no longer
needed for a diagnosis [49, 50]. Bone marrow involvement is seen in 75 % of cases
and mild splenomegaly in 15–50 %. Rarely, there might be pulmonary hyperten-
sion, which appears to be linked to damage to the vascular endothelium [51].
Neutropenia is a very common feature and present in 60–70 % of cases, while
thrombocytopenia is very rare. Anemia can be as frequent as neutropenia, and some
cases can present with red cell aplasia [52]. T-LGL does not involve the lymph
nodes, and if present, the diagnosis should be reconsidered [53].

Histopathology, Immunophenotypic, and Molecular Features
The classic morphologic features of T-LGL (Fig. 1) account the presence of lym-
phoid cells with abundant cytoplasm (which represent the ‘large’ character of the
cells), minimal nuclear enlargement, nuclear contour irregularities, and the presence
of cytoplasmic granules [21]. However, in some cases, the cytoplasm might be
sparse and the granules not as prominent. The pattern of bone marrow involvement
is sinusoidal (80 % of cases), which is best demonstrated with immunostains.
However, interstitial aggregates of reactive T cells can be seen in up to 15–50 % of
cases [54, 55]. In the spleen, there are both red pulp and perivascular white pulp
involvements [54, 55]. Likewise, in the liver, there is usually a sinusoidal infiltrate
of abnormal T cells. It is widely accepted that large cell transformation is not a
feature of T-LGL.

Immunophenotypically, T-LGL is a disease of CD8+ cytotoxic T cells with
TCRαβ expression, with isolated case reports of T-LGL with a CD4 phenotype
[56]. A subset of cases with CD4−/CD8− T-LGL have a higher prevalence of
anemia [57]. Diminished expression of CD5 and CD7 is common. Coexpression of
NK cell associated antigens is universal to some extent, and in particular for CD16
and CD57 (one or both are found in >80 % of cases). CD56 is not commonly seen,
as opposed to hepatosplenic T-cell lymphoma (HTCL). CD57 expression by
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immunohistochemistry is only seen in <20 % of bone marrow specimens [58, 59].
Strong homogeneous expression of CD16 appears to be more useful when com-
pared to CD57. Abnormal expression of Killer-cell immunoglobulin-like receptor
antigens (KIR) can be seen in 50 % of T-LGL [59, 60]. CD335 is also positive in T-
LGL [61].

The vast majority of cases of T-LGL show no cytogenetic aberrations. Deletion
of 6q, translocations and inversions involving the T-cell receptor loci on chromo-
somes 7 and 14 has been rarely described [62]. At a molecular level, most cases
show clonality by PCR or flow cytometric analysis. However, as opposed to other
T-cell lymphoproliferative disorders, T-LGL lacks the homogeneity of the clones.
Most cases appear to be actually oligoclonal [63]. Molecular pathways that appear
to be altered in T-LGL include resistance to FAS and activation of STAT3 pathway
[41–43, 45, 46]. The STAT3 mutations are present in a 1/3 of T-LGL cases. STAT3
is involved in cell proliferation, apoptosis, angiogenesis, and immune responses.
STAT3, a latent transcription factor, has been shown to play a central role in
conferring cell survival [46].

1.1.3 Adult T-Cell Leukemia/Lymphoma (ATLL)

Clinical and Epidemiologic Features
Adult T-Cell Leukemia/Lymphoma (ATLL) is a mature T-cell leukemia, which its
pathogenesis is linked to the infection with human T-cell leukemia virus type-1
(HTLV-1) [64]. It is more commonly seen in areas where the infection with the
virus is endemic, particularly in Japan, the Caribbean, parts of central Africa, South
America, and Iran [65, 66]. The majority of the individuals who develop the disease
do so after a very long latency period. In some areas of Japan, the prevalence ranges
from 0.3 to 13 % of the population [67]. The cumulative incidence of ATLL is
estimated to be 2.5 % of those individuals infected by HTLV-1. ATLL is only
present in adults, at a mean age of 58, with a slightly higher prevalence in male.

Most cases of ATLL present with widespread disease including lymph node and
peripheral blood involvement. The degree of bone marrow involvement does not
correlate with the burden of disease in the blood, suggesting that the tumor cells are
recruited from other sites. In fact, the skin is a very common site of involvement
(>50 %) [65, 68–70]. The cutaneous manifestations are diverse including erythema,
papules, nodules, and rarely erythroderma. Other extranodal sites of involvement
include the lung, liver, spleen, GI tract, and CNS [65, 71, 72]. Different variants
have been described according to the Japanese lymphoma study group [73]: Those
include smoldering, chronic, acute (leukemic), and lymphomatous. The most
common form is the leukemic (60 %), typically accompanied by significant leu-
kocytosis, rash, generalized lymphadenopathy, hypercalcemia, and lytic bone
lesions. Even in the setting of marked leukocytosis, bone marrow involvement may
be absent. Additional opportunistic infections are also frequent. The lymphomatous
(20 %) variant does not show peripheral blood involvement, and hypercalcemia is
infrequent. The survival in the acute and lymphomatous variants is very poor
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(2 weeks–1 year). The chronic variant (15 %) presents with a rash, leukocytosis,
fewer numbers of circulating tumor cells and prolonged survival. The smoldering
variant (5 %) has a normal WBC, skin lesions, and no systemic disease. This form
can evolve into the more advanced presentations in 25 % of cases [65, 68, 73].

Histopathology, Immunophenotypic, and Molecular Features
ATLL (Fig. 2) shows a protean morphology [64, 65, 68, 74–76]. The classic
features associated with the disease include neoplastic lymphoid cells, which are
polylobulated, hyperchromatic, with nuclear convolutions, and have been termed as
‘flower cells.’ The cells do not have a prominent nucleolus and have a classic
basophilic cytoplasm (useful features to distinguish from Sézary cells). Numerous
morphologic variants have been described: pleomorphic, anaplastic, and a rare
variant resembling angioimmunoblastic T-cell lymphoma (AITL) [77].

The architecture of the lymph nodes is completely effaced, and some cases can
show a sinusoidal pattern of involvement. Eosinophilia in the background can be
prominent. Blast-like cells with transformed nuclei and dispersed chromatin are also
present. Giant cells with bizarre and cerebriform nuclei can be seen. Some cases
have features indistinguishable from ALCL (but are ALK) [53, 65, 68, 74].
Hodgkin-like histology has also been described [78, 79]. The cutaneous histo-
pathologic findings are equivalent to those seen in cases of MF [70], including the
presence of Pautrier microabscesses [74, 80]. Some unusual variants in a cutaneous
site include folliculotropic (follicular mucinosis) [81], pagetoid reticulosis-like [82],
and vesiculobullous [83]. Within the bone marrow, the infiltrate might be subtle,
typically interstitial, and osteoclastic activity might be prominent. In the liver, the
infiltrates are portocentric, and interface hepatitis can be present.

Immunophenotypically, the tumor cells express T-cell markers and typically
have marked decreased expression of CD7. Most cases are CD4+/CD8−, some are
CD4−/CD8+ and also CD4+/CD8+. CD25 and IL-2R are expressed in nearly all
cases. CD30 can also be positive. ALK and cytotoxic molecules are negative [84].
CCR4 and FOXP3 are expressed in 68 % of cases [85, 86]. The combination of
these markers suggests T regulatory phenotype. Targeted therapy for anti-CCR4 is
currently in clinical trials [87–89].

At a molecular level, there is a clonal population of T cells with integration of
the HTLV-1 virus into the neoplastic cells. Oligoclonal populations of T cells can
be seen in HTLV-1 carriers. The viral protein Tax has been shown to be critical for
leukemogenesis [90]. More recently, the viral basic leucine zipper factor (HBZ) has
been shown overexpressed in all leukemic cases [91–96], and it appears to be the
most important gene in the pathway to malignant transformation. HBZ is linked to
cell proliferation, but also reacts with Smad2/3 and p300 proteins and enhancing the
transcription of the HBZ gene. More than 80 % of cases show aneuploidy, and there
is no distinctive cytogenetic alteration [97]. Overexpression of BIRC5 can be seen,
and it is linked to resistance to chemotherapy [98].
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Fig. 2 a (PBL) and b (aspirate): malignant lymphoid cells in ATLL. The cells show a ‘flower-
like’ appearance. c–d lymph node involvement by ATLL. The tumor cells efface the architecture
and are medium to large in this pleomorphic variant. The malignant cells are positive for CD3,
CD25 and CD4, but negative for CD8
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1.1.4 Sézary Syndrome (SS)

Clinical and Epidemiologic Features
SS is defined as a separate entity by the WHO/EORTC classification and is an
aggressive disease [99, 100]. SS is characterized by circulating atypical T cells
(Sézary cells), erythroderma, and pruritus with or without lymphadenopathy [101].
Most cases present de novo, over a short period of time, but some can have a
prodrome of pruritus and non-specific dermatitis. It may follow classic MF. It has
been proposed that these should be classified as ‘SS preceded by MF’ to separate
from classic MF [102]. Erythrodermic MF usually follows MF and is distinguished
from SS by absent or minimal blood involvement. The clinical features of SS range
from mild erythema, to generalized diffuse erythroderma with involvement of the
palms and soles. Males are affected more commonly. Other common clinical fea-
tures include alopecia, ectropion, and onychodystrophy.

Histopathology, Immunophenotypic, and Molecular Features
The histologic features of SS are variable and often subtle in the skin. The epi-
dermotropic T cells, Pautrier microabscesses, and haloed lymphocytes are less
prominent. Some cases can just present with a perivascular lymphoid infiltrate
(Fig. 6) [103, 104]. The detection and quantification of Sézary cells for the diag-
nosis of SS and MF with leukemic involvement have traditionally been determined
by their morphologic identification on peripheral blood smears. Sézary cells have
characteristic cerebriform nuclei. This has largely been replaced by flow cytometry
because of high interobserver variability in cell counts. In addition, atypical lym-
phocytes with cerebriform nuclei can be found in the blood of healthy individuals
and those with benign inflammatory skin diseases.

Most cases show expression of T-cell antigens (CD2, CD3, CD5) and CD4. Rare
cases can be CD8 positive or even CD4+/CD8+ [105]. Most typically the abnormal
cells lack CD7 and CD26 [106–109]. Some inflammatory dermatoses unfortunately
can show this abnormal phenotype.

At a molecular level, in advanced stage MF and SS, there is a switch from Th1
cytokines to Th2. Th2 cytokines, such as IL-4, IL-5, IL-10, and IL-13, correlate
with eosinophilia, erythroderma, high levels of IgE, immunosuppression, and
increased susceptibility to bacterial infections. Additional studies have also revealed
that MF and SS arise from different memory T-cell subsets. The malignant T cells
in SS are of central memory and capable of circulating between skin, lymph nodes,
and blood [107, 110–112]. Expression of tissue addressins such as CLA and the
lack of L-selectin/CCR7 coexpression are characteristics of effector memory T
(Tem) cells [113]. Amplification of the JUNB gene has been identified in SS [114–
116]. JUNB is involved in cell differentiation, proliferation, and apoptosis. In SS,
the Th2 phenotype is linked to overexpression of GATA3 and CTLA-4. Impaired
proteasome function, with altered degradation of GATA3, has been shown in SS
patients [117]. The immunologic disturbances seen in SS impair the function of
plasmacytoid dendritic cells, features that constitute a rational explanation for the
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immune suppression associated with SS [118, 119]. By aCGH, the most common
abnormalities are gains in 8q and 17q and losses at 17p and 10q [120, 121]. Using
the same methodology and hierarchical clustering, SS appears to be a distinctive
group separated from transformed MF and cutaneous ALCL [122]. A membrane
molecule that belongs to the CD28/CTLA-1 receptor family, programmed death-1
(PD-1), may have utility in the identification of SS. Engagement of PD-1 on T cells
with its ligand has been shown to inhibit T-cell activation and proliferation. Recent
studies have shown a high expression of PD-1 by neoplastic T cells in SS but not
MF [123].

1.2 Nodal and Extranodal Mature T-Cell Lymphomas

1.2.1 Anaplastic Large Cell Lymphoma, ALK Positive
(ALK+ ALCL)

Clinical and Epidemiologic Features
ALK+ ALCL is a mature T-cell lymphoma with expression of CD30 and ALK1,
and a rearrangement of the ALK1 gene. It is the second most common subtype of
PTCL (25 %) and accounts for 5 % of NHL. It is the most common subtype of
PTCL in children and accounts for 10–30 % of all pediatric lymphomas [124–126].
Most cases present as lymphadenopathy, and the most common extranodal site
is the skin. Other affected sites include bone, lung, liver, and soft tissues [127].
A leukemic presentation is rare and more frequent in the small cell variant [128].
The bone marrow is affected in a small percentage (10–30 %) of cases [129].

Histopathology, Immunophenotypic, and Molecular Features
The classic morphologic picture (Fig. 3) of ALCL includes the so-called hallmark
cell: This is a large cell with a pleomorphic, horseshoe-shaped nuclei, a prominent
central golgi zone, and abundant cytoplasm [53]. A wreath-like appearance of the
cells can also be seen. The tumor cells are usually located around vessels. The
typical pattern of lymph node involvement in ALK+ ALCL is sinusoidal, where the
tumor cells surround residual lymphoid follicles. Certain histologic variants are
recognized in the WHO: (a) lymphohistiocytic (10 % cases) [130, 131] with
abundant histiocytes sometimes obscuring the malignant cells and rarely erythro-
phagocytosis; (b) small cell variant (5–10 % of cases) [132] with a worse prognosis
and more frequent leukemic forms [133]; (c) Hodgkin-like variant (3 % of cases)
that mimics classical HL [134] and a nodular sclerosing variant. The tumor cells in
this variant lack the very large, prominent cherry red nucleoli seen in RS cells. In
15 % of cases, there is a combination of patterns. More uncommon variants include
multinucleated giant cells, sarcomatoid, and myxoid forms [124–127]. A novel
cutaneous-only form of ALK+ ALCL has been proposed [135].

The immunophenotype must demonstrate the presence of CD30 and ALK
expression. In the majority of the cases, there is loss of multiple T-cell antigens
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[136]. CD2 and CD4 are most frequently preserved. Some cases can be positive for
TCR receptors. The cytotoxic markers (perforin, TIA-1, and granzyme B) are
expressed [137]. The majority of ALCL is positive for EMA. Rare cases can be

Fig. 3 a–c ALK+ ALCL with a typical sinusoidal pattern. The classic cells in this tumor are the
so-called hallmark cells. The tumor cells are positive for CD45, CD43, CD30, ALK (nuclear and
cytoplasmic patterns), and MYC. The tumor cells have loss of CD3. d–e ALK− ALCL, with a
similar type of histology to ALK+. In this particular case, there is coexpression of CD30, CD4,
EMA, and aberrant expression of keratins (OSCAR)
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CD15+ [138]. Other aberrant markers than can be expressed are cytokeratins,
PAX5, CD13, and CD33.

By cytogenetics and FISH, ALK+ ALCL has rearrangements of the ALK gene
on 2p23 with various partner genes, most typically the nucleophosmin (NPM) on
5q35 [139, 140]. Some translocations can be cryptic and not picked up on con-
ventional cytogenetic studies. The cellular localization of the ALK expression
correlates with the pattern of translocation: The NPM/ALK fusion leads to both
nuclear and cytoplasmic staining for ALK; less common partners lead to diffuse
cytoplasmic only staining (e.g., TPM3, ATIC, TFG, TPM4, MYH9, ALO17),
granular cytoplasmic (CLTC) or membranous (MSN). The translocation partner is
not required for a diagnosis, and using a break-apart FISH probe for ALK is the
most common modality for diagnosis. EBV is not present in ALK+ ALCL, and
invariably there is clonality by PCR methods. Inhibitors of the ALK gene are
currently under investigation for the treatment of relapsed disease [141]. Minimal
residual disease assessment using PCR is also being used. Rare cases with rear-
rangements of the MYC gene have also been described [142].

1.2.2 Anaplastic Large Cell Lymphoma, ALK Negative (ALK−
ALCL)

Clinical and Epidemiologic Features
In the current WHO, this neoplasm remains under a provisional category. ALK−
ALCL is a mature T-cell lymphoma with CD30 expression, morphologically
identical to ALK+ ALCL but lacks the expression of ALK. It represents 40–50 %
of all ALCLs, but occurs in the older population, predominantly in the sixth decade
[143]. The affected individuals present with lymphadenopathy, and extranodal
involvement is very rare [144, 145]. Most patients have advanced disease (stage III
or IV) and B-symptoms. Because cutaneous ALCL (C-ALCL) and systemic forms
are morphologically and immunophenotypically identical (and C-ALCL can extend
locoregionally to lymph nodes), the clinical information is imperative [146] to
distinguish between the two.

Histopathology, Immunophenotypic, and Molecular Features
The cytology of the tumor cells is identical to ALK+ ALCL but, in general, the
tumor cells tend to be larger and more pleomorphic than its ALK+ counterpart
(Fig. 3). Multinucleated wreath-like forms are frequent. Histologic variants are not
strictly defined, but some cases resemble the lymphohistiocytic variant and others
the Hodgkin-like forms [53]. The background cells can include histiocytes, plasma
cells, eosinophils, and small lymphocytes [143, 144]. A small cell variant is not
typical and, when present, should be classified as peripheral T-cell lymphoma
(PTCL), not otherwise specified (NOS). Emphasis in distinguishing ALK− ALCL
from PTCL should be placed, as most cases of ALCL will potentially benefit from
bone marrow transplant and appear to have a relative better prognosis [8, 143, 144,
147, 148]. A recently described form of ALCL, occurring in association with breast
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implants, has a much more indolent behavior and potentially does not require
further treatment other than removal of the implants [10]: To this respect, two
clinical presentations have been noted: one with an effusion, no mass effect
and ± capsule contracture; and a second one with mass effect and ± effusion [149].

The immunophenotype of ALK− ALCL shows strong and diffuse expression of
CD30. The pattern can be membranous, Golgi and/or cytoplasmic. The strong and
diffuse character is often a helpful clue to distinguish it from PTCL. It often lacks
multiple T-cell antigens, and cytotoxic markers are often expressed. EMA and
clusterin can be positive, but to a lesser extent than in ALK+ ALCL [145]. Cyto-
keratin expression can sometimes lead to a misdiagnosis of metastatic carcinoma
[150]. At the molecular level, rearrangements of the DUSP22-IRF4 locus have been
described [151–153]. The most common partner is FRA7H at 7q32. 6p25.3 rear-
rangements are mutually exclusive of ALK translocations. They are classically seen
in C-ALCL, but can be seen in ALK− ALCL in 18 % of cases.

1.2.3 Angioimmunoblastic T-Cell Lymphoma (AITL)

Clinical and Epidemiologic Features
AITL was originally described as an abnormal immune reaction or form of atypical
hyperplasia [154–158]. It is now regarded as a mature T-cell lymphoma. This
lymphoma subtype occurs in adults and has not been described in children. Clin-
ically, most patients present with generalized adenopathy, hepatosplenomegaly,
skin rash, and prominent constitutional symptoms [159, 160]. Other extranodal
sites, such as lung and bone marrow, are also frequently involved. Patients can have
polyclonal hypergammaglobulinemia (>50 % of cases) and Coombs-positive
autoimmune hemolytic anemia. LDH levels are usually high. In addition, recurrent
opportunistic infections may occur.

Histopathology, Immunophenotypic, and Molecular Features
The nodal architecture is typically effaced with open and sometimes dilated sinuses.
There is a very striking proliferation of postcapillary or high endothelial venules
with prominent arborization (Fig. 4). A dendritic cell proliferation (FDC) around
the high endothelial venules is typical. The neoplastic lymphoid cells have clear
cytoplasm, and are associated with small lymphocytes, immunoblasts, plasma cells,
and histiocytes [53]. Three patterns are now recognized: In pattern 1 (15 % of
cases), partial preservation of the architecture with hyperplastic B-cell follicles and
a paracortical expansion of T cells and prominent vascularity is seen. In pattern 2
(25 % of cases), there is loss of the architecture with atrophic follicles and con-
centrically arranged FDC. In pattern 3 (60 %), there is total loss of the architecture
with no residual follicles [6, 34, 160–162]. The histologic features in extranodal
sites can be relatively non-specific: In the skin, the infiltrate is superficial and deep,
and usually spares the epidermis [163–165]. But occasionally, epidermotropic cases
mimicking MF have been seen [166]. Cases resembling marginal zone B-cell
lymphomas have been reported [167].
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The abnormal cells are usually positive for CD3, CD4, CD10, and CD279
(PD-1), a phenotype characteristic of TFH [159, 160, 162]. Strong expression of
CD10 and PD-1 in perifollicular lymphocytes can be helpful in the differential

Fig. 4 a–d AITL. There is preservation of residual follicles, and the neoplastic cells have a clear
abundant cytoplasm, and there are associated high endothelial venules and focal RS-like cells (d).
The tumor cells are positive for CD3 and BCL-6. CD21 shows disrupted FDC. CD30 stains
numerous immunoblasts (B cells). EBER is positive in scattered lymphoid cells. The touch
preparation e also shows eosinophilia
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diagnosis with reactive hyperplasia [168, 169]. However, PD-1 is more weakly
expressed normally in paracortical T cells, and therefore, only strong intense
staining is diagnostically useful. CXCL13 [170], a chemokine involved in B-cell
trafficking into the germinal centers, is also expressed in AITL. B-cell markers are
positive in the residual follicles and also stain many immunoblasts in the inter-
follicular areas. The population of immmunoblasts, when extraordinary numerous,
can mimic a DLBCL [171]. Expansion of the FDC is better seen with CD21. EBV-
positive B cells comprise the most frequently identified atypical B-cell component
in AITL and are nearly always present in the background. The EBV+ cells can
resemble Hodgkin lymphoma morphologically and immunophenotypically, and a
wrong diagnosis could sometimes be made [172, 173]. Some cases can transform
into a DLBCL [174]. Rarely, proliferations of TdT+ cells can be seen [175]. TCR
gene rearrangement and clonal IGH can also be present.

At a molecular level, TET2, DNMT3A, and IDH2 mutations have been recently
reported in AITL [176, 177]. These mutations, however, are not specific and can
also be seen in other PTCLs. Lately, a mutation of RHOA, which encodes a
GTPase, was reported in 68 % of AITL and is associated with TET2 mutations
[178, 179]. CGH studies have shown non-specific gains of chr X, 3, 5, 11q13, 13q,
and 22q [180].

1.2.4 Peripheral T-Cell Lymphoma, Not Otherwise Specified
(PCTL, NOS)

Clinical and Epidemiologic Features
PTCL, NOS encompasses a heterogeneous group of lymphomas, which essentially
do not meet the criteria for any of the other subtypes of mature T-cell lymphomas.
Using this definition PTCL, unfortunately, represents a diagnosis of exclusion
[181]. PCTL can present in nodal and extranodal sites and has a variety of mor-
phologic patterns, some of which are shared by other subtypes of NHLs. In this
sense, the use of PTCL, NOS as a ‘waste basket’ category not only represents a
histologic dilemma, but also affects substantially the way the patients are treated
and the overall prognosis. Novel approaches, using gene expression arrays, are a
promising tool to better define this subgroup of T-cell lymphoproliferative disorders
[2, 140, 161, 182]. Interestingly, the WHO has preserved its use as a ‘permanent’
and not ‘provisional’ category. Comparison of interobserver agreement has shown a
high rate of discordant results for its diagnosis [34, 183, 184].

PTCL, NOS is the most common subtype of PTCL (30–60 % of cases). It is less
common in Asia, where EBV-associated PTCLs are more common [185]. It affects
primarily adults, with a mean age of 60, and a higher prevalence in males (2:1).
Most patients present with lymphadenopathy with or without extranodal extension.
Between 40 and 60 % of patients present with stage IV disease [186–188]. Some
can have eosinophilia, pruritus, erythroderma, and rarely hemophagocytosis
[163, 189, 190].
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Histopathology, Immunophenotypic, and Molecular Features
By definition, the morphology is heterogeneous [53]. In most circumstances, the
neoplastic cells are medium to large, and some cases can have a small cell com-
ponent [2, 5]. In those cases with resemblance to AITL (Follicular variant, see
below), cells with clear cytoplasm are present. The presence of Hodgkin-like cells
(RS-like) has been documented (particularly in the lymphoepithelial variant) [173,
191]. The background cells include eosinophils, plasma cells, histiocytes, and
prominent vessels (Fig. 5). The nodal involvement shows effacement of the
architecture with a follicular or parafollicular patterns. Prominent sinusoidal
involvement can be seen in those with features resembling ALCL. The distinction
between ALCL and PTCL, NOS is important, as the former appears to have a better
prognosis and a better outcome after bone marrow transplantation [144, 192]. The
WHO recognizes three specific variants: lymphoepithelial, follicular, and T-zone
[181]. Lennert lymphoma (lymphoepithelial variant, LE) [191, 193, 194] usually
shows scattered neoplastic cells (small to medium in size) with an abundance of
epithelioid histiocytes with a granulomatous appearance. Admixed RS-like cells are
present [173, 191]. Eosinophils and plasma cells in the background are seen. In the
follicular variant [2, 4, 170, 172], there are expanded follicles with a population of
neoplastic interfollicular cells of medium size and with clear cytoplasm. FDCs can
be present. The T-zone variant [186] shows residual non-neoplastic follicles and an
extensive perifollicular neoplastic population of cells.

The immunophenotype shows aberrant loss of 1 or more T-cell antigens, most
commonly CD3, CD5, or CD7. The majority of the cases are CD4+, but some can
be CD8+, particularly the LE variant [191, 193]. In addition, some cases can be
double positive or double negative for CD4 and CD8. The majority of cases have a
TCRαβ phenotype, but some are negative, and a small subset is TCRγδ [195].
Cytotoxic markers can be expressed in PTCL, NOS. Some cases express CD30, and
a minority CD15 [196]. Cases with significant expression of CD30 should be
distinguished from ALK− ALCL. Gene expression profiles have proven beneficial
in this situation [197]. Aberrant B-cell antigenic expression can be seen, including
multiple B-cell markers (CD20, CD79a, and CD19) [198–200]. The follicular
variant shows markers of follicle center T-cell phenotype (TFH): CD10, BCL-6,
CXCL13, and/or PD1. The distinction between AITL and the PCTL with T-helper
phenotype could be very difficult, and overlap between the two, by gene expression
analysis, has been seen [148]. However, this PTCL subtype appears to have a better
prognosis and is of extraordinary importance to recognize. It has been proposed
more recently the use of at least 3 T-helper markers (e.g., CD10, BCL-6, PD-1,
CXCL13) on the evaluation of a new diagnosis of T-cell lymphoma [2]. EBV
positivity can be seen in some cases of PTCL, NOS, but diffuse positivity is
certainly uncommon [201, 202].

Molecular studies have shown non-specific alterations with some exceptions:
Some cases of the follicular variant show a t(5;9) translocation fusing the tyrosine
kinase genes ITK and SYK [2, 4, 6, 203, 204]. Rare cases have shown a t(6;14)
translocation with involvement of the IRF4 and TRA genes [152]. Those cases show
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Fig. 5 PTCL, NOS. a–c there is a diffuse proliferation of medium-to-large cells which form vague
alveolar structures. In this case, the tumor shows diffuse expression of CD3 and EBER, with
aberrant coexpression of CD79a and CD20. Both CD4 and CD8 are negative in the tumor cells. d–
f lymphoepithelial variant (Lennert lymphoma). A rich histiocytic background and granulomatous-
like areas are seen. Frequent RS-like cells are present. The immunophenotype of this variant is
typically CD8 positive, and CD30 stains the RS-like cells. CD68 shows numerous histiocytes in
the background
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MUM1 expression and a cytotoxic phenotype in association with diffuse bone
marrow infiltration. Amplification of the CDK6 gene is seen in 23 % of cases [205].
TET2 mutations, typical or AITL, are present in 20 % of cases and cannot be used
to distinguish between the two [6, 177, 206, 207]. Similarly, more recently muta-
tions of the RHOA GTPase appear to be very frequent among them [208]. BCL-3
rearrangements are also rare [209]. Certain micro-RNA (miRNA) profiles can also
help to distinguish among certain subtypes of PCTLs [210]. Rearrangements of the
TP63 gene, present in only 5 % of cases of PTCL, NOS, predict a worse prognosis
[211]. Cases with overlap features with AITL can show IDH2 mutations [197].

1.3 Extranodal T-Cell Lymphomas, Non-Cutaneous

1.3.1 Hepatosplenic T-Cell Lymphoma (HTCL)

Clinical and Epidemiologic Features
HTCL accounts for only 3 % of all T-cell lymphomas in the United States. It affects
the liver and spleen and is characterized by a γδ phenotype [212]. Normally, this
population of lymphocytes accounts for only 1–3 % of the peripheral blood lym-
phoid cells. The γδ cells represent part of a repertoire linked to innate or non-
specific immune system. The neoplastic T cells in HTCL are similar to the func-
tionally immature cytotoxic γδ T cells observed in the setting of solid organ
transplantation [213–216]. The potential role of an immunosuppressed state in the
pathophysiology of the disease is also supported by an increased incidence of
HTCL in patients with inflammatory bowel disease and rheumatoid arthritis who
have undergone treatment with tumor necrosis factor (TNF) blockers and thiopurine
[214, 217–219]. HTCL usually presents in young individuals (mean age of 34) with
fever, weight loss, splenomegaly and, in some cases, jaundice. Hemophagocytosis
can also be seen [220, 221]. Hepatomegaly is seen in 50 % of cases. Laboratory
findings include elevation of liver enzymes, LDH, anemia, and thrombocytopenia
[57, 212, 214, 222, 223].

Histopathology, Immunophenotypic, and Molecular Features
The neoplastic cells infiltrate the red pulp of the spleen, with a reduction or com-
plete atrophy of the white pulp [224]. In the liver, sinusoidal infiltration by neo-
plastic cells can be observed in virtually all cases [53]. The portal triads are
relatively spared [225]. Perisinusoidal fibrosis without hepatocyte involvement has
been described. Lymphadenopathy is almost never present, at least at the time of
first presentation, with only a few cases that demonstrated infiltrated lymph nodes
by medium-sized lymphoma cells. Bone marrow infiltration is virtually always
present (Fig. 6). The infiltration is better appreciated with the use of immunostains.
Throughout the course of the disease, a change in the pattern of bone marrow
infiltration as well as cell morphology can be observed. With progression, the
distribution changes from sinusoidal to increasingly interstitial, and the neoplastic
cells become larger and blast-like [226, 227].

Pathology of T-Cell Lymphomas: Diagnosis and Biomarker Discovery 69



Immunophenotypic studies reveal a γδ phenotype (which can be demonstrated
by flow cytometry or the use of BF1 or γδ-antibodies). Rare cases show an αβ-
phenotype [228, 229]. Most cases express CD3 and are positive for CD8 and CD56.

Fig. 6 a (PBL)–b (aspirate) of HSTCL. In the evolution of the disease, blast-like forms are
appreciated. c, d show bone marrow involvement with a sinusoidal pattern, shown better with the
CD3 immunostain. e and f EATL-2. There is a monotonous infiltrate of medium-to-large cells in
the jejunum. The malignant cells are positive for CD3, CD56, and CD8, while negative for CD4.
6 h—SS with cutaneous involvement. Often the histologic findings are very deceptive, with only a
mild perivascular lymphocytic infiltrate. The CD4:CD8 ratio is markedly increased
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The malignant cells express TIA-1 and granzyme M, but negative for perforin and
granzyme B. These features are indicative of a non-activated cytotoxic phenotype
[2, 6, 57, 212, 214, 225]. KIRs are often expressed [230]. Isochromosome 7q seems
to be the primary and consistent chromosomal abnormality detected in most
patients with the disease [231–234]. The presence of i(7)(q10) in HTCL seems to be
independent of the immunophenotype of the malignant cells. One study revealed
the tendency of HTCL to multiply the i(7)(q10) chromosome during evolution and
progression of the disease [234]. Clonal ring chromosome 7 formation has been
described in HTCL as well, in which the ring chromosome often exhibits 7q
amplification with 7p deletion, which results in a i(7)(q10)- equivalent genetic
situation [235, 236]. Trisomy 8 is another frequently observed genetic abnormality
in HTCL. Other, less common, genetic mutations are loss of chromosome 21, Y and
deletion of chromosome 11q14, t(7;14)(q34;q13), and deletion of chromosome
2q23;q37 [226, 227].

1.3.2 Enteropathy-Associated T-Cell Lymphoma (EATL)

Clinical and Epidemiologic Features
Enteropathy-Associated T-cell Lymphoma (EATL) is an intestinal T-cell lym-
phoma that occurs most commonly in the jejunum or ileum and is particularly
frequent in Northern Europe, where the prevalence of celiac disease (CD) is high
[237–241]. Rare cases present in the duodenum, stomach, or colon [242, 243]. It
has seen in approximately 2–3 % of patients with CD [239]. There are two separate
subtypes: EATL-1 and EATL-2. EATL-1 is associated with CD and EATL-2 is not.
Clinically, EATL presents at a mean age of 57. In 32 % of cases, EATL was
diagnosed during an emergency surgery for small bowel obstruction or peritonitis,
due to a perforated tumor. The remaining is diagnosed due to pain, weight loss, or
fever [240]. Rare cases present with a hemophagocytic syndrome [244, 245]. In
27 % of cases, CD and EATL are diagnosed simultaneously. The interval between
the development of CD and EATL is approximately 50 months. The lymphoma is
localized (57 %) or diffuse (43 %). Grossly, the typical features include ulcers
(29.7 %), or infiltration and induration of the intestinal wall with out without
nodules (48.6 %) [240]. Involvement of extra-intestinal sites such as lymph nodes
[246], skin [247], and CNS [248] has been described.

Histopathology, Immunophenotypic, and Molecular Features
In EATL-1, there is an infiltration of lymphoma cells with pleomorphic appearance
(medium-to-large lymphoid cells), mixed with reactive small lymphocytes, plasma
cells, histiocytes, and eosinophils. The mucosa adjacent to the tumor shows en-
teropathic changes of CD, including an increase in intraepithelial lymphocytes and
villous blunting [237, 238, 240, 249]. EATL-2 shows a monomorphous population
of large cells with hyperchromatic nuclei and pale cytoplasm (Fig. 6). It often lacks
the inflammatory background seen in EATL-1 and frequently is accompanied by
necrosis [237, 241, 250]. Some very early cases may not present with a mass and
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show an in situ (intraepithelial component) only (‘in situ’ EATL). A histologic
variant of EATL with anaplastic morphology has also been described.

In EATL-1, the neoplastic T cells are positive for CD3, CD7, and CD103, but
are typically negative for CD4, CD8, and CD5, and show variable reactivity with
CD30 and TCRαβ [237, 239, 240, 251]. They may also co-express cytotoxic
markers such as granzyme B, perforin, and/or TIA1. The adjacent intraepithelial
lymphocytes may also express abnormal immunophenotype with loss of CD5,
CD4, and CD8 expression. In EATL-2, the malignant cells express CD3, CD56,
CD8, and TCRαβ. Molecular studies show (in both EATL-1 and EATL-2) 9q31.3-
qter amplifications or 16q12.1 deletions [5, 238, 249, 252]. Gains in 1q32.2-q41
and 5q34-q35.2 occur in EATL-1, while amplifications of MYC are present in
EATL-2 [250, 253, 254]. More recently, Perry et al. [255] have proposed the term
indolent T-cell lymphoproliferative disease of the gastrointestinal tract, to define a
rare group of lesions with an immunophenotype similar to EATL. This group of
patients had no history of enteropathy and had a very indolent clinical course,
without the need for chemotherapy.

1.4 Extranodal T-Cell Lymphomas, Cutaneous

1.4.1 Mycosis Fungoides

Clinical and Epidemiologic Features
MF is the most common type of cutaneous T-cell lymphoma, accounting for 50 %
of all primary cutaneous lymphomas [99, 256]. Its annual incidence has been
estimated to 6 or 7 cases per 1 million persons. MF occurs more commonly in
adults, although any age group can be affected. The male-to-female ratio is 2:1
[257]. Classic MF is a disease that progresses slowly over years and sometimes
decades, presenting with well defined, often pruritic erythematous patches distrib-
uted in non-sun-exposed ‘bathing suit’ areas, including the breasts, buttocks, lower
trunk, and groin. These patches may evolve to infiltrative plaques and tumors, and
all 3 lesion types can be seen concomitantly. Hypopigmented lesions are a rare
presentation of MF, most often seen in children, adolescents, and dark-skinned
individuals [258–261]. Approximately 30 % of patients present with skin tumors or
erythroderma at disease onset [101, 262]. Extracutaneous dissemination occurs in
advanced stages and may involve lymph nodes [263], liver [264, 265], spleen [266,
267], lung [268], and blood. However, bone marrow involvement is rare [269].

Histopathology, Immunophenotypic, and Molecular Features
MF is an epidermotropic T-cell lymphoproliferative disorder composed of small-to-
intermediate atypical lymphocytes with enlarged hyperchromatic, cerebriform
nuclei, and clear cytoplasm. The morphology varies with the clinical stage of
disease (Fig. 7) [99, 101, 104, 120, 257, 262]. The early patch of skin shows
lichenoid atypical lymphoid infiltrate colonizing the basal layer in a singly or linear
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fashion, whereas plaque stage shows more prominent epidermotropism. Pautrier
microabscesses, consisting of small intraepidermal aggregates of atypical lym-
phocytes and Langerhans cells, are seen in only 25 % of cases. With progression
from patch/plaque stages to tumor stage, more diffuse involvement of papillary
dermis and increase in number and size of neoplastic T-cell lymphoid infiltrates
occurs. Epidermotropism may be lost. The following features are not typically seen
in MF: marked spongiosis, vacuolar change, keratinocyte necrosis, or numerous
eosinophils and/or neutrophils. Histologic transformation, defined as the presence
of large T cells in more than 25 % of the total lymphoid infiltrate or forming
microscopic nodules, is an adverse finding. Some histologic variants are summa-
rized in Table 2 and illustrated in Fig. 7 [99, 265, 270–278].

Immunophenotypically, the neoplastic T cells in MF are usually CD4 mature T
cells with expression of CD2, CD3, TCRB, and CD5. Loss of one or more T-cell
antigens (CD7, most common) is frequent in all stages [99, 101, 104, 120, 257, 262,
272]. CD8− positive MF has been seen more commonly in pediatric MF [258, 261]
and with pagetoid reticulosis [274]. The clinical behavior of CD8 phenotype MF is
similar to that of CD4 phenotype. These large cells may be CD30− or CD30+.
Prognosis appears to be better in LCT with CD30 expression [279]. MF may
coexist with CD30+ T-cell lymphoproliferative disorders such as cutaneous ALCL
and lymphomatoid papulosis (LyP) [280, 281]. It is important to distinguish con-
current MF with cutaneous ALCL with transformed MF because of their prognosis
and therapeutic implications are different. MF is a clonal disorder of memory T
cells. Clonal T-cell gene rearrangement has been seen in variable proportion of
cases by molecular studies [282]. However, clonal T cells are frequently found in
non-neoplastic and inflammatory skin conditions [283–287], thus diagnosis of MF
cannot be made on the basis of molecular study alone and requires clinical–path-
ological correlation. The diagnosis of early MF can be challenging because not all
pathologic findings are present or because of overlapping findings with other
reactive dermatoses. At a molecular level, MF lacks CCR7/L-selectin and CD27 but
strongly expresses CCR4 and CLA, a phenotype suggestive of skin resident effector
memory T cells [288]. This phenotype is different from SS where the T cells show a
central memory pattern. Expression with CCR7 also correlates with loss of epi-
dermotropism and subcutaneous extension [289]. aCGH studies have shown some
numerical alterations including recurrent loss of 19, 7p22.1-p22.3, 7q11.1-q11.23,
9q34.12, 12q24.31, and 16q22.3-q23.1, and gain of 8q22.3-q23.1 and 21q22.12
[290]. Limited micro-RNA (miRNA) studies have shown a signature of specific
miRNA when comparing MF against inflammatory skin disorders [291, 292].

1.4.2 Subcutaneous Panniculitis-like T-Cell Lymphoma (SPTCL)

Clinical and Epidemiologic Features
SPTCL is a primary cutaneous T-cell lymphoma with preferential involvement of
the subcutaneous tissue and is now a distinct category in the WHO. The cases,
originally included under this category with a TCRγδ phenotype, are now included
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under the provisional category of primary cutaneous γδ-T-cell lymphoma [101, 163,
165, 293–296]. It is more common in younger individuals, and 20 % of cases occur
in individuals of <20 years of age [297]. The clinical presentation includes skin

Fig. 7 MF and variants. a–c Classic variant with epidermotropism, and tagging of lymphocytes
along the dermal–epidermal junction. The abnormal T cells are CD3+ , have loss of CD7, and have
a CD4+ phenotype. d–f, Large cell transformation. This is defined by >25 % large cells. The
presence of Pautrier microabscesses is seen in e. g and h, folliculotropic variant with associated
follicular mucinosis (i, colloidal iron). j– k, Granulomatous variant (granulomatous slack skin)
with elastophagocytosis (l, elastic stain)
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nodules in the extremities and the trunk, but some cases can present in the head and
neck region. Ulceration is usually rare. Extracutaneous involvement is also
uncommon [298]. Those cases with hemophagocytosis (17 %) have a worse
prognosis [294, 296, 299].

Histopathology, Immunophenotypic, and Molecular Features
There is a dense lymphoid infiltrate of small-, medium-, and large-sized lympho-
cytes, preferentially in the subcutaneous tissue, within the fat lobule. Extension in
the dermis is usually seen. The epidermis must be spared. The atypical lymphocytes
are hyperchromatic, have angulated nuclei, and clear cytoplasm. Admixed
inflammatory cells, such as histiocytes, plasma cells, and neutrophils, can be seen
[295, 296]. The classic pattern of infiltration shows rimming of the adipocytes by
the atypical lymphoid cells (Fig. 8). The immunophenotype shows that the
abnormal T cells are CD3+, CD4−, CD8+, and CD56−. In some cases, the T cells
are CD4−/CD8−. Invariably they express TCRβ. The tumor cells express the
cytotoxic markers TIA-1, perforin and granzyme. Cases with overlap features with
lupus panniculitis have been described [300–302]. In those, CD123 has been
proposed to be useful (positive in plasmacytoid dendritic cells in lupus) [303]. At a
molecular level, CGH revealed large numbers of DNA copy number changes, the
most common of which were losses of chromosomes 1pter, 2pter, 10qter, 11qter,
12qter, 16, 19, 20, and 22 and gains of chromosomes 2q and 4q [294, 304].

1.4.3 Cutaneous Anaplastic Large Cell Lymphoma (C-ALCL)

Clinical and Epidemiologic Features
C-ALCL usually has an indolent clinical course and overlaps with the clinico-
pathologic features with LyP. Most patients are adults, and usually 50–60 years of
age [305, 306]. It is rare in children, but occasionally reported [307]. Clinically
presents as a solitary tumor or nodule, often ulcerated and located on the face,
extremities, or less frequently the trunk. Multifocality is seen in 20 % of cases.
Spontaneous regression occurs in 25 % of cases [308, 309]. Mucosal CD30
+ lymphoid proliferations with significant overlap features to C-ALCL have been
reported recently [310].

Histopathology, Immunophenotypic, and Molecular Features
The histology of the lesion includes cohesive sheets of large anaplastic cells, with
indented and irregular nuclei, and abundant cytoplasm, similar to other systemic
ALCLs. In 20 % of cases, a variant morphologic appearance is seen (a rare small
cell variant has been reported). The infiltrate extends from the dermis into the
subcutis [280, 308, 311, 312]. Admixed acute inflammatory cells can be very
prominent (giving rise to pyogenic- and eosinophilic-rich cell variants). In 25–30 %
of cases, there is pseudoepitheliomatous hyperplasia of the skin. The pathologic
overlap between C-CLCL, LyP and large cell transformation in MF heralds the
absolute need of a good clinical history to distinguish between the different lesions
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Fig. 8 Cutaneous T-cell lymphomas, rare forms. a–c SPTCL. There is a classic lobular
panniculitis with necrosis and rimming of adipocytes by the abnormal cells. BF1 is positive
indicating a TCR-αβ receptor. The CD4:CD8 ratio is inverted as the tumor cells are CD8 positive.
d–f PCGDTCL. Pseudoepitheliomatous hyperplasia is frequently observed (d). The tumor also
infiltrates the fat, and angioinvasion is frequent (f). The tumor cells are CD56+ and CD3+. BF1 is
predominantly negative, indicating a γδ-receptor. g–h, SMPTCL. There is sparing of the epidermis
and a CD4 phenotype
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[313]. Some cases can have a marked predominant intravascular distribution
[314–316]. All cases show diffuse and strong CD30 expression, variable loss of
pan-T-cell antigens and some expression of cytotoxic markers. EMA is expressed in
20–30 % of cases. ALK expression is associated with systemic disease, but rare
cases of C-ALK+ ALCL have been published [135]. Variable expression of clus-
terin and CD56 (12–75 %) is seen. Like LyP, MUM1 is frequently positive.

Loss of TGF-β–induced lymphocyte growth inhibition has been demonstrated in
C-ALCL, due to a dominant negative mutation of the TGF-β type II receptor or
deletion of the initiating sequence for translation of the type I receptor transcripts;
this observation suggests that altered TGF-β/SMAD signaling may play a role in the
progression of LyP to ALCL. Recurrent translocations involving multiple myeloma
oncogene 1/interferon regulatory factor 4 (MUM1/IRF4) (located on 6p25) have
been detected by FISH in C-ALCL (57 % of cases tested), rare PTCL, NOS (5 %),
and systemic ALK2 ALCL (4 %) [152, 153, 317]. Amplification of JUNB (19p13)
is reported in 70 % of C- ALCLs, and JUNB protein expression is present in
virtually all cases, which might promote tumor cell survival via its upregulation of
CD30 and thereby NF-kB activation [114, 115]. Numerous other alterations have
been described on aCGH. Differences in miRNA have been shown to distinguish it
from MF [318]. CALCL exhibits gain of 7q31 and loss on 6q16-6q21 and 13q34,
each affecting 45 % of the patients, and has a distinct signature that distinguishes it
from MF and SS [122, 319].

2 Concluding Remarks

Our understanding of the diversity of PTCLs has evolved substantially over the past
20 years and is reflected in the evolution of classification schemes. Numerous
categories in the WHO still remain at a provisional stage, and some include very
complex and heterogeneous disorders, for which we expect subclassifications to
arise. The accuracy in the diagnosis of PTCL among different experts has been
previously studied: The International T-cell Lymphoma Project showed an overall
rate of 81 %. The reproducibility for the diagnosis of ALK+ ALCL was 91 %, but
was much lower for PTCL, NOS (81 %) and AITL (75 %) [145]. More recently, the
accuracy has increased to 92 % on a study from Hsi et al. [184]. Gene expression
profiling (GEP) has been performed to improve the diagnosis of PTCL and to better
understand its pathobiology. To this respect, a study by Iqbal et al. [197] showed
that by using this methodology 14 % of cases previously diagnosed as PCTL were
reclassified as AITL. In the same study, 11 % of PTCL were reclassified as ALK−
ALCL. Interestingly, those cases that were categorized as ALK− ALCL had a
worse prognosis compared to PTCL, NOS. A study by Piccaluga et al. [320] has
also shown that GEP improves classifications of AITL and ALCL: In their study,
the traditional morphologic and immunophenotypic approach failed to provide
significance in survival between ALCL and PTCL, NOS but, with the use of GEP, a
statistical significance in survival was achieved. Two genetic subgroups emerged in
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the PTCL, NOS groups: a GATA3 high subgroup with enrichment of proliferation
signatures (MYC, mTOR, β-catenin) and a TBX21 subgroup, with activation of
pathways linked to IFN-γ and NFkB, and better prognosis. Ultimately, not only will
molecular classification improve diagnostic accuracy, but it may lead to the
development of a targeted therapy approach with drugs directed to specific path-
ways: For example, AITL may benefit from FDA-approved drugs that target the
NF-κβ pathway including bortezomib or carfilzomib or specific inhibitors against
IDH2 mutation currently in development. ALK− ALCL patients may benefit from
drugs that target mitotic cells (e.g., aurora kinase inhibitors) in combination with
drugs that target the PI3-kinase/AKT pathway. Similarly, a subset of patients in the
GATA3 subgroup may benefit from drugs that target the mTOR (e.g., rapamycin,
temsirolimus) pathway [182]. It is more than likely that the next generation of
classifications will incorporate these types of approaches for diagnostic purposes
and will allow for a better understanding of the pathobiology of these diseases.
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Gene Expression Profiling
in Non-Hodgkin Lymphomas

Joo Y. Song, Jianbo Yu and Wing C. Chan

Abstract

Although the current WHO classification (Swerdlow et al. WHO classification of
tumours of haematopoietic and lymphoid tissues. International Agency for
Research on Cancer, Lyon, 2008 [1]) for hematolymphoid neoplasms has
delineated lymphomas based on the combined morphologic, immunophenotypic,
and genotypic findings, further refinement is necessary especially in regard to
therapeutics and prognostic implications. High-throughput gene expression
profiling (GEP) using microarray technology (Schena et al. Science 270:467–
470, 1995 [2]; Augenlicht et al. Proc Natl Acad Sci USA 88:3286-3289, 1991
[3]) was developed about 20 years ago, and further refinement of the technology
and analytical approaches has enabled us to routinely evaluate practically the
entire transcriptome at a time. GEP has helped to improve the classification and
prognostication of non-Hodgkin lymphomas (NHL) as well as improved our
understanding of their pathophysiology and response to new therapeutics. In this
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paper, we will briefly review how this revolutionary tool has transformed our
understanding of lymphomas and given us insight into targeted therapeutics.
We will also discuss the current efforts in adapting the findings to routine clinical
practice, the evolution of the research technology and directions in the future.
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1 Concept and Technology

1.1 DNA Microarray

Current commercially available arrays are extremely close to whole transcriptome
coverage. This technology relies on nucleic acid hybridization of labeled targets
from the tissue sample to probes of complementary DNA (cDNA) fragments/oli-
gonucleotides that represent genes of interest that are immobilized on a solid sur-
face. Analysis of the messenger RNA (mRNA) creates a molecular fingerprint for
the tumor, and in general, tumors with a closely related fingerprint will have similar
biological and clinical features. There are two main platforms, one using cDNA
probes and the other using oligonucleotide probes in the microarrays. Briefly,
cDNA probes consist of polymerase chain reaction (PCR) products from cDNA
libraries representing genes of interest which are then systematically spotted on a
nitrocellulose filter or slide. Oligonucleotide arrays are constructed with probes that
are directly synthesized in situ or oligonucleotides synthesized off-line and robot-
ically spotted on glass slides. Oligonucleotides offer greater specificity compared to
cDNA because they can be tailored to minimize cross-hybridization and provide
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more uniform melting temperature. Oligonucleotide probes may consistent of long
(50–70 bps) probes or short (25 bps) probe sets as in arrays manufactured by
Affymetrix. Each array can generate an extensive amount of data that requires
bioinformatic tools many of which are now publicly available [4]. Analysis of the
array data can be supervised and unsupervised. Unsupervised analysis uses algo-
rithms such as hierarchical clustering or self-organizing maps and analyzes the data
without external information such as clinical data. This approach is particularly
useful for discovery and identifying unknown relationships. Supervised learning
utilizes external information to guide the analysis. It divides samples using known
parameters such as survival data or certain genetic characteristics into groups for
comparative analysis. This type of learning requires accurate sample characteriza-
tion, which can be the issue when based on parameters that are not accurately
quantifiable.

1.2 Limitations

Gene expression profiling assays initially were questioned in regard to their accu-
racy and reproducibility, their clinical relevance, and possible utility in diagnosis.
These questions have been largely answered, and GEP has been determined to be a
powerful and useful tool in research and potentially also in the clinical arena. With
the advent of microarrays commercially manufactured under strictly controlled
conditions and experiments performed according to established procedures, array
experiments are highly reproducible when performed on the same platform and
even results on different platforms at multiple large centers have given highly
comparable results [5, 6]. It is true that the expression of single genes may not be
entirely reproducible, particularly for cross-platform comparisons, but current
analysis places the emphasis more on expression signatures rather than single
genes, and signatures containing an aggregate of tens to several hundreds of tran-
scripts are very reproducible.

However, like all tests, there are limitations that we need to be aware of. Tra-
ditionally, GEP has been performed on fresh or frozen tissue, which may not be
readily available. Progress in RNA extraction and processing from paraffin-
embedded tissue has allowed the implementation of this platform for tissues with
reasonably well-preserved mRNA [7, 8]. Other considerations are the sampling of
the tumor. Delay in sample processing may produce significant artifact. Samples
from frozen tissue need to be examined to ensure that they contain representative
tumor tissues. Tumor contains not only the neoplastic cells but also varying
amounts of stromal elements and inflammatory cells. While the stromal components
may provide highly useful information, there has to be sufficient amounts of tumor
to study the characteristics of the tumor component. There is also heterogeneity in
the tumor cells of a particular lesion that may complicate the interpretation of gene
expression studies even further. Careful sampling is required, and dissecting tumor
heterogeneity may even require microdissection to enrich and isolate specific cells.
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From the analytical standpoint, the importance of validation cannot be stressed
more. Validation may be computational as in using separate training and validation
set or using the leave-one-out cross-validation (LOOCV) approach. Significant
findings can be validated by quantitative reverse transcription polymerase chain
reaction (qRT-PCR) or immunohistochemistry or even further functional analysis.
Validation may also include the correlation with certain clinical factors or genetic
alterations. Since GEP is evaluating thousands of parameters on a single sample, the
number of cases included should be as large as possible to reach meaningful
conclusions even though the numbers of samples are frequently not ideal for sta-
tistical confidence.

Alternative splicing is an important mechanism for modulating the function of
the gene and can change the way the transcript is translated or regulated in different
tissues or different conditions [9]. Earlier microarrays may not be designed to
measure these variations. With currently available arrays with near whole exome
coverage, and proper sample preparation, one can determine the expression of
alternatively spliced forms in addition to estimating total transcripts from a gene.

2 Progress in B-cell Lymphomas

2.1 Diffuse Large B-cell Lymphoma

Diffuse large B-cell lymphoma (DLBCL) is the most common lymphoma in adults
and a heterogeneous group of B-cell lymphomas that has been further subdivided
into specific entities in the WHO classification [1]. Prior to gene expression pro-
filing, grouping was largely based on morphologic findings. In a seminal study by
Alizadeh et al., GEP was used to define DLBCL with a germinal center B-cell-like
(GCB) or the activated B-cell-like (ABC) [10] signature and the former showed a
better overall survival when treated with CHOP. This study was validated by a
subsequent larger study [11], and a recent study confirmed the relevance of this
classification in the Rituximab (R)-(cyclophosphamide, doxorubicin, vincristine,
and prednisone) CHOP era [12]. GCB and ABC DLBCL also differ in the profile of
genetic alterations including copy number abnormalities (CNAs) and mutational
landscape [13]. t(14; 18) has been noticed to be almost exclusive to GCB-DLBCL,
while BCL6 rearrangement is present in both GCB and ABC types but more
common in the latter. Many CNAs are present differentially in the different DLBCL
subtypes [14]. With the combination of CNA and GEP data, it is possible to identify
the likely candidate genes in the minimal common regions of gains or loss. For
example, SPIB, which encodes an ETS family transcription factor that is normally
expressed in lymphocytes and plasmacytoid dendritic cells and is required for
normal germinal center reactions, was found to be amplified mostly in ABC
DLBCL. Trisomy 3 or 3q+ was also found to be frequent in ABC DLBCL (26 %)
compared to GCB-DLBCL (1 %). FOXP1 copy number was also found to be
increased in 38 % ABC compared to 3 % GCB-DLBCL [13]. In GCB-DLBCL,
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gain or amplification of the c-rel locus (chromosome 2p) and the microRNA cluster
17–92 at 13q are often observed. Loss of p14/16 is more common for the ABC
subtype, while PTEN loss is related to the GCB subtype.

There is frequent constitutive activation of NF-κB and IRF4 [15] in ABC
DLBCL. NF-κB activation in DLBCL may be mediated by B-cell receptor (BCR)
signaling, which can be blocked by certain drugs such as ibrutinib that synergized
with lenalidomide to block IRF4 and kill tumor cells in ABC DLBCL [16]. Chronic
active BCR signaling is believed to be required for cell survival particularly in ABC
DLBCL [17, 18], and this may be mediated through mutations in CD79B and rarely
CD79A. Alternatively, NFκB signaling may be mediated by more downstream
mutations such as CARD11, A20, RANK, TRAF2 and TRAF3, and BCL10. MYD88
(myeloid differentiation factor 88), which mediates TOLL and interleukin-1
receptor signaling, has also been implicated in the pathogenesis of ABC DLBCL,
has been seen in 29 % [19] of this subtype as well as 90 % of lymphoplasmacytic
lymphomas [20], and is likely involved in the activation of NF-κB through IRAK1
and IRAK4.

Rosenwald et al. [11] used 17 genes to create a multivariate model divided
patients with DLBCL into distinct quartiles with 5-year survival rates ranging from
73 to 15 %. Lenz et al. [21] also evaluated the stromal environment of pre-treatment
DLBCL and how this related to prognosis after R-CHOP therapy. They found two
main stromal signatures: (1) fibrotic state with associated tumor macrophages and
myeloid cells and (2) angiogenic-rich environment with neovascular signature.
High expression of the latter (stromal-2 signature) was noted to have an adverse
outcome compared to stromal-1 signature. Therapy that alters the tumor microen-
vironment may be promising in the treatment of DLBCL.

Multiple immunohistochemical (IHC) algorithms have been created by Hans
et al. [22], Colomo et al. [23], Muris et al. [24], Meyer et al. [25], Visco et al. [12],
and Choi et al. [26] (using various combinations of GCET1, LMO2, BCL2, BCL6,
CD10, FOXP1, and MUM1) to help classify DLBCL in routine clinical practice as
GCB or non-GCB subtype. In general, studies that correlated the algorithm with
their corresponding GEP classification have reported 80–90 % correlation but
studies that tried to use survival as the standard usually failed. Variability inherent
in the IHC procedure when performed in different laboratories without strict
adherence to protocol as well as inter-observer variability accounts for some of the
discrepancies reported. However, survival should not be used as the indicator of
validity of a classification algorithm as survival is influenced by many other factors
such as the number of patients enrolled, the composition of the patient population,
and the uniformity of treatment. Overall, GEP has had excellent correlation with
prognosis and some novel therapies have preferential activities against one specific
subtype [16, 27–30]; therefore, there is added incentive to accurately subclassify the
DLBCL in the clinical setting. Recently, a robust method of cell-of-origin assign-
ment has been demonstrated using the Lymph2Cx assay (a digital gene expression-
based test utilizing NanoString technology) and FFPE tissue [31] (Fig. 1a, b). This
method has demonstrated high accuracy when compared with the Affymetrix-based
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gold standard using a small selected set of genes with fast turnaround times, which
will likely guide appropriate therapy and management in the future.

GEP has also proven to be useful in distinguishing a particular subgroup of
DLBCL, primary mediastinal large B-cell lymphoma (PMBL). It has been found to
have a unique signature that can distinguish it from ABC and GCB-DLBCL [32,
33]. PMBL showed a favorable clinical outcome comparable to GCB-DLBCL and
an overlap with the gene expression signature of classical Hodgkin lymphoma cell
lines. Interestingly, PMBL and Hodgkin lymphoma also share some common
genetic changes such as gain or amplification of 9p24 (JAK2, PDL1, and PDL2)

Fig. 1 A Performance of the Lymph2Cx assay using an abbreviated gene set (20 genes) compared
to the “gold standard method” of previously reported GEP as well as three IHC-based algorithms
[31]. B a, b show the progression-free survival (PFS) and overall survival (OS), respectively,
determined by the Lymph2Cx assay. c, d show the PFS and OS determined by the “gold standard
method” [31]
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[32] and genomic CIITA (MHC class II transactivator) breaks [34]. Eberle et al. [35]
evaluated mediastinal gray zone lymphomas (B-cell lymphoma unclassifiable
intermediate between DLBCL and classical Hodgkin lymphoma) by DNA meth-
ylation analysis and also found a close relationship between gray zone lymphomas
and Hodgkin lymphoma as well as PMBL; however, there were important differ-
ences seen to justify the intermediate category in the current WHO classification.

For primary cutaneous large B-cell lymphomas, GEP has been particularly helpful
in supporting the distinction of primary cutaneous follicle center lymphoma
(PCFCL) from primary cutaneous DLBCL, leg type (PCLBL-leg type). Both dis-
eases can have numerous large atypical cells, but the latter has a preference for the
lower extremities. PCFCL also differs from PCLBL-leg type with the latter seen in
older age, frequent extracutaneous involvement, and poorer prognosis [36]. The
study by Hoefnagel et al. [37] further supported the distinction of these two entities
by showing PCFCL and PCLBL-leg type have a GCB- and ABC-like expression
profile, respectively. The PCLBL-leg type showed deregulation of several oncogenes
regulating cell cycle function, such as CMYC, PIM1, PIM2,MUM1, and OCT2. The
findings of an ABC-like phenotype in PCLBL-leg type and associated poor prog-
nosis indicate that this DLBCL is similar to that of the ABC-like DLBCL, NOS.

Primary CNS lymphoma (PCNSL) has also recently been evaluated by GEP
showing downregulation of 8 genes associated with extracellular matrix, cell
adhesion (FNDC1, EMCN, COL12A1), and other genes involved in mediation of
cell signaling (OSMR, C4orf7, NPFFR2, TPO, and MSC) [38] when compared to
peripheral blood of healthy males. This study by Sung et al. found that PCNSL
shows a different expression profile compared to DLBCL, NOS with genes asso-
ciated with extracellular matrix, and cell adhesion (FNDC1, EMCN, COL12A1)
contributes to the pathogenesis of PCNSL. They also were able to identify
increased expression of JAK-1 [38, 39], suggesting the JAK-STAT pathway may
have a significant role in the pathogenesis of PCNSL.

2.2 Mantle Cell Lymphoma

Mantle cell lymphoma (MCL) is typically an aggressive disease with poor prog-
nosis. The hallmark translocation for MCL is the t(11;14) involving the CCND1
gene. The prognosis of this disease is correlated with the deregulation of cellular
proliferation [40], and more aggressive disease may demonstrate high chromosomal
instability secondary to disruption to the DNA damage response [41]. Hartmann
et al. [42] showed deregulation of the Hippo signaling pathway, which appears to
be important in the regulation of proliferation and mitotic checkpoints. Although
the majority of MCL is cyclin D1 positive, negative variants [43] have been con-
troversial in the past, but recent studies have supported the existence of this variant,
which appears to behave similarly to cyclin D1-positive forms [42] (Fig. 2). SOX11
has been found to be highly expressed in MCL and is a component of the diagnostic
signature. Recently, immunostaining for SOX11 has been found to be a useful
adjunct in the diagnosis of MCL, particularly for the cyclin D1-negative cases [44].
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Not all MCLs have aggressive disease and there are indolent forms seen as well.
These patients typically have no nodal disease and present with a leukemic form,
having hypermutated IGVH without complex karyotypes [41]. SOX11 protein is
expressed in nearly all conventional MCLs, even cyclin D1-negative MCLs [44].
Fernandez et al. [45] suggest from their study that the lack of SOX11 protein
expression in MCLs may identify a subset of patients with a more indolent
behavior. These cases typically lacked p53 mutations, and ATM, or CDKN2a
deletions, which are frequently seen in conventional MCLs. Recently, Liu et al. [46]
looked at the tumor microenvironment of MCL and chronic lymphocytic leukemia
(CLL) by GEP focusing particularly on three gene signatures (BCR, NF-κB, and
MCL proliferation) and found a twofold increase in the expression of these genes in
the lymph node samples compared to the peripheral blood, suggesting that MCL
relies on the lymph node microenvironment for BCR engagement, cell activation,
and proliferation. BCR signaling may be highly important in MCL, and this is
reflected in the excellent response in patients with MCL treated with the BTK
inhibitor ibrutinib.

Fig. 2 Expression profiles of various B-cell lymphomas and cyclin D1-positive mantle cell
lymphoma (22 cases) compared with 6 cases of cyclin D1-negative MCL. The cyclin D1-negative
MCL cases showed gene expression signatures consistent with cyclin D1-positive cases [43]
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2.3 Follicular Lymphoma

Follicular lymphoma (FL) is the second most common type of lymphoma, typically
an indolent disease, and 90 % of the cases carry the classical translocation t(14;18)
involving IGH/BCL2 gene. The current classification divides the tumor into grades
1–2, 3A, and 3B; however, the latter behaves more like DLBCL. GEP also supports
the distinct grouping of the grades [47]. A GEP study in 2004 showed two sig-
natures in the microenvironment, (1) immune response 1, which included T-cell-
associated transcripts as well as those that were expressed in macrophages and (2)
immune response 2, which were enriched in genes that were expressed in macro-
phages, dendritic cells, or both. Immune response 1 profile was found to be asso-
ciated with a favorable survival prediction compared to the second immune
response profile [48]. Recent analyses of copy number alterations (CNA) and gene
mutation have provided greatly increased information on the pathogenesis and
progression of FL [49–51]. This includes frequent abnormalities of genes involved
in chromatin modification. One prominent example is EZH2 mutations that have
been described in DLBCL as well as FL (7–22 %). Normally, EZH2 is a methyl-
transferase involved in repressing gene expression through trimethylation of histone
3 lysine 27 (H3K27). EZH2 mutants in lymphoma are gain-of-function mutations
leading to increased trimethylation of H3K27 [52], which contributes to lympho-
magenesis in germinal center B cells [53]. EZH2 mutated cases are more frequently

Fig. 3 Differential gene expression between EZH2 mutant versus wild-type FL cases (p < 0.01;
>1.5-fold changes) [128]
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seen in the BCL2 rearranged group and show downregulation of several genes
important for differentiation beyond the GCB cell stage and TCL1A (confirmed by
IHC) and upregulation of PTPN22 (Fig. 3). Inhibitors of EZH2 mutants have been
developed and could have potential impacts on the management of DLBCL and FL
with the mutation. A detailed discussion of all these genetic abnormalities is beyond
the scope of this review, but it would be interesting to correlate GEP findings with
the various genetic changes to gain a better understanding of the functional con-
sequences associated with the alterations in future studies.

Approximately 30–40 % of FLs undergo transformation to DLBCL. Although
clonal relationship can be seen in paired samples of FL and transformed follicular
lymphoma (tFL), currently no unifying genetic abnormalities are identified for
transformation to DLBCL although some abnormalities are more common in
transformed FL [49, 51]. Recurrent alterations were noted mainly in cell cycle
control (MYC, CDKN2A/B), DNA damage response (TP53), immunosurveillance,
and the NF-κB pathway supporting these changes are involved in various combi-
nations in the transformation of FL [49]. Interestingly, while the majority of cases
of tFL had a phenotype similar to GCB-DLBCL, transformation may be associated
with a change to a more ABC-like profile. The exact mechanism of transformation
requires further studies.

2.4 Burkitt Lymphoma

Burkitt lymphoma (BL) typically has a translocation of the MYC gene with one of
the immunoglobulin loci, but MYC translocation is not specific for BL, and it can
also be seen in DLBCL (5–10 % of cases) and other lymphomas. DLBCL typically
does not have an immunoglobulin gene partner for MYC and has complex chro-
mosomal abnormalities. The distinction between BL and DLBCL is important as
the treatment is significantly different. DLBCL typically receives standard che-
motherapy (R-CHOP), while BL requires intensive therapy with good response.
GEP has improved the distinction between DLBCL and BL [54, 55] but not entirely
as there are still cases that cannot be definitively diagnosed even with GEP. Cur-
rently, the diagnosis is based on the morphologic, immunophenotypic, and genetic
findings, but there are cases that cannot be placed in one or the other category and
have been designated as gray zone lymphomas (B-cell lymphoma, unclassifiable,
with features intermediate between DLBCL and BL). Cases that were molecularly
defined BL based on high-level MYC, low-level MHC I, unique GCB signature,
and low NF-κB signature, which were treated with a very intensive regimen (for
BL), had an 80 % 5-year survival as compared to those with a CHOP-like regimen
(20 % 5-year survival) [54]. These findings support the necessity of the distinction
between these two entities for choosing the appropriate therapy. Recently, BL has
been found to have a distinctive mutation landscape compared with DLBCL such as
the marked prevalence of ID3 (inhibitor of DNA binding) [56, 57] and transcription
factor 3 (TCF3) [58], mutations that promote cell cycle progression and
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proliferation. This finding may also be exploited in the diagnosis and treatment of
BL. BL may arise in different settings such as endemic versus sporadic cases, HIV+
background, and EBV status that may have different genetic abnormalities and
GEP.

2.5 Other B-cell Lymphomas

Marginal zone lymphoma (MZL) is a challenging diagnosis due to the lack of
specific markers in many cases, heterogeneity in the morphologic features, and it is
typically considered after other lymphomas (e.g., follicular, CLL) have been
excluded. The distinction and interrelationship of nodal marginal zone lymphoma
(NMZL), extranodal marginal zone lymphoma, MALT type (EMZL), and splenic
marginal zone lymphoma (SMZL) is not entirely clear. EMZL is characterized by
the API2-MALT1, BCL10-IGH, and IGH-MALT1 translocation, which commonly
activates the NF-κB pathway. When gastric EMZL develops these translocations,
they typically do not respond to H. pylori eradication. Increased gene expression in
translocation-positive EMZLs of Toll-Like Receptors (TLR6, TLR7) and chemokine
receptors (CCR2, CXCR4, CCR6, CCR7) may contribute to the persistent activation
of NF-κB, leading to prolonged survival even after the obliteration of the microbe
[59]. Arribas et al. [60] used GEP and miRNA expression pattern to compare
SMZL with disseminated NMZL and found distinguishing patterns. Similar to a
prior study [61], they found that NF-κB and CD40 pathways appear to be important
in the pathogenesis of SMZL. In another recent study, Arribas et al. [62] used gene
set enrichment analysis (GSEA) on 15 NMZL cases and further validated their
findings on 61 paraffin-embedded NMZLs. Their study confirmed similarity of the
lymphoma cells to memory B cells, as well as upregulation of genes that are
important in immune response. They also found a large number of genes that are
associated with NF-κB signaling pathway that are upregulated (CD74, CD81,
CD82, RELA, and TRAF4). Also, the authors note that TACI (TNFRSF13B), a
transmembrane activator that has multiple functions involved in apoptosis regula-
tion and NF-κB activation, could be a new candidate gene for NMZL. However,
unlike LPL and ABC DLBCL, MYD88 mutations are not commonly seen in
NMZLs [63].

2.6 Peripheral T-cell Lymphomas

Peripheral T-cell lymphomas (PTCL) are relatively uncommon (10 % of all lym-
phomas) and often difficult to diagnose. Although there are many histologic sub-
types, which include anaplastic large cell lymphoma (ALCL), angioimmunoblastic
T-cell lymphoma (AITL), adult T-cell lymphoma/leukemia (ATLL), and extranodal
NK/T-cell lymphoma of the nasal type, a large number of cases are placed in the not
otherwise specified category (PTCL, NOS). Genetic abnormalities have been
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reported in PTCLs, but until recently, none have been recurrent with the exception
of ALK-positive ALCLs, which is characterized by the classic t(2;5) and its vari-
ants. GEP has recently improved [64] our diagnosis and understanding of the
pathobiology of PTCLs and justification of the subtypes.

Extranodal NK/T-cell lymphomas (ENKTCL) and ATLL have shown highly
specific classifiers by GEP with little overlap with other entities. ENKTCLs share
similar signatures with normal activated NK cells. NK and gamma–delta T-cell
lymphomas within ENKTCL also have very similar gene expression profile
reflecting their origin from the innate immune system [65]. ENKTCL has the classic
findings of angioinvasion/angiocentricity, which can be highlighted by the gene
expressed (VCAM1, CXCL9, and CXCL10) that are associated with endothelium
interaction or in the pathogenesis of the vascular damage associated with EBV-
positive lymphoid proliferations [66]. In a study by Huang et al. [67], they found
the receptor tyrosine kinase PDGFR α was expressed at a higher level compared to
normal NK cells and in vitro the ENKTCL cell line was sensitive to imatinib.
Although ENKTCL may share some similarities with cytotoxic PTCLs, the prior
shows greater transcript levels of cytotoxic markers, particularly granzyme H.
Another study on FFPE samples showed increased expression of antiapoptotic
genes as well as activation of MYC, NF-κB, and deregulation of TP53 in ENKTCLs
[68]. Deletion of chromosome 6q21 appears to be characteristic of ENKTCL (40 %
of the cases as well as cell lines), which may be associated with loss of function
mutations and more commonly methylation of PRDM1, a tumor suppressor gene
[67, 69]. Methylation of a few other genes (SHP1, p73) [70, 71], of interest has also
been reported, and global methylation studies with correlation to GEP may lead to
the discovery of additional tumor suppressor genes.

ATLL has a specific geographic distribution, being endemic in southwest Japan,
Caribbean, Middle-East, Papua New Guinea, and South America. The disease is
associated with the retrovirus, HTLV-1. HTLV-1 encodes the oncogenic protein,
Tax, which dysregulates the cell cycle checkpoints as well as suppresses DNA
damage repair [72]. GEP has shown a robust classifier that includes the expression
of TAX and its target genes (IL2, IL2RA, IL15R, GMCSF, and TNF-α) [72]. There
is also increased expression of TSLC1 (tumor suppressor in lung cancer-1) which
may enhance aggregation and adhesion to endothelial cells [73]. The increase in
BIRC5 (survivin) expression in ATLL may play a role in cell survival by inhibiting
apoptosis and is associated with resistance to chemotherapy and poor prognosis.
CD25 (TAC) tends to be highly expressed in ATLL, and attempts have been made
to target this using monoclonal antibody–toxin conjugates [74–76]. More recently,
CCR4 (chemokine receptor 4) expression has been reported to be frequent in ATLL
[77] and may account for the frequent infiltration of the lymphoma in skin and
lymph nodes. Mogamulizumab (anti-CCR4) has exhibited antitumor effect in
patients with relapsed PTCL and cutaneous T-cell lymphomas [78, 79]. BIRC5 can
be a potential target for therapeutics and be used in conjunction with conventional
therapy for ATLL [80].

AITL has shown a prominent signature of T follicular helper cells (TFH) as well
as B cell, follicular dendritic cell, and angiogenesis-related microenvironment
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genes. Interestingly, the prognosis of AITL patients is highly related to the stromal
signature expressed [81]. Isocitrate dehydrogenase 2 (IDH2) mutations can be seen
in gliomas and acute myeloid leukemia but has not been detected in other PTCLs or
subtypes and appears to be fairly specific for AITL and seen in 30–40 % cases [82].
IDH enzymes normally convert isocitrate to α-ketoglutarate (α-KG); however,
cancer-associated mutations result in the acquisition of new enzyme activity that
converts α-KG to 2-hydroxyglutarate (2HG) which leads to DNA and histone hy-
permethylation through the inhibition of 2 oxoglutarate dependent dioxygenases
including histone demethylases and the TET family of DNA demethylase enzymes
[83]. It appears there is no prognostic implication between IDH2 mutated and non-
mutated forms; however, these findings may have therapeutic implications as these
tumors may be sensitive to reversing DNA hypermethylation with drugs such as 5-
azacytidine or drugs specifically inhibiting IDH2 mutant activity.

ALK-negative ALCL has been included in the current 2008 WHO classification
as a provisional entity although some have felt that these tumors are better classified
under PTCL, NOS. IHC and morphologic findings suggest that this entity is distinct
from PTCL-NOS with more similarities with the ALK+ ALCL. Earlier studies [84]
by GEP have shown that ALK-negative ALCLs are closely related to ALK+ AL-
CLs but separated from PTCL, NOS, which has been confirmed with more recent
studies [64, 84, 85]. Salaverria et al. [86] evaluated ALCLs by comparative
genomic hybridization (aCGH) and found gains in 17p and 17q24-qter with losses
in 4q13-q21 and 11q14 were associated more with ALK+ tumors, while 1q and
6p21 gains were more common in the ALK-negative group. Iqbal et al. [81] was
able to develop a diagnostic signature for ALK-negative ALCLs that included the
three genes (TNSFR8, BATF3, and TMOD1) signature reported previously. They
further showed significantly increased expression of MYC and IRF4 target signa-
tures, as well as proliferation and mTOR pathway signatures compared to PTCL,
NOS [64]. ALK-negative ALCLs may benefit from aurora kinase inhibitors in
conjunction with drugs that target PI3-kinase/AKT pathway [87]. The STAT3
signaling pathway [84] is activated in ALK+ ALCL and appears to be a major
mechanism which promotes oncogenesis and suppresses antitumor immunity [84].
It could be a promising additional target for therapy aside from the inhibition of
ALK+ [88–90]. As both ALK+ and ALK-negative ALCL highly express CD30,
they are both good candidates for therapy with brentuximab vedotin [91, 92].

With GEP, many of the cases from the PTCL, NOS group can be reclassified
into other established categories, but there is still a large group of cases that remain
in this group. Recently, two major distinct subgroups with significantly different
outcomes can be separated by GEP [64] (Fig. 4). The first group has high
expression of GATA3, which appears to be associated with a poor survival com-
pared to the other group that is TBX21 high. Within the latter group, two additional
groups were identified, one with a high cytotoxic T-cell transcript expression and
the other with a low transcript expression. The cytotoxic-high subgroup showed a
poorer outcome compared with the cytotoxic-low subgroup. Poor clinical outcome
of cases with high expression of GATA3 was confirmed by an independent study
using IHC assays [93]. Patients within the GATA3 and TBX21 subgroups
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preferentially express different pathways and may benefit from drugs targeting
some of these pathways such as mTOR inhibitors (e.g., rapamycin, temsirolimus).

Although there has been a significant progress in the further characterization and
classification of mature T-cell and NK cell lymphomas, there are still rare subtypes
(e.g., many of the extranodal T-cell lymphomas) that require additional studies and
collaboration from multiple large institutions will be necessary to obtain sufficient
cases for meaningful studies of these rare entities.

3 Future Directions in GEP

Evaluating lymphomas by GEP has expanded our understanding of the biology and
pathogenesis of these tumors, but the power of these studies will be much enhanced
from the combination of GEP with additional genetic analysis, e.g., chromosome
CNAs and somatic mutations as well as DNA and histone methylation status.

Both single nucleotide polymorphism arrays (SNP-A) and array comparative
genomic hybridization (aCGH) have been extremely powerful in karyotypic anal-
ysis and have markedly improved resolution over conventional metaphase cyto-
genetics. SNP-A have advantages over aCGH and conventional cytogenetics in that
it is able to detect copy number neutral loss of heterozygosity or uniparental dis-
omy. These technologies are objective, can be automated and systematically ana-
lyzed using biostatistical algorithms [94], and have proven to be powerful discovery
platforms in multiple hematologic malignancies from plasma cell myeloma [95],
ALL [96], to myeloid disorders including AML [97] and MDS [98]. Aberrant DNA
methylation is common in hematologic malignancies, and abnormal hypermethy-
lation may lead to inactivation of tumor suppressor genes, while hypomethylation

Fig. 4 Two major molecular subgroups within PTCL, NOS with biological and overall survival
difference. The overall survival between the TBX21 subgroup and GATA3 subgroup was
significantly different [64]
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may lead to activation of oncogenes. Correlation of the corresponding data from
GEP can be very helpful when interpreting results from these studies. GEP not only
provides the expression levels of the genes of interest but also functional data of
pathway activation. This information will help to identify likely candidate genes
among the genes in different loci of interest [99]. It may also help to identify driver
mutations, and putting mutated genes into functional pathways from a list of genes
found to harbor somatic mutations. Correlative studies may not yield the desired
information because of the low expression of the gene in tumor cells or expression
in multiple cell types in the tumor or low tumor content. It may also be due to
incomplete information in studies such as the lack of a complete picture of the
methylation status of a gene [100].

While the study of protein coding transcripts has yielded highly useful infor-
mation, it is now clear that noncoding RNAs are also a highly significant and
important component of the transcriptome. MicroRNAs (miRNAs) are small reg-
ulatory RNAs that post-transcriptionally regulate the expression of large groups of
genes that play a critical role in a broad range of biological processes [101, 102].
MiRNAs can be found in blood as well as tissue and are generally well preserved
and can be extracted from FFPE tissue, which makes them useful biomarkers for
investigation from archival materials including serum or plasma. MiRNAs have
been found to be important in the pathogenesis of B lymphoblastic leukemias (miR-
155) [103], MCL (miR-17-92) [104], CLL (miR-15a/16-1 cluster) [105], ALCL
(miR-17-92), and BL (miR-28) [106]. MiR-155 has also been found to be dra-
matically elevated in a number of B-cell lymphomas (Hodgkin lymphoma, ABC
DLBCL, PMBL, BL) [107, 108]. Overexpression of miR-155 activates the PI3K-
AKT signaling pathway likely through the inhibition of p85α [109] and thus
increases cell viability. Interestingly, while miR-17-92 is a MYC target, many
miRNAs have been shown to be downregulated by the MYC oncogene and their
repression may contribute to lymphomagenesis. A more comprehensive review is
beyond the scope of this article, and the readers are referred to excellent reviews on
this topic [110–112]. The role of miRNAs in lymphomas is an exciting and
important discovery that will complement the data obtained through GEP of protein
coding genes.

To further add to the vast information in the transcriptome is the recent discovery
of long noncoding RNAs (lncRNA), which may participate in almost every step of
a gene’s life cycle from transcription, splicing, decay to translation [113]. There-
fore, one could imagine alterations in lncRNA expression could be highly corre-
lated with disease. LncRNAs have been implicated in the prognosis of breast, lung,
and liver cancers, but the exact role of these noncoding RNAs is yet to be defined.
Preliminary data have been recently presented at national meetings and have shown
exciting implications of lncRNAs in lymphomas such as MCL and Hodgkin
lymphoma [114]. Coding RNA may on occasion affect the function of ncRNA by
acting as a competitive inhibitor through multiple binding sites as the case of
HMGA2 and the Let7 family of miRNAs [115]. With the recent advances in the
area of RNA biology, GEP will be expanded to gain a better understanding of the
role of noncoding RNA in lymphomagenesis and disease progression.
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4 Evolution of the Platform in GEP

With the advent of next-generation sequencing (NGS), it is now possible to obtain
the whole transcriptome of a tumor sample at sufficient depth for gene expression
profiling and at a reasonable cost comparable to array-based GEP. Technical
problems that may be associated with probe hybridization would be eliminated, but
transcripts could still contain regions that are difficult to sequence. Microarrays
generally lack sensitive in the range of a low copy number transcript, but with
sufficient coverage, sequencing is much better in quantitating these low-level
transcripts. Alternatively, spliced forms can be readily quantitated by transcriptome
sequencing, and in addition, fusion transcripts and somatic mutations can be
detected through sequencing technology but not by the microarray platform. For
example, gene fusion involving MHC class II transactivator (CIITA) was identified
in Hodgkin lymphoma and primary mediastinal B-cell lymphoma [34]. TP63
rearrangements were identified in peripheral T-cell lymphoma using RNA-seq, and
further studies confirmed that the rearrangement occurred in 11 (5.8 %) of 190
cases, which was associated with inferior overall survival [116]. The expression of
immunoglobulin genes, T-cell receptor genes or killer inhibitory receptors genes
(KIR), and C-type lectin molecules in NK cells can also be readily detected and
quantitated through transcriptome sequencing. This is useful in clonality analysis as
well as in determining the repertoire of immune receptor expression in particular
individuals or conditions. However, whole transcriptome sequence analysis
involves a much larger data set, sequence alignment, and greater complexity in their
analysis. With the development of robust and user friendly analytical programs, it is
likely that more and more routine molecular biology laboratories would be able to
employ this platform for their studies.

GEP relies on RNA extracted from cells or tissue samples with a varying degree
of cellular heterogeneity. There is substantial interest in obtaining GEP from spe-
cific cellular populations or even single cells [117] to unravel the complexities
inherent in the study of mixed populations. This can be achieved by tissue
microdissection or flow sorting of disaggregated cells [118, 119]. Recently, Flui-
digm has introduced a platform (BioMark HD) that uses microfluidic technology to
extract mRNA from single cells and synthesizing cDNA on the same device
allowing large-scale single cell GEP [120].

5 Translating Signatures to Routine Clinical Practice

One can argue that obtaining global gene expression profiling data through
microarray or transcriptome sequencing would be highly valuable for personalized
medicine. In a clinical trial setting, the effectiveness of pathway-directed therapy
can be evaluated by correlating between pathway activation and response to the
drug administered. For example, one can evaluate whether lymphomas with STAT3
pathway activation are more likely to respond to JAK1 and 2 inhibitors. If that is
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proven, then STAT3 activation can guide the selection of specific inhibitors in the
future. In another scenario, there may be strong preliminary evidence to suggest that
a drug will be effective for a certain type of lymphoma and it is desirable to perform
additional validation studies, and if it is validated, then subsequent therapy can be
administered according to the type of tumor present. For example, there is evidence
that ibrutinib is specifically effective against the ABC type of DLBCL but not the
GCB type of DLBCL. It would be important to validate this finding, and if vali-
dated, subsequent treatment should be administered to patient with the ABC but not
GCB type of tumors. Accurate classification of DLBCL becomes important in the
validation studies and possibly subsequent therapeutic intervention. The gold
standard for the ABC versus GCB classification is the reported microarray-based
GEP signature [10, 11]. There have been a number of reported IHC algorithms
attempting to reproduce the GEP classification through the combination of a
number of immunostains [22, 23]. Due to the difficulties in the standardization of
IHC assays, it may not be an ideal assay for use across numerous institutions. It is
possible to reduce the original diagnostic signature to a small set of transcripts and
yet retaining the diagnostic power. Traditionally, assays such as quantitative RT-
PCR have been used to quantitate these transcripts. There are several new tech-
nologies available that are highly sensitive and quantitative such as the RNA
protection-based assay by high-throughput genomics or the NanoString nCounter
technology.

NanoString nCounter technology has been developed to capture and count spe-
cific nucleic acid molecules using color-coded probes [121]. Briefly, the technology
employs a capture probe and a reporter probe per target mRNA. The former is
coupled to a tag such as biotin for binding to a surface, and the latter provides the
detection signal. The probes are first hybridized to the mRNA and then captured on a
surface and oriented, and each color code generated from the reporter is counted
(Fig. 5). The sensitivity and accuracy of nCounter are similar to that of real-time
PCR but does not need any enzymatic reactions [121]. The current NanoString
nCounter platform is able to measure up to 800 transcripts on one setting [122].
Payton et al. [123] studied a subtype of acute myeloid leukemia using NanoString
nCounter, and the results were highly concordant with their microarray data. Several
studies have evaluated whether formalin-fixed and paraffin-embedded (FFPE)
samples are suitable for the NanoString nCounter technology. A study evaluated 20
genes and found a higher correlation coefficient between fresh-frozen and FFPE
samples was obtained compared to quantitative real-time PCR [124]. Other studies
also indicated that archival FFPE tissues can be used for retrospective transcriptome-
based class prediction analysis [125]. As mentioned above, a recent report has
demonstrated that a microarray-derived classifier for ABC versus GCB-DLBCL can
be transferred to the NanoString platform and provide robust classification results
[31]. Nuclease protection assay (NPA) is a highly reproducible and sensitive method
for detection and quantitation of mRNA levels. This assay utilizes antisense probes
to capture specific mRNA from the tissue, and unhybridized RNAs are digested
using S1 nuclease. The captured RNA will hybridize to immobilize complementary
probe at one end and linked to probes for signal detection at the other end (Fig. 6).
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Fig. 5 nCounter gene expression assay: a the orange segment in the capture probe represents a
30-base sequence common to all capture probes, and the black segment in the reporter probe
represents a 60-base sequence common to all reporter probes, b hybridization results in the
formation of tripartite structures comprising target mRNA bound to specific capture and reporter
probes, c strip tubes containing tripartite complexes are placed on the prep station (left) for
automated post-hybridization processing. The deck layout is shown on the right, d the loaded
sample cartridge is transferred to the digital analyzer (left) for imaging and data processing. A raw
image of color-coded reporter probes bound to complementary target mRNA is shown (middle)
along with a schematic of the tabulated counts for target genes (right) [122]
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This method also analyzes mRNA without the necessity of extraction followed by
qRT-PCR [126]. Recently, several studies have used quantitative NPA to detect
specific gene expression profiles in DLBCL, and the results were highly correlated
with the data acquired from microarray studies [14, 127].

These new platforms are promising in translating defined signatures to clinical
practice. However, the instrument costs could be substantial, but it is likely that
many useful diagnostic, prognostic, or treatment relevant signatures will come up in
the future and can be specifically translated to one of these platforms for more ready
application in the clinical setting.

6 Summary

Although we are seeing an explosion in the area of sequencing, microarray studies
have been shown to provide important insight in the biology and improvement of
the classification of lymphomas. Molecular studies will provide important

Fig. 6 Quantitative nuclease protection assays: A mixture of custom programming linkers is
designed to hybridize to a specific anchor and capture a gene-specific nuclease protection probe
(shown for one linker). The array now captures probes for a custom set of genes. The probes
hybridize to all mRNA, are soluble, and are cross-linked. S1 nuclease destroys nonspecific RNA
producing a stoichiometric amount of target mRNA/probe duplexes. Probes are transferred to a
programmed array plate well and detection linker added, and both probes and detection linkers
captured onto the array [126]
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information that will factor into the management and treatment of a particular
patient’s lymphoma. Obtaining fresh or frozen tissue is often challenging in the
clinical setting, progress has been made to translate the findings to a platform or
format that is applicable to FFPE tissues.

It is clear that one platform will not yield all the pertinent information; therefore,
it is important to evaluate data from GEP in the context of other genomic data (e.g.,
methylation, aCGH, noncoding RNAs). The information from multiple platforms
can further specify the tumor type and likely identify novel targets and specific
drugs for these targets. Having all the transcriptome information on every sample is
likely not an efficient method in the clinical setting; thus, focused transcriptome
platforms that yield important information regarding the prognostic and treatment
implication will likely be paramount in this advent of personalized medicine.
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Imaging of Non-Hodgkin Lymphomas:
Diagnosis and Response-Adapted
Strategies

Tarec Christoffer El-Galaly and Martin Hutchings

Abstract

Optimal lymphoma management requires accurate pretreatment staging and
reliable assessment of response, both during and after therapy. Positron emission
tomography with computerized tomography (PET/CT) combines functional and
anatomical imaging and provides the most sensitive and accurate methods for
lymphoma imaging. New guidelines for lymphoma imaging and recently revised
criteria for lymphoma staging and response assessment recommend PET/CT
staging, treatment monitoring, and response evaluation in all FDG-avid
lymphomas, while CT remains the method of choice for non-FDG-avid
histologies. Since interim PET imaging has high prognostic value in lymphoma,
a number of trials investigate PET-based, response-adapted therapy for non-
Hodgkin lymphomas (NHL). PET response is the main determinant of response
according to the new response criteria, but PET/CT has little or no role in routine
surveillance imaging, the value which is itself questionable. This review presents
from a clinical point of view the evidence for the use of imaging and primarily
PET/CT in NHL before, during, and after therapy. The reader is given an
overview of the current PET-based interventional NHL trials and an insight into
possible future developments in the field, including new PET tracers.

Keywords

Imaging � PET/CT � Lymphoma � Non-Hodgkin � Staging � Response

T.C. El-Galaly
Department of Haematology, Aalborg University Hospital, Aalborg, Denmark

M. Hutchings (&)
Department of Haematology, Rigshospitalet, 9 Blegdamsvej, 2100 Copenhagen, Denmark
e-mail: martin.hutchings@gmail.com

© Springer International Publishing Switzerland 2015
A.M. Evens and K.A. Blum (eds.), Non-Hodgkin Lymphoma,
Cancer Treatment and Research 165, DOI 10.1007/978-3-319-13150-4_5

125



Contents

1 Introduction .......................................................................................................................... 126
2 Staging ................................................................................................................................. 127

2.1 PET/CT for Staging in Non-Hodgkin Lymphomas................................................... 127
2.2 PET/CT Staging in Indolent Non-Hodgkin Lymphomas .......................................... 127
2.3 PET/CT Staging in Staging of Aggressive Non-Hodgkin Lymphomas.................... 128

3 PET and PET/CT for Early Treatment Monitoring and Response-Adapted Therapy ....... 130
3.1 Interim PET in Indolent NHL .................................................................................... 131
3.2 Interim PET in Aggressive NHL ............................................................................... 131

4 PET/CT for Post-therapy Response Evaluation of Lymphomas ........................................ 133
5 Disease Surveillance After First Remission........................................................................ 135

5.1 Aggressive Non-Hodgkin Lymphomas ...................................................................... 135
5.2 Indolent Non-Hodgkin Lymphomas........................................................................... 137

6 Response Prediction with FDG-PET Before High-Dose Salvage Therapy ....................... 137
7 Other Imaging Methods than FDG-PET and CT ............................................................... 137

7.1 Newer PET Tracers .................................................................................................... 137
7.2 Magnetic Resonance Imaging .................................................................................... 138

8 Conclusions and Recommendations.................................................................................... 138
References .................................................................................................................................. 139

1 Introduction

Over the last 2–3 decades, we have seen substantial improvements in the prognosis
of patients with non-Hodgkin lymphomas (NHL) [1]. These improvements can be
attributed to the following factors:

1. Better understanding of the biology of the diseases and advances in molecular
pathology, leading to better disease characterization and identification of valu-
able prognostic markers as well as therapeutic targets.

2. Better imaging methods, most importantly computerized tomography (CT) with
cross-sectional images providing more accurate staging, and the more recent
introduction of functional imaging, notably positron emission tomography (PET)
and PET/CT, which is now the cornerstone of lymphoma imaging.

3. Last and not least; improved treatment regimens, including the introduction of
monoclonal anti-CD20 antibodies and high-dose chemotherapy with autologous
stem cell support.

The introduction of CT in the 1980s resulted in improved staging accuracy, and
CT replaced cumbersome staging procedures such as lymphangiography and
staging laparotomy. The introduction of CT was not based on much evidence, as
opposed to the more than 1,000 studies investigating PET and PET/CT in lym-
phoma. During the last 15 years, a large number of studies have shown superior
accuracy and sensitivity of PET/CT over CT. Along with patient symptoms and
clinical examination, CT and PET/CT are now the cornerstone of all lymphoma
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imaging. The recent international guidelines for imaging in the staging and response
assessment of lymphoma recommend PET/CT for staging and response assessment
of all most NHL subtypes [2, 3]. The only PET tracer in widespread clinical use for
lymphoma is still 2-[18F]fluor-2-deoxyglucose (FDG). In the following and if not
otherwise specified, PET refers to FDG-PET and PET/CT refers to FDG-PET/CT.

2 Staging

2.1 PET/CT for Staging in Non-Hodgkin Lymphomas

Accurate disease staging in NHL is crucial for pretherapy risk assessment and
selection of optimal therapy [4, 5]. The main purpose of the staging process,
however, depends on the type of the non-Hodgkin lymphoma. Indolent NHL are
often considered incurable unless localized at the time of diagnosis. Accordingly,
the main question in the staging of indolent NHL is: localized or non-localized
disease? Most aggressive NHL, including both B- and T-cell subtypes, are poten-
tially curable when patients are fit for first-line treatment. However, the actual
prognosis depends on the specific lymphoma subtype and the presence of high-risk
features. The most widely used prognostic scores for NHL are derived from simple
clinicopathological features and include disease stage or measures related to disease
burden [6–10]. Thus, staging of aggressive non-Hodgkin lymphoma contributes to
prognostication and eventually selection of therapy intensity.

The modified Ann Arbor classification originally developed for Hodgkin lym-
phoma still provides the backbone of disease staging in NHL [3, 11]. The staging
workup generally includes clinical examination, blood tests, a routine bone marrow
biopsy, and imaging. Contrast-enhanced CT (ceCT) of the neck, chest, and abdomen
is required as a minimum, but PET/CT imaging is recommended for all FDG-avid
NHL. FDG-PET is routinely used for lymphomas and measures tissue glucose
metabolism by use of a short-lived radioactive glucose analog tracer. An advantage
of PET-based imaging over stand-alone CT is higher sensitivity and a better dis-
crimination between lymphoma and non-malignant lesions. When PET and CT are
combined in a single procedure (PET/CT), the abnormal glucose metabolism is
correlated with detailed anatomy, and the increased sensitivity comes not at the
expense of decreased specificity; hence, the overall accuracy is increased [12].

2.2 PET/CT Staging in Indolent Non-Hodgkin Lymphomas

Follicular lymphoma (FL): FL is the most common subtype of indolent
lymphoma, and the vast majority of FL cases are FDG-avid [13]. The main purpose
of FL staging is to identify patients with true localized disease, potentially curable
with radiotherapy, but also to risk stratify patients according to the follicular
lymphoma international prognostic index (FLIPI) [8]. Compared to conventional
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stand-alone CT staging, PET/CT detects abnormal activity in normal sized lymph
nodes as well as additional involvement of extranodal sites, all resulting in
upstaging of 18–32 % of patients and leading to a treatment change in 11–28 % of
patients [14–16]. In particular, a large number of patients considered to have
limited-stage disease by conventional staging are upstaged by PET/CT to advanced-
stage disease (31–62 % according to recent studies) [17, 18]. Upstaging in these
cases will change therapy and therefore be clinically relevant. Use of PET/CT also
assigns 18 % of the patients to poorer FLIPI risk group, whereas only 6 % are
reallocated to lower-risk groups by PET/CT [17]. A replacement of the original
FLIPI by a new PET/CT-based risk score has been proposed, as PET/CT-specific
findings such as osteomedullar uptake and extranodal disease may be associated
with a worse outcome [14].

Mantle cell lymphoma: Mantle cell lymphomas are FDG-avid, and staging with
PET/CT results in change of the CT-assessed stage in almost half of the patients,
most of whom are upstaged [13, 19]. Therefore, it is possible that patients with truly
localized mantle cell lymphoma are more accurately identified with PET/CT.
Patients with high FDG-avidity at baseline have a worse outcome than patients with
low-grade uptake, which suggests that metabolic activity correlates with tumor
aggressiveness [19].

Other indolent lymphomas: The value of PET/CT-based staging in MALT
lymphoma and small lymphocytic lymphoma is controversial, and the reported
FDG-avidity in these lymphomas is inconsistent [13, 20]. In FDG-avid cases, the
uptake is usually discrete, and as for CLL, PET/CT is useful for selecting biopsy site
in suspected Richter’s transformation [21, 22]. Nodal marginal zone lymphomas are
usually FDG-avid, while this is rarely the case for extranodal marginal zone [13].

Summary: PET/CT for staging of indolent NHL is not well investigated, and the
present evidence is derived from few retrospective series. FL, mantle cell lym-
phoma, and nodal marginal zone lymphoma are FDG-avid, and PET/CT is likely to
discriminate between localized and non-localized diseases more accurately than CT.
For other indolent lymphomas, PET/CT can guide selection of biopsy site in case of
suspected Richter’s transformation. For all indolent lymphomas, the impact on
patient outcome of the changes in risk stratification and treatment approach caused
by PET/CT is yet largely unclear. Nevertheless, PET/CT is recommended for
staging of all FDG-avid indolent lymphomas, while CT remains the recommended
imaging tool for non-FDG-avid lymphomas [2].

2.3 PET/CT Staging in Staging of Aggressive Non-Hodgkin
Lymphomas

Diffuse large B-cell lymphoma (DLBCL): Even though DLBCL is the most
common of all lymphomas, the value of PET/CT for staging of DLBCL has mainly
been studied in groups of mixed lymphoma histologies. When compared to CT,
PET/CT provides more sensitive and accurate staging and results in upstaging of
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10–20 % of patients, some of whom will be allocated to a more advanced treatment
[23–25]. The reason for more upstaging is the high sensitivity of PET/CT for
extranodal DLBCL. PET/CT accurately identifies bone marrow involvement by
DLBCL, and the reported sensitivity and specificity for bone marrow involvement
was 94 and 100 % in a recent study [26]. Although most cases of bone marrow
involvement by DLBCL are correctly identified by focal bone marrow lesions on
PET/CT, a low-grade discordant bone marrow infiltration can be missed [26, 27].
PET/CT staging impacts on pretherapy risk assessment since the number of ex-
tranodal sites and that of disease stage are both factors in the widely used IPI risk
score [6], and since >1 extranodal site is a risk factor for CNS relapse which often
leads to additional CNS prophylactic therapy [28]. The validity of IPI in PET/CT-
staged patients is currently investigated. A number of groups have looked at dif-
ferent quantitative applications of PET for staging in DLBCL. While the role of the
standardized uptake value (SUV) is unclear, the metabolic tumor volume (MTV)
seems to be prognostic of long-term outcome [29, 30]. Furthermore, recent studies
demonstrate a good prognostic value of total lesion glycolysis (TLG) which is a
combined assessment of volume and metabolism [31, 32].

Burkitt: Burkitt lymphoma is the most aggressive type of non-Hodgkin lym-
phoma. All cases of Burkitt lymphoma are FDG-avid, and PET/CT staging detects
more extranodal disease than conventional staging. Of interest, occult bone marrow
involvement is found and occasional clinically important upstagings occur [33].

Peripheral T-cell lymphomas (PTCLs): PTCLs are a heterogeneous group of
diseases, and FDG uptake is variable. While the cutaneous T-cell lymphomas have
low or no FDG uptake, most nodal PTCLs are FDG-avid albeit with lower FDG
uptake than the corresponding B-cell lymphomas [13, 34, 35]. PET/CT identifies
additional disease sites in non-cutaneous PTCLs in almost 50 % of the patients, but
only changes disease stage in 5 % [35]. Since most nodal PTCLs are disseminated
at the time of diagnosis, the additional diagnostic information by PET/CT is less
likely to impact overall stage. PET has low sensitivity for detection of bone marrow
involvement in PTCLs (20 %) and cannot replace the iliac crest bone marrow
biopsy [34]. Nasal-type NK/T-cell lymphoma is most often a disease localized to
the head-and-neck region, but PET/CT staging will change stage in one fifth of
these patients, and in few patients, disseminated disease is found by PET/CT.
Change of treatment by PET/CT in nasal-type NK/T-cell lymphomas is even more
common as PET/CT [often accompanied by magnetic resonance imaging (MRI)]
modifies radiotherapy planning in many cases [36].

Summary: PET/CT is recommended and widely used for staging of aggressive
NHL. Disease stage and pretherapy risk assessment is modified in a large pro-
portion of patients, and for some patients, the additional diagnostic information by
PET/CT will change treatment intensity. The impact of PET/CT staging on patient
outcome, however, is unknown.
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3 PET and PET/CT for Early Treatment Monitoring
and Response-Adapted Therapy

A number of well-established pretreatment prognostic factors have been shown to
predict survival in large cohort studies of lymphoma patients [6–9]. These prog-
nostic factors are used along with the clinical stage to determine the initial treatment
strategy. However, in both indolent and aggressive lymphomas, the tumor response
to induction treatment is an important surrogate for other measures of clinical
benefit from the treatment, including progression-free survival and overall survival.
A reliable and early prediction of response to therapy can possibly separate good-
risk patients who will be cured with conventional therapy or even less intensive and
less toxic regimens from poor-risk patients for whom an early switch to alternative,
more aggressive treatment strategies could improve the likelihood of remission and
cure. This concept called risk-adapted therapy is widely recognized as a potential
way to achieve higher cure rates with lower or equal risk of treatment-related
morbidity and mortality.

Conventional methods for treatment response monitoring are based on mor-
phological criteria, and a reduction in tumor size on CT is the most important
determinant [37–39]. However, size reduction is not necessarily an accurate pre-
dictor of outcome. But even more importantly, tumor shrinkage takes time and
depends on a number of factors in the host. So the rate of structural regression
cannot form the basis for therapy response assessment until rather late during
treatment, at which point a treatment modification might be less useful.

As opposed to the morphological changes of the lymphoma occurring later
during therapy, functional imaging with FDG-PET enables early evaluation of the
metabolic changes that take place very early during the treatment induction. Several
studies of FDG-PET after 1–4 cycles of chemotherapy in aggressive NHL [40–48]
and FL have shown that these early metabolic changes are highly predictive of final
treatment response and progression-free survival (PFS). However, treatment-
induced inflammation and concomitant infections may lead to false-positive interim
scans, and this risk is particularly pertinent in patients treated with intensive regi-
mens [49]. Most evidence is available for performing early interim FDG-PET after
2–4 cycles of chemotherapy. However, reports from Kostakoglu et al. [44, 48]
strongly suggest that the predictive value may be as high after only one cycle of
chemotherapy. This is of importance for early PET response-adapted treatment
regimens, since the treatment adaptation is best performed as early as possible in
order to increase the chance of satisfactory remission and to avoid unnecessary
ineffective chemotherapy.

Interim treatment monitoring is more a tradition than an evidence-based practice.
Even though it is well established that continued treatment in patients with pro-
gression or no response during first-line therapy will invariably lead to treatment
failure, the widespread use of CT for treatment monitoring has never been proven to
improve the outcome of lymphoma patients. This is true for PET/CT imaging as
well, and until we have data from the studies of PET response-adapted therapy,
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interim imaging should only be performed if clinically justified. The recently
revised lymphoma imaging recommendations state that if PET-CT is superior to CT
alone to assess early response, if such an assessment is needed, but changing
therapy solely on the basis of interim PET-CT is not recommended, unless there is
clear evidence of progression. It is recommended that both interim and post-treat-
ment PET scans are interpreted and reported according to the Deauville five-point
scale (Table 1) [2]. Figure 1 shows examples of PET images with response scored
using the five-point scale.

3.1 Interim PET in Indolent NHL

There is a relative paucity of data on the value of interim FDG-PET in indolent
lymphomas. Bishu et al. reported a retrospective series of 31 patients with advanced-
stage FL, of whom 11 had FDG-PET scans midway through four cycles of induction
chemotherapy. The number of patients was too small for any firm conclusions. Still,
the results showed interesting differences: Four patients with some persistent FDG
uptake had a mean PFS of 17 months and seven interim PET-negative patients had a
mean PFS of 30 months [50]. There are only casuistic reports on the value of interim
FDG-PET in localized FL or the more uncommon subtypes of indolent NHL, such as
marginal zone lymphoma and small lymphocytic lymphoma.

Even if a clear correlation between interim FDG-PET and treatment outcome is
shown in the future, the clinical implications are uncertain, since advanced-stage
indolent lymphoma is very different from aggressive NHL. First of all, current first-
line therapies for advanced-stage FL are not curative, and it is unclear whether early
treatment intensification with autologous stem cell transplant (ASCT) or allogeneic
bone marrow transplantation is of any benefit to poor-risk patients. Secondly, the
long natural history of FL and the relative success of subsequent treatment lines in
inducing lasting remissions mean that a longer time to first progression does not
necessarily translate into longer survival.

3.2 Interim PET in Aggressive NHL

In aggressive NHL, PFS ranges from 10 to 50 % at 1 year for early PET-positive
patients and from 79 to 100 % at 1 year for early PET-negative patients. The high

Table 1 The Deauville five-
point scale for PET response
in lymphoma

1 No uptake

2 Uptake ≤ mediastinum

3 Uptake > mediastinum but ≤ liver

4 Uptake moderately higher than liver

5 Uptake markedly higher than liver and/or new lesions

X New areas of uptake unlikely to be related to lymphoma
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risk of relapse seen among PET-positive patients is consistently shown in both early
and advanced stages. Mikhaeel et al. studied a large cohort of 121 high-grade NHL
patients, retrospectively and with a median follow-up of 28.5 months. They con-
firmed that response on FDG-PET after two or three cycles strongly predicts PFS and
OS. Estimated 5-year PFS was 89 % for the PET-negative group, 59 % for patients
with minimal residual uptake (MRU) on FDG-PET, and 16 % for the PET-positive
group. Survival analyses showed strong associations between early FDG-PET
results and PFS and OS [46]. Haioun et al. prospectively studied 90 patients with
aggressive NHL, performing FDG-PET after two cycles of chemotherapy. They
similarly found 2-year PFS rates of 82 and 43 % in early PET-negative and early
PET-positive patients, respectively, and 2-year OS rates of 90 and 60 % [47].
Spaepen et al. compared interim FDG-PET after two cycles of chemotherapy with

Fig. 1 Legend Examples of baseline and interim PET images with response assessed according to
the Deauville five-point scale. a Deauville score 1. b Deauville score 1. c Deauville score 1.
d Deauville score 1
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the International Prognostic Index (IPI). In multivariate analysis, FDG-PET at
mid-treatment was a stronger prognostic factor for PFS and OS than was the IPI
(P < 0.58 and P < 0.03, respectively) [42]. A number of other more recent studies
have investigated the value of interim PET specifically in DLBCL cohorts and found
negative predictive values similar to those found in the above-mentioned studies of
mixed aggressive NHL populations. But the positive predictive value is variable and
generally poor [51, 52]. A possible explanation for the low positive predictive value
in aggressive NHL cohorts is the higher risk of inflammation and infections among
patients who are treated with the more dose-dense and dose-intensive NHL regi-
mens, as mentioned above. In order to overcome the low positive predictive value of
interim PET, some investigators have proposed a semiquantitative approach (relative
or absolute change in SUV from baseline to interim scan) as superior to visual PET
assessment in patients with DLBCL [53, 54].

Aggressive NHL covers a number of lymphoma subtypes where first-line
treatment of both localized and advanced disease stages is given with a curative
intent. Aggressive NHL patients who respond poorly to first-line treatment or
relapse soon afterward generally have a very poor prognosis even with high-dose
salvage regimens. Such poor-risk patients could benefit from having their treatment
failure recognized early during first-line therapy in order to switch a more intensive
regimen as soon as possible. Much inspired by a similar and more widespread trend
in Hodgkin lymphoma, a number of trials are currently investigating early PET
response-adapted treatment strategies (Table 2). Most studies test whether early or
mid-treatment PET-positive patients with aggressive NHL (mainly DLBCL) will
benefit from early escalation to more intensive regimens or even high-dose therapy
with autologous stem cell support (ASCT) [55–60]. One de-escalation study
compares standard treatment with six cycles R-CHOP to good-risk DLBCL patients
to abbreviated therapy with four cycles R-CHOP in patients with a negative PET
after two cycles of therapy [61].

4 PET/CT for Post-therapy Response Evaluation
of Lymphomas

Response to treatment serves as an important surrogate for other measures of
clinical benefit such as progression-free survival and overall survival. Response is
also an important guide in decisions regarding continuation or change of therapy.
Until recently, response evaluation in NHL was done according to the International
Workshop Criteria [62], based mainly on morphological evaluation with a reduction
in tumor size on CT being the most important factor. But after completion of
therapy, CT scans will often reveal residual masses, and the presence of such
masses is not highly predictive of outcome. By conventional methods, it is very
difficult to assess whether this represents viable lymphoma or fibrotic scar tissue.
An extensive number of studies have shown that FDG-PET performed post-treat-
ment is highly predictive of PFS and OS with and without residual masses on CT.
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The vast number of studies in aggressive NHL has been summarized in a systematic
review [63], while the data on indolent NHL are based on fewer studies [64–66].

Based on these findings, the International Harmonization Project developed new
recommendations for response criteria for aggressive malignant lymphomas, incor-
porating FDG-PET into the definitions of end-of-treatment response in FDG-avid
lymphomas [67, 68]. Subsequent retrospective analyses confirmed the superiority of
the new PET/CT-based response criteria [69]. The recent revision of the international
lymphoma staging and response criteria still uses PET response (according to the
Deauville five-point scale) as the main determinant for post-treatment assessment,
while measurements of the sum of the product of perpendicular diameters of mea-
sureable lesions aremainly important for the definition of progressive disease [3]. The
negative predictive value of post-treatment PET/CT is high in most NHL subtypes,
but due to a relatively low positive predictive value, treatment failure suspected due to
a positive PET should be confirmed by biopsy before additional therapy is initiated.
Alternatively, it is often preferable to wait and repeat the PET/CT after 1–2 months,
provided the patient is not in clinical progression.

Unlike in Hodgkin lymphoma, the role of post-treatment PET/CT for selection
of NHL patients for consolidation radiotherapy is unclear. Based on promising data
showing a very high negative predictive value of PET/CT in primary mediastinal
B-cell lymphoma [70], the International Extranodal Lymphoma Study Group
conducts an experimental approach where consolidation radiotherapy is given only
to patients with a PET-positive residual mass [71]. Also, the British Columbia
Cancer Agency has since 2005 routinely used post-chemotherapy PET for all
patients with residual masses larger than 2 cm. Only PET-positive patients receive
consolidation radiotherapy. With 262 patients included in the series and a median
follow-up of 45 months, only one of 179 PET-negative patients has received
radiotherapy. The 4-year PFS and OS are 74 and 83 %, respectively. Since the data
have still only been presented in abstract form, it is unfortunately unclear whether
the relapses were predominantly located within or outside the sites of residual
disease. If most relapses occur outside the sites of residual disease, there seems to
be little value of consolidation radiotherapy in PET-negative patients, but this is not
quite so clear whether a substantial number of relapses are seen within the sites of
residual disease after first-line treatment [72].

5 Disease Surveillance After First Remission

5.1 Aggressive Non-Hodgkin Lymphomas

The value of routine surveillance imaging in aggressive NHL in first remission is
controversial. Despite the lack of evidence, surveillance imaging is often performed
with regular intervals during the first years in remission. The rationale behind
this may be a presumed better outcome in patients with early and asymptomatic
relapse as compared to those patients presenting with overt lymphoma symptoms.
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Early detection of relapse could in theory be advantageous for the following reasons:
(1) lower tumor burden at relapse (and maybe reduced tumor heterogeneity and
prevention of treatment resistant clones) and (2) less disease-related impairment of
function and organs with better tolerability of treatment. Low disease stage and
ECOG performance status 0–1 at relapse are associated with a better outcome in
DLBCL [73]. With less than a quarter of the relapses being imaging detected, routine
imaging did not contribute significantly to relapse detection in studies based on
imaging modalities less sensitive than PET/CT [74–78]. Furthermore, the number of
scans per relapse exceeded 100 per preclinical relapse for both DLBCL and PTCLs
in first complete remission, and out of all patients in complete remission entering
intensive follow-up protocols, only a very small minority (2–3 %) will experience
imaging-detected relapse [78]. Few studies have investigated the value of PET/CT in
the surveillance of aggressive NHL, mainly reporting on DLBCL. Generally, the rate
of imaging-detected relapse seems to be higher when using regular PET/CT sur-
veillance in first remission, and depending on the surveillance protocol, 31–100 % of
relapses were detected by imaging [79–81]. However, with the number of PET/CT
scans per relapse ranging between 35 and 120 [81, 82] and an estimated cost of up to
US$85,550 per preclinical PET/CT-detected relapse, an indiscriminate use of PET/
CT surveillance is not likely to be cost-effective. Restricting the use of PET/CT to
high-risk patients (IPI > 2) decreases the number of PET/CT scans per relapse to 22
and may tip the balance toward better cost-effectiveness [81]. In patients with
transformed indolent lymphomas undergoing routine imaging with PET/CT at least
one time during follow-up, the PET/CT-detected relapses were all indolent histol-
ogies and less important from a clinical perspective. On the contrary, cases of
relapsed DLBCL were symptomatic [83]. Since FDG uptake is unspecific and not
restricted to lymphoma recurrence, the positive predictive value (PPV) of PET/CT
surveillance in aggressive NHL has been reported low to moderate with values
between 21 and 60 % [79, 81, 84]. The increasing use of PET/CT for lymphoma has
probably led to safer recognition of uptake patterns characteristic for lymphoma and
hence less false-positive reporting. Still, a confirmatory biopsy of lymphoma sus-
picious findings on PET/CT is mandatory whenever possible. As opposed to the
problematic PPV of PET/CT, the negative predictive value has been reported uni-
formly high and often 100 % [79, 81, 84]. This means that a negative PET/CT study
virtually rules out recurrent disease and the need for further investigations in patients
with symptoms suggesting lymphoma relapse. Finally, the use of routine surveil-
lance imaging in aggressive NHL can only be justified if early relapse detection is
associated with improved survival. Some studies have suggested that imaging-
detected relapse of aggressive non-Hodgkin lymphoma could be associated with
improved outcome, whereas others found no difference in outcome [76, 78, 81].
However, the retrospective design of these studies does not allow firm conclusions
about the causal role of imaging due the presence of important bias (lead time, length
time, and guarantee time). Interestingly, a recent randomized trial of surveillance
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strategies in Hodgkin lymphoma showed that the use of chest X-ray and ultrasound
was just as effective as PET/CT in early relapse detection, but at a much lower cost
and with higher PPV [85].

5.2 Indolent Non-Hodgkin Lymphomas

While use of routine imaging in the follow-up of aggressive NHL is still wide-
spread, the use of routine imaging in the follow-up of indolent NHL is not
recommended. An observational approach without initial treatment is often chosen
for patients with an asymptomatic relapse of an indolent lymphoma. An exception
could be specific cases where an asymptomatic relapse could lead to unrecognized
compression of vital organs such as vascular structures. In any case, PET/CT has no
role in this setting.

6 Response Prediction with FDG-PET Before High-Dose
Salvage Therapy

Duration of remission prior to relapse and the response to induction therapy are
important prognostic factors that predict a good outcome after high-dose chemo-
therapy with autologous stem cell support (HD + ASCT) [86, 87]. A number of
studies have shown that PET performed after induction therapy and before
HD + ASCT is predictive of long-term remission. These studies all report short PFS
in patients with persistent disease on pretransplant PET [88–93]. In relapsed
Hodgkin lymphoma, Moskowitz and his group demonstrated that patients could
benefit from changing to another non-cross-resistant regimen before HD + ASCT
rather than proceeding straight to high-dose therapy if the PET was still positive
after the initial induction therapy [94]. Even though no such data are yet available in
NHL, it seems clear that achieving a negative PET before HD + ASCT should be a
goal for all patients.

7 Other Imaging Methods than FDG-PET and CT

7.1 Newer PET Tracers

Like other cancers, lymphoma is characterized by deregulated cell cycle progression
and most anticancer drugs are designed to inhibit cell proliferation. So a tracer
enabling imaging of cell proliferation could be useful for both initial characterization
and treatment monitoring of the disease. FDG uptake is somewhat correlated with
cell proliferation, but this correlation is weakened by a number of factors, including
FDG uptake in non-malignant lesions [95, 96]. The nucleoside [11C]thymidine was
the first PET tracer to specifically address cell proliferation. Early studies showed

Imaging of Non-Hodgkin Lymphomas … 137



that [11C]thymidine could determine both disease extent and early response to
chemotherapy in aggressive NHL patients [97, 98]. However, the short 20-min half-
life of 11C along with rapid in vivo metabolism has limited the clinical application of
[11C]thymidine. The thymidine analogue 3′-deoxy-3′-[18F]fluorothymidine (FLT)
offers a more suitable half-life of 110 min and is stable in vivo [99]. More recent
studies have shown that FLT-PET can sensitively identify lymphoma sites [100].
FLT uptake is highly correlated with proliferation rate and may thus be able to
distinguish between high- and low-grade lymphomas [101, 102]. And furthermore,
recent studies have showed a potential of FLT for imaging early response to treat-
ment in NHL [103–106]. Amino acid metabolism of cancer cells is influenced by
catabolic processes favoring tumor growth [107]. It has been shown that increased
uptake of amino acids reflects the increased transport and protein synthesis of
malignant tissue [108, 109]. This is the background for PET imaging of amino acid
metabolism with the labeled amino acids L-[methyl-11C]methionine (MET) and
O-2-[18F]fluoroethyl)-L-tyrosine (FET) [110]. Nuutinen et al. [111] studied 32
lymphoma patients and found MET-PET highly sensitive for the detection of disease
sites although there was no correlation between MET uptake and patient outcome.
Also, MET-PET has an advantage over FDG-PET in imaging of CNS lymphoma
[112]. While these results are encouraging, it should be noted that no studies have
shown the usefulness or cost-effectiveness of amino acid or nucleoside tracers in
large patient cohorts. Furthermore, high physiological tracer uptake in the abdomen
limits the usefulness of these tracers for imaging of abdominal and pelvic
lymphomas.

With CD20 expressed as a cell surface antigen in most cases of B-NHL, and
with CD20 as an important therapeutic target, it is logical to also target CD20 for
the purpose of lymphoma imaging. However, most of the available so-called im-
munoPET tracers are based on full-size, intact antibodies, and as a result of this, it
takes a long time for the background activity levels to drop sufficiently to provide
acceptable target-to-background ratios. Therefore, Olafsen and colleagues gener-
ated a recombinant anti-CD20 fragment which, labeled with a PET tracer, produced
high-contrast images in a small-animal model [113]. This and similar targeted PET
methods may in the future provide very lymphoma-specific images and prove
useful in the staging and treatment monitoring of NHL.

7.2 Magnetic Resonance Imaging

MRI has long been the main structural imaging methods in pediatric lymphomas,
due to the reduction in radiation exposure. MRI is used in adult patients to evaluate
central nervous system disease and for disease sites in the head-and-neck region
(e.g., NK/T-cell lymphomas of nasal type). Recent studies show that diffusion-
weighted MRI early during treatment may identify responders before a reduction in
tumor size occurs [114].
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8 Conclusions and Recommendations

Supported by a large number of studies and in line with the recent consensus
recommendations for lymphoma imaging as well as the revised criteria for lym-
phoma staging and response evaluation, PET/CT is recommended for staging and
post-treatment response assessment of all FDG-avid NHLs [2, 3]. There are suffi-
cient data to support the use of interim PET for treatment monitoring in aggressive
B-NHL when interim imaging is appropriate. CT is still the preferred imaging
method for non-FDG-avid lymphomas, as well as for selected cases where routine
surveillance imaging is considered necessary. For interim and post-treatment
imaging, the Deauville five-point scale is recommended for interpretation and
reporting of PET results. The use of interim PET imaging to guide therapeutic
decisions is still investigational and should preferably be done in the setting of
clinical trials. Semiquantitative and quantitative PET assessments (SUV, MTV,
TLG) are promising, but their role is still to be defined. Currently, much effort is put
into the standardization of PET/CT methodology and interpretation, making the
results of trials more comparable and ensuring a better translation into clinical
practice. Upcoming results of interim PET response-adapted therapy trials are likely
to impact on the management of de novo and relapsed NHL patients in the near
future. The dissemination of novel and more disease-specific PET tracers may
improve the basis for risk- and response-adapted therapy, hopefully in combination
with better pretreatment predictive molecular pathology markers.
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Prognosis and Therapy of Chronic
Lymphocytic Leukemia and Small
Lymphocytic Lymphoma

Clare Sun and Adrian Wiestner

Abstract

Chronic lymphocytic leukemia (CLL) is characterized by a highly variable
clinical course that has guided treatment principles in as much as anti-leukemic
therapy is reserved for patients with active disease. This heterogeneity is
somewhat dissected by prognostic markers, many of which represent pathogenic
mechanisms. Recently, the introduction of highly active targeted agents and
maturing data on predictive markers may lead to more individualized therapeutic
approaches. In this chapter, we review key prognostic markers, current and
emerging therapy, and will attempt to outline a future “where the two may
connect”.
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1 Introduction

Chronic lymphocytic leukemia (CLL) is characterized by the accumulation of
mature, clonal B cells in the blood, bone marrow, and lymphoid organs [62].
Diagnosis requires the presence of at least 5 × 109 clonal B cells/L of blood having a
characteristic immunophenotype (CD19+, CD5+, CD23+, dim CD20) and com-
prising ≤55 % prolymphocytes [62]. Small lymphocytic lymphoma (SLL) is con-
sidered biologically equivalent to CLL except for the preferential distribution of
malignant lymphocytes to lymphoid organs rather than the blood [62]. Patients with
≤5 × 109 clonal B cells/L of blood and do not meet criteria for SLL have monoclonal
B-lymphocytosis (MBL) [62]. MBL may be considered a precursor to CLL [111].

CLL has a highly variable clinical course [71]. Although the median overall
survival (OS) of all comers at a large referral center was 11 years [145], it can be
considerably shorter for patients with high-risk features or as long as that of age-
matched controls for those with indolent disease [9, 39, 105]. Despite the apparent
heterogeneity, current treatment guidelines are generic and directed primarily by the
presence of active or symptomatic disease and the fitness of the patient [62].
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Whole genome and exome sequencing of a large number of CLL cases has
revealed numerous somatic mutations [82, 104, 143]. However, there is still no
clear-cut genetic lesion that is necessary or sufficient for the development of CLL.
In contrast, extensive functional and cell biology studies have revealed a depen-
dence of CLL cells on supportive factors in the tissue microenvironment for pro-
liferation and survival [15, 66]. Among the many different pathways that appear to
play a role in tumor–host interactions, B-cell receptor signaling has emerged as a
pivotal pathway in the pathogenesis of CLL and has become the target of novel
treatment approaches [16, 149].

2 Prognostic Markers

2.1 Clinical Stage

The course and outcome of CLL is highly heterogeneous [71]. Early efforts to
stratify patients relied on clinical stage for prognosis (Table 1). Two widely adopted
staging systems, Rai et al. [105] and Binet et al. [9], define low to high-risk patients
based on the extent of organ involvement and cytopenias. CLL at the earliest stage

Table 1 Abbreviated list of prognostic markers in CLL

Clinical Stage

Absolute lymphocyte count

Lymphocyte doubling time

Bone marrow infiltration pattern

Treatment response

Age

Performance status

Genetic IGHV mutational status

FISH

Low risk: del(13q)

Intermediate risk: trisomy 12

High risk: del(17p), del(11q), complex karyotype

Mutations

Favorable: MYD88

Unfavorable: TP53, NOTCH1, SF3B1, BIRC3, ATM

Flow cytometry ZAP-70

CD49d

CD38

Serum Lactate dehydrogenase

β2-microglobulin

Thymidine kinase

CCL3 and CLL4 serum levels
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is manifested by lymphocytosis with or without lymphadenopathy. More advanced
stages are characterized by liver or spleen involvement and ultimately by anemia or
thrombocytopenia. In this manner, the disease is staged from 0 to 4 [105] or from A
to C [9]. In the original cohorts from which these staging systems were derived,
early stage patients had a life expectancy similar to the general population, while
those with advanced disease had a median survival not exceeding 2 years [9, 105].

3 IGHV Mutational Status

B-cell development begins in the bone marrow when hematopoietic progenitor cells
(HPCs) differentiate into pro-B cells [54]. These cells undergo sequential rear-
rangement of the B-cell receptor (BCR) immunoglobulin heavy and light chains,
then exit into the peripheral blood as naïve B cells [54]. Upon migration into
lymphoid tissue, naïve B cells are activated by antigen-presenting cells and may
differentiate into plasma cells or memory B cells [54]. The variable regions of the
immunoglobulins, which encode the BCR antigen-binding domains, can acquire
somatic mutations that increase the affinity to a specific antigen [54]. The muta-
tional status of clonal immunoglobulin heavy chain variable (IGHV) genes is
determined by comparing the IGHV sequence of malignant cells to known germ
line sequences [56]. An IGHV is considered mutated if it shares less than 98 %
homology to the corresponding germ line sequence [56].

As recognized in the early 1990s, CLL patients can be divided into two groups
based on the IGHV mutational status [122]. In about half of the patients, CLL cells
express an IGHV gene in germ line configuration, while in the other half, >2 % of
the bases are mutated [122]. In 1999, these two groups of patients were reported to
have significantly disparate clinical outcomes [34, 64]. Patients with IGHV-
unmutated CLL (U-CLL) have a median OS of approximately 9 years compared to
24 years for those with IGHV-mutated CLL (M-CLL) [34, 64]. Furthermore,
patients with U-CLL more often have advanced stage disease at diagnosis, progress
faster, and require earlier and more frequent treatment [34, 64, 109]. Most cases of
transformation to high-grade lymphoma (Richter’s transformation) also occur in
U-CLL [86, 126]. Although the incidence of hypogammaglobulinemia is similar in
M-CLL and U-CLL, the latter is associated with more infection and infection-
related mortality [51]. Unfavorable genetic aberrations, including 17p and 11q
deletions, are common in U-CLL, while 13q14 deletion or translocation occur more
often in M-CLL [64, 79, 98].

In a subset of patients, the clonal cells express a restricted repertoire of IGHV
genes and in some cases, carry BCRs that are structurally virtually identical,
referred to as stereotypic BCRs [1, 130]. This suggests that in these cases, CLL
originates from a B cell with distinct antigen specificity. In particular, the sequence
and length of the complementarity-determining region 3 (CDR3) appear to con-
tribute to stereotypic BCRs and differ between U-CLL and M-CLL [87, 153].
U-CLL cells commonly employ longer, stereotyped CDR3s [130], which are
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thought to enhance BCR polyreactivity [87]. Indeed, the BCRs of U-CLL tend to be
more polyreactive and of lower affinity than those found in M-CLL or normal B
cells [69]. Consequently, it has been hypothesized that U-CLL may respond to
multiple trophic signals or antigens, leading to more rapid expansion of the
malignant clone [131]. In contrast, M-CLL cells appear to be anergic, that is,
antigen-hyporesponsive, likely as a result of prior high affinity or repetitive antigen-
binding [131]. This may, at least in part, explain the differences in disease pace
between the two subtypes. Thus, IGHV mutation status may be viewed as a sur-
rogate of BCR signaling strength (Fig. 1). In addition, chemokines, CCL3 and
CLL4, are secreted by activated CLL cells, facilitate crosstalk with the microen-
vironment, and may serve as markers for BCR signaling [125]. As is the case in an
increasing number of B-cell malignancies, antigenic stimulation has emerged as a
driver pathway in the pathogenesis of CLL [93, 154].

Fig. 1 Key prognostic markers in CLL reflect underlying pathogenic pathways. BCR signaling is
a central pathway in the pathogenesis of CLL. The BCR appears to be polyreactive in U-CLL,
leading to increased receptor activation and downstream signal transduction. Activated CLL cells
secrete chemokines, CCL3 and CLL4, which attract accessory cells to the microenvironment.
Migration and adhesion to the microenvironment is further facilitated by ligation of CXCR4 and
CD49d on the surface of CLL cells. ZAP-70 appears to directly associate with the BCR to enhance
signaling and modulate CXCR4-mediated chemotaxis. Specific genetic lesions promote CLL cell
survival and proliferation. Abnormalities in TP53 impair the cellular response to DNA damage and
avert apoptosis and growth arrest. Activating mutations in NOTCH1 produce a more stable
intracellular signaling protein that regulates the transcription of multiple survival pathways
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3.1 Zap-70

Zeta-chain-associated protein of 70 kD (ZAP-70) is a cytoplasmic kinase expressed
in T and NK cells [22]. Upon T-cell receptor (TCR) stimulation, ZAP-70 associates
with the zeta-chain of TCR and undergoes phosphorylation [22]. ZAP-70 is
structurally homologous to spleen tyrosine kinase, which plays an analogous role in
BCR signal transduction [22]. Although ZAP-70 is not found in mature peripheral
blood B cells, it is expressed in pro- and pre-B cells [32] as well as activated
tonsillar and splenic B cells [95]. ZAP-70 is one of the most differentially expressed
genes between U-CLL and M-CLL [116, 148]. Because ZAP-70 is highly con-
cordant with IGHV mutational status [31, 97, 108, 116, 148, 155], it has been
suggested as a surrogate. ZAP-70 expression appears to be regulated by methyla-
tion of the 5′ region of the ZAP-70 gene [28, 30] and heat shock protein 90
chaperoning [21]. The level of expression follows a continuum, remains stable over
time and is similar across peripheral blood and bone marrow specimens [38, 108].
Cutoffs ranging from 10 to 20 % of ZAP-70+ CLL cells have been shown to best
correlate with IGHV mutational status [31, 97, 108]. ZAP-70 is most commonly
detected by flow cytometry, but can also be evaluated by RT-PCR, Western blot-
ting, and immunohistochemistry with comparable results [31, 97, 148]. Neverthe-
less, it has been difficult to standardize ZAP-70 testing in clinical practice, and the
absence of a bimodal distribution results in indeterminate or borderline results for
many patients. Recent studies suggest that analysis of ZAP-70 promoter methyla-
tion may yield more robust results [29].

Patients with ZAP-70+ CLL have a median survival of 9 years versus 24 years
[97], more rapid disease progression [31], and require treatment earlier [38, 108].
ZAP-70+ CLL is associated with advanced clinical stage, higher lymphocyte count,
and higher tumor proliferation [38, 113, 127]. Interestingly, patients with ZAP-70+
CLL are more likely to develop autoimmune cytopenias [155]. While ZAP-70 is
more often found in U-CLL than M-CLL, it maintains prognostic value even in
discordant cases [38, 108].

CLL cells expressing ZAP-70 have an augmented response to BCR activation.
ZAP-70 may directly associate with the BCR and enhance downstream signal
transduction [24, 25]. Interestingly, this effect is independent of its kinase activity
[58]. ZAP-70 also enhances CLL cell migration in response to the chemokines
CCL19 and CCL21 [37, 113]. The effect of PI3K inhibition, which impairs survival
and adhesion of CLL cells in culture, is attenuated by ZAP-70 expression [80]. In
the microenvironment, ZAP-70+ CLL is associated with effector T cells and a
cytokine profile that is skewed toward IL-4 and IL-10 [91]. These changes, char-
acteristically seen in advanced stages of disease, are observed even in early stage
ZAP-70+ CLL and may contribute to a more aggressive disease course [91].
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3.2 Cd49d

CD49d is the α4 subunit of the integrin heterodimers α4β1 and α4β7. α4β1, present
on B and T cells, mediates leukocyte development and trafficking through binding
to its major ligands, vascular cell adhesion molecule-1 (VCAM-1), and fibronectin
[65]. In the B-cell compartment, α4β1 facilitates localization to the bone marrow
and germinal centers and promotes survival by up-regulation of anti-apoptotic Bcl-
XL [115]. The role of α4β7 is more restricted, directing lymphocytes into intestinal
lymphoid tissue via ligation to mucosal addressin cell adhesion molecule-1 [8].

The expression of CD49d is measured by flow cytometry [55, 118, 124]. Tumor
cells in approximately 40 % of CLL cases and in a larger proportion of other chronic
lymphoproliferative disorders express CD49d [33]. Proposed cutoff values to predict
clinical outcome in CLL range from 30 to 45 % [14, 55, 124]. Because the rate of
CD49d expression follows a U-shaped distribution across a group of patients,
CD49d can be clearly read out as positive or negative in most cases [14, 55].

Patients with CD49d+ CLL have more advanced stages [45], more rapid disease
progression, and worse OS [14, 55]. CD49d is associated with a number of unfa-
vorable prognostic factors, including CD38, ZAP-70, and possibly IGHV mutation
status [55, 124]. The CD49d gene is hypomethylated in CLLwith trisomy 12, leading
to increased expression compared to CLL without trisomy 12 [158]. CD49d is
superior to Rai stage, ZAP-70, CD38, β2-microglobulin, and del(11q) in prognosti-
cating outcome [14, 124]. In a recentmulticenter analysis, CD49dwas identified as the
only independent flow cytometry-based prognostic factor for OS, along with age,
gender, IGHV mutation status, del(17p), and absolute lymphocyte count [14].

In vitro studies have demonstrated the role of CD49d in transendothelial
migration of CLL cells [137] and recruitment of monocytes, endothelial, and stromal
cells to the bone marrow microenvironment [157]. Furthermore, α4β1, together with
CD44v, anchors matrix metalloproteinase-9 to the surface of CLL cells [112]. As a
result, malignant cells are arrested in the bone marrow and lymph node, thereby
presumably enhancing the nurturing effect of the microenvironment on the tumor
cells [112]. CD49d may also competitively engage ligands in the bone marrow and
displace HPCs, leading to increased numbers of HPCs in the circulation [118]. In
addition, CD49d ligation leads to up-regulation of anti-apoptotic Bcl-2 and Bcl-XL
and down-regulation of pro-apoptotic Bax, thus preventing spontaneous [35, 81] and
fludarabine-induced apoptosis [36] of CLL cells in culture.

3.3 Genetic Aberrations

Interphase cytogenetic analysis using fluorescent DNA probes for in situ hybrid-
ization (FISH) allows detection of chromosomal abnormalities in over 80 % of non-
dividing CLL cells [39]. Previously, CLL cells required mitogen stimulation for
traditional chromosome analysis in metaphase, which yielded an abnormal karyo-
type in only half of patients [73]. Using FISH, the most commonly observed
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abnormality is 13q deletion in over half of patients, followed in order by 11q
deletion, 12q trisomy, and 17p deletion [39]. These can present as a sole abnor-
mality or in combination with one another [39].

Survival of early stage patients ranges from a median of 133 months with 13q
deletion to 79 months with 11q deletion and 32 months with 17p deletion [39].
Deletions in 11q and 17p occur almost exclusively in U-CLL and have independent
prognostic value [79]. These deletions are also associated with advanced disease
and rapid disease progression requiring early treatment [39]. In contrast, one-third
of patients with 13q deletion do not require any therapy [39]. The prognosis of del
(17p) CLL has been correlated with the percentage of affected CLL cells [136]. In
the largest series reported, patients with del(17p) in ≤25 % of CLL cells had a
relatively indolent disease course and a 3-year OS of ≥90 % [136]. Del(17p)
occurring in M-CLL also appears to be compatible with relatively slower disease
progression [57].

Genetic mutations and chromosomal abnormalities have significant overlap in
CLL. Loss of tumor suppressor genes contributes to the aggressive nature of CLL
with unfavorable karyotype. Mutation in TP53, located on chromosome 17p, is
found in approximately 80 % of del(17p) CLL [60, 156]. The combination of TP53
mutation and del(17p) predicts shorter progression-free survival (PFS) than del
(17p) alone [60]. In addition, sole TP53 mutation, without del(17p), portends a
similar prognosis to del(17p) CLL [156]. The ataxia-telangiectasia (ATM) gene on
chromosome 11q is mutated in 30 % of del(11q) CLL [4]. Mutation in ATM, which
coordinates the cellular response to DNA damage, is associated with shorter OS and
PFS [4]. Conversely, the favorable outcome observed in del(13q) CLL, which is
superior to that of normal karyotype, has not been well elucidated. Down-regulation
of miR15 and miR16 appears to play a role [20], leading to an increase in target
proteins, including anti-apoptotic Bcl-2 [27].

Whole genome and exome sequencing has identified a number of recurrent
genetic mutations with prognostic relevance. NOTCH1 is a commonly mutated
gene in CLL [104] and partially correlates with trisomy 12 [7, 83]. Patients with
NOTCH1-mutated CLL have shorter survival and increased risk of Richter’s
transformation [104]. Mutation in the spliceosomal gene, SF3B1, is associated with
more rapid disease progression. In contrast, mutations inMYD88, which encodes an
adaptor protein in interleukin-1/toll-like receptor signaling, tend to be more com-
mon in younger patients [104] with mutated IGHV genes [143] and have relatively
favorable disease course [88]. Importantly, it appears that specific genetic abnor-
malities, including trisomy 12, del(13q), and MYD88 mutation, appear to represent
driver events in CLL, while other aberrations, such as del(17p) and mutations in
TP53, SF3B1, and ATM, occur later with disease progression and increase in fre-
quency in patients with relapsed and refractory disease [82].
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4 First-Line Treatment

4.1 Standard Chemoimmunotherapy

Treatment of CLL is generally reserved for patients with active disease or consti-
tutional symptoms fulfilling specific treatment criteria as outlined by the Interna-
tional Workshop on Chronic Lymphocytic Leukemia (Table 2) [62]. The purine
analogue, fludarabine, and its combinations have been the mainstay of therapy for
many years. In a landmark trial led by the Cancer and Leukemia Group B
(CALGB), initial therapy with fludarabine, compared to chlorambucil, improved
overall response rate (ORR) from 37 to 63 % [106]. However, perhaps owing to its
crossover design, no difference in OS was initially found [106]. Subsequently, a
long-term follow-up analysis suggested an eventual benefit in OS for patients
treated with fludarabine [107]. However, the benefits of fludarabine appear to be
limited to younger patients. The German Chronic Lymphocytic Leukemia Study
Group (GCLLSG) randomized older patients with a median age of 70 years to first-
line therapy with fludarabine or chlorambucil [44]. While fludarabine improved
ORR, it did not change OS or PFS [44]. Rather, patients treated with chlorambucil
had a median OS of 64 months compared to 46 months with fludarabine, although
this difference was not statistically significant [44]. A retrospective analysis of
consecutive trials from CALGB also found similar OS and PFS between fludara-
bine and chlorambucil treatment in the elderly [151].

Table 2 Treatment criteria for CLL [62]

Indications for treatment Criteria (at least one of the following)

Marrow failure Anemia (hemoglobin <10 g/dL)

Thrombocytopenia (platelet count <100 K/μL)

Splenomegaly Spleen ≥6 cm below left costal margin

Progressive/symptomatic

Lymphadenopathy Lymph node ≥10 cm in diameter

Progressive/symptomatic

Lymphocytosis Lymphocyte doubling time <6 months1

Lymphocyte count increase of >50 % in 2 months1

1Should not be used as only criteria if initial lymphocyte
count <30 K/μL
1Exclude infection as cause for worsening lymphocytosis

Autoimmune anemia or
thrombocytopenia

Poor response to corticosteroids or other standard
therapies

Constitutional symptoms Weight loss ≥10 % in 6 months

Fatigue (ECOG PS ≥2)

Fever >38 °C for ≥2 weeks2

Night sweats >1 month2

2Exclude infection as cause for fever or night sweats
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For younger, physically fit patients, the development of fludarabine-based
combination regimens has led to a new standard in CLL treatment. The addition of
cyclophosphamide to fludarabine (FC) increased complete response (CR) rate from
5 to 20 % and median PFS from approximately 20–40 months in two prospective,
randomized trials of 375 patients from Germany [43] and 278 patients from the
United States [49]. However, neither trial found a difference in OS [43, 49].
Meanwhile, rituximab monotherapy was demonstrated to have moderate activity
against CLL [61, 96]. In addition, several phase II trials supported the combined use
of rituximab and fludarabine, with or without cyclophosphamide [18, 76, 123, 135,
144]. Ultimately, the GCLLSG conducted a prospective, randomized, multicenter
study (CLL8) to examine the benefit of adding rituximab to FC (FCR) in 817
treatment-naïve CLL patients [63]. Chemoimmunotherapy improved OS at 3 years
from 83 to 87 %, ORR from 80 to 90 %, CR rate from 22 to 44 %, and median PFS
from 32.8 to 51.8 months [63].

4.2 Options for Older Patients

Bendamustine with rituximab (BR) may be better tolerated in older patients with
comorbidities. A phase II study of 117 previously untreated patients demonstrated
an ORR of 88 %, a CR rate of 23 %, median event-free survival of 33.9 months,
and OS of 90.5 % at a median follow-up of 27 months [48]. A quarter of these
patients were older than 70 years and 35 % had impaired renal function [48].
Toxicities were primarily hematologic and included grade 3 or 4 neutropenia in
19.7 % of patients [48], compared to 34 % with FCR [63]. Subsequently, the
GCLLSG led an international phase III trial randomizing 688 patients to FCR or BR
[47]. Results of the interim analysis were presented at the American Society of
Hematology 2013 annual meeting [47]. Although there was no difference in OS,
FCR produced a higher CR rate (47.4 % vs. 38.1 %) and longer PFS (85 % vs.
78.2 %) at 2 years, but only in patients younger than 65 years [47]. These benefits
were offset by an increased risk of severe neutropenia and infection [47].

Obinutuzumab, a humanized, type 2, glycoengineered antibody against CD20,
was recently demonstrated to improve response and survival when added to
chlorambucil [59]. The GCLLSG randomized 781 patients with a median age of
73 years and multiple co-morbidities to chlorambucil with or without obinutuzumab
(G-Cbl) or rituximab (R-Cbl) [59]. At a median follow-up of 14 months, G-Cbl
reduced the risk of death from 20 to 9 % compared to patients treated with
chlorambucil alone [59]. G-Cbl was also superior to R-Cbl with respect to response
(ORR 65.1 % vs. 78.4 %; CR rate 7 % vs. 20.7 %), disease progression (median
PFS 26.7 vs. 15.2 months), and survival (risk of death 8 % vs. 12 %) [59].
However, the dosing of obinutuzumab was reasonably different from that of rit-
uximab [59] so as to make a direct comparison between the two antibodies difficult.
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5 Relapsed/Refractory CLL

Definitions of relapsed/refractory disease facilitate clinical decision making and
scientific study [62]. Relapse occurs in patients previously in complete or partial
remission who progress after 6 or more months [62]. Refractory disease is defined
by treatment failure or disease progression within 6 months of treatment [62].
Patients refractory to purine analogue-based regimens are considered particularly
high risk [62]. Although the biology of non-responders is conceivably different
from those who relapse after a period of disease control, most clinical trials consider
relapsed or refractory disease as one entity.

Treatment options for relapsed/refractory CLL are growing despite the fact that a
standard treatment has yet to be established (Table 3). Consequently, participation in
clinical trials should be considered for the majority of patients in this setting. For
those who previously achieved a durable remission, repeating the same regimen may
be efficacious at relapse. In particular for patients with early relapse or refractory
disease, novel agents (discussed below) have demonstrated significant activity.

5.1 Chemoimmunotherapy

FCR induced an ORR of 74 % and a CR rate of 30 % in 284 patients with relapsed/
refractory CLL enrolled on an open-label, phase II trial [5]. Response was preserved
in patients previously treated with fludarabine or rituximab, but not in those who
received a prior alkylating agent [5]. As expected, patients who responded to flu-
darabine in the past had a better ORR with FCR salvage [144]. Median PFS and OS
were 21 and 47 months, respectively [5].

Table 3 FDA-approved drugs for CLL

Drug Mechanism Approval Indication

Chlorambucil Alkylating agent 1957 Unspecified

Cyclophosphamide Alkylating agent 1959 Unspecified

Fludarabine Nucleotide analogue 1991 Relapsed/refractory

Alemtuzumab Monoclonal antibody 2001 Relapsed/refractory

2007 First-line

Bendamustine Alkylating agent 2008 Unspecified

Ofatumumab Monoclonal antibody 2009 Relapsed/refractory

2014 First-line in combination with
chlorambucil

Rituximab Monoclonal antibody 2010 First-line in combination
with fludarabine and
cyclophosphamide for
CD20+ CLL

Obinutuzumab Monoclonal antibody 2013 First-line in combination with
chlorambucil

Ibrutinib Kinase inhibitor 2014 Relapsed/refractory
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5.2 Monoclonal Antibodies

Approximately half of patients respond to ofatumumab in the salvage setting [146],
including those previously treated with rituximab [147]. Median PFS and OS are
5.5 and 13–16 months, respectively [146, 147].

Alemtuzumab, a humanized monoclonal antibody against CD52, has been
studied both as first-line and salvage treatment in CLL. Relapsed/refractory patients
treated with alemtuzumab have an ORR of 33–42 %, median PFS of 8–12 months,
and median OS of 16–19 months [75, 100, 132]. Response is significantly higher in
treatment-naïve patients [85]. However, alemtuzumab also causes prolonged lym-
phopenia, increasing the risk of opportunistic infections (OI) [75, 85, 100, 132].
CMV reactivation is the most common OI, occurring in up to 30 % of patients
receiving alemtuzumab [75, 85, 132]. Grade 3 or 4 CMV infections have been
reported, but respond to ganciclovir [132]. Accordingly, regular monitoring and
prompt treatment of CMV viremia are strongly encouraged. In 2012, alemtuzumab
or Campath® was withdrawn from the US and EU markets in anticipation of a
relaunch under a different trade name Lemtrada® for the treatment of multiple
sclerosis. Although Lemtrada® has not been approved in the USA, alemtuzumab
remains available through the Campath® distribution program.

5.3 Kinase Inhibitors

Much interest has been focused on targets of the BCR signaling pathway. Ibrutinib,
an inhibitor of Bruton tyrosine kinase, was recently approved for use in previously
treated CLL [19]. In a landmark trial, patients treated with ibrutinib had an ORR of
71 %, PFS of 74 %, and OS of 83 % at 26 months, as well as a lower risk of severe
hematologic toxicity and infection than conventional salvage regimens [19]. An
international, phase 3 trial comparing ibrutinib to ofatumumab in 391 patients found
an ORR of 43 % versus 4 % and a 78 % reduction in risk of progression or death with
ibrutinib [17]. Notably, one-third of these patients had deletion of 17p [17].

Idelalisib inhibits PI3Kδ and results in an ORR of 81 % when combined with
rituximab in the salvage setting [53]. Compared to rituximab monotherapy, the
addition of idelalisib improves PFS from 46 to 93 % and OS from 80 to 92 % at
12 months [53]. These kinase inhibitors cause transient lymphocytosis [19, 53]
comprised of biologically inert cells [67, 152], that egress from lymph nodes and
spleen [68].

Fostamatinib and dasatinib, which inhibit Syk and Lyn/BTK, respectively, have
been studied in early phase I/II trials, but produced less impressive responses and
more myelosuppression [2, 52].
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5.4 BH3 Mimetics

BH3 mimetics are small molecule inhibitors of the Bcl-2 family of proteins that
regulate cell survival and death. Navitoclax, a non-specific inhibitor of Bcl-2,
Bcl-XL, and Bcl-W, was studied in 29 patients with relapsed/refractory CLL with an
ORR of 31 %, including cases with 17p deletion. However, it also uniformly causes
dose-limiting thrombocytopenia as a result of Bcl-XL inhibition. Consequently,
ABT-199, a BH3 mimetic specifically targeting Bcl-2, was developed and shown to
have preclinical activity against CLL [134, 142], multiple myeloma [138], AML
[10, 94], and breast cancer [141]. Several phase I trials evaluating ABT-199, as
monotherapy or in combination with monoclonal antibody or bendamustine, are
currently underway.

5.5 Lenalidomide

Immunomodulating agent, lenalidomide, was initially studied as salvage mono-
therapy with an ORR of 32–47 % [23, 46]. Response is improved to 66 % when
combined with rituximab and is associated with an OS of 71 % at 3 years [6].
Lenalidomide may cause grade 3 or higher neutropenia in up to 70 % of patients [6,
23] and is often associated with a cytokine release syndrome and tumor flare
reactions [3, 23, 46]. In 2013, a phase 3 trial comparing lenalidomide to chlor-
ambucil in previously untreated patients older than 65 years was terminated by the
US Food and Drug Administration due to increased deaths in the lenalidomide arm
[140]. Thirty-four of 210 patients treated with lenalidomide and 18 of 211 patients
treated with chlorambucil died [140]. The Chronic Lymphocytic Leukemia
Research Consortium subsequently reported the results of a phase 2 trial of initial
therapy with lenalidomide and rituximab [72]. Among 29 patients older than
65 years, the ORR was 79 %, median PFS was 20 months, and 4 had died over a
median follow-up of 20 months [72].

5.6 Cellular Therapy

Allogeneic hematopoietic stem cell transplantation (HSCT) provides graft-versus-
leukemia effect and a potential for cure to patients with high-risk CLL [40]. My-
eloablative conditioning followed by matched related [90] or unrelated [102] HSCT
can lead to durable remissions, but carries a 38–46 % risk of treatment-related
mortality (TRM). With reduced-intensity conditioning, TRM is reduced to 15–
22 %, improving OS without sacrificing response [120, 128, 129]. However, graft-
versus-host disease (GVHD) remains a significant problem, with grade 2–4 acute
and chronic GVHD in 55 and 50–75 % of patients, respectively [120, 128, 129].

Genetically modified T cells expressing chimeric antigen receptor (CAR) have
specific activity against their ligands. The receptor is engineered to directly activate
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T cells upon ligation without major histocompatibility complex restriction. In phase
I trials, patients infused with autologous anti-CD19 CAR T cells were able to
achieve stabilization of disease, partial remission (PR), or in some instances, sus-
tained CR [13, 74, 103]. A subset of CAR T cells acquires a central memory
phenotype in vivo, allowing for persistent activity against CLL cells [74]. Allo-
geneic CAR T cells have been studied in allogeneic HSCT recipients at relapse
[78]. Infusion of CAR T cells from the original donor led to an ORR of 20 % and
stable disease in 8 of 10 patients [78].

6 Predictive Markers

Whereas prognostic markers inform the overall clinical course of a disease, predictive
markers identify patients who are susceptible to specific therapies. Ideally, predictive
markers can help physicians tailor treatment for individual patients, thereby avoiding
wasted time and toxicities from less-effective options. Despite the apparent wealth of
prognostic markers in CLL, the literature on predictive markers is limited.

6.1 Deletion of 17p

Deletion of 17p or mutation in TP53, one of the best established predictive markers,
is typified by poor response to standard chemoimmunotherapy. Among 51 patients
with del(17p) enrolled in the CLL8 trial comparing FC to FCR, only 1 patient
achieved CR compared with a CR rate of 44 % for all patients following treatment
with FCR [63]. At 3 years, 19 patients with del(17p) were alive and all had pro-
gressive disease [63]. A follow-up report showed comparably poor outcomes in
CLL with mutated TP53; the majority of which were associated with loss of 17p
[133]. As expected, responses are worse when FCR is given as salvage therapy [5].
Furthermore, patients with del(17p) or TP53 mutations also appear resistant to
combinations of bendamustine or chlorambucil with rituximab [48, 50]. In contrast,
small molecule inhibitors of BCR signaling, such as ibrutinib [19] or idelalisib [53],
have shown promising activity against this high-risk subgroup. Alemtuzumab is
also effective for both treatment-naïve [26, 70] and relapsed/refractory patients [84,
101, 132] irrespective of 17p or TP53 status.

The European Group for Blood and Marrow Transplantation (EBMT) considers
17p deletion as an indication for allogeneic HSCT [40]. A retrospective analysis of
del(17p) CLL from the EBMT database found an ORR of 84 % in 19 patients with
stable or progressive disease and an ORR of 94 % in 17 patients in PR at the time of
transplantation [121]. Importantly, 16 patients remained in CR after a median
follow-up of 39 months [121]. In a phase 2 trial of reduced-intensity conditioning
with allogeneic HSCT (CLL3X), event-free survival and OS were similar between
patients with and without 17p deletion [41]. Furthermore, long-term remission with
MRD negativity was achieved in 6 of 13 cases of del(17p) CLL [41, 42].
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6.2 Deletion of 11q

As previously mentioned, 11q deletion is another adverse prognostic marker
associated with a median OS of 49 months [39]. Unlike del(17p), patients with del
(11q) CLL respond well to FCR, achieving an ORR of 93 %, CR rate of 51 %,
3-year PFS of 64 %, and 3-year OS of 94 % in the CLL8 trial [63]. These response
and survival rates were similar to those observed in patients without del(17p) or del
(11q) [63]. A retrospective analysis of 69 patients with del(11q) CLL corroborated
the benefits of FCR-based regimens in this genetic subgroup [139]. Without an
alkylating agent, however, outcomes are significantly worse for del(11q) CLL, with
a median PFS and OS of 25 and 63 months, respectively [150]. Therefore, alkyl-
ating agents appear to be particularly valuable in reversing the poor prognosis of del
(11q) CLL.

6.3 Novel Mutations

The role of novel genetic mutations as predictive markers has recently been
explored by several groups. Methods include targeted and whole-exome sequencing
(WES) of cases drawn from both retrospective series and prospective cohorts. WES
of fludarabine-refractory patients has identified mutations in TP53, NOTCH1,
SF3B1, or BIRC3 in 70 % of cases [89].

Mutations in NOTCH1 occur in 20 % of fludarabine-refractory disease [117].
NOTCH1-mutated patients treated with chlorambucil or a fludarabine-based regi-
men have shorter survival and more rapid disease progression compared to wild-
type cases [99]. Median OS after treatment may approach that of TP53-mutated
CLL as demonstrated by Rossi et al. [117]. Interestingly, NOTCH1 mutation
identifies a unique subgroup of patients who appear to have no benefit from the
addition of rituximab to FC [133].

6.4 Minimal Residual Disease

Minimal residual disease (MRD), a sensitive measure of tumor burden post-treat-
ment, predicts shorter PFS [11, 41, 48, 92, 114] and OS [110, 119] for most types of
therapy, including standard chemoimmunotherapy and HSCT. Flow cytometry or
molecular assays reliably detect residual tumor at a frequency of >1 in 10,000 cells
[62]. In addition to evaluating for treatment response, MRD status can be serially
monitored to track disease activity [92, 110, 114]. For the most part, conversion
from a negative to positive MRD state heralds clinical relapse [92, 110, 114].
Although a powerful predictor of duration of response, MRD status can only be
determined after therapy. A practical application may be to stratify patients for
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additional therapy based on MRD status. For example, patients achieving MRD-
negative CR during induction therapy may be adequately treated with an abbre-
viated course, while those with MRD positivity at the completion of treatment may
benefit from consolidation or maintenance. A comprehensive review on this topic
was recently published by Böttcher et al. [12].

6.5 Low-Risk CLL

For select patients with favorable prognostic markers, treatment with FCR may
offer a potential cure. In a long-term follow-up of 300 patients treated with FCR,
median time to progression was 85 months in patients with CR [135]. Age
<70 years, absence of 17p abnormalities, and lower β2-microglobulin level and
leukocyte count were independently associated with CR [135]. A subgroup analysis
of 222 patients demonstrated that 35 % remained relapse-free at 10 years [77]. In
addition, some patients have achieved durable remissions without an alkylating
agent. Of 104 patients treated with fludarabine and rituximab on the CALGB study
9712, 14 remained progression-free at a median follow-up of 114 months [150]. A
majority of these patients had IGHV-mutated CLL [150].

7 Personalized Medicine

The need for an individualized approach in CLL is highlighted by inferior outcomes
with conventional treatment in defined high-risk groups. However, limited appre-
ciation of predictive biomarkers and lack of effective therapies for non-responders
previously hampered progress toward personalized medicine. As a result, treatment
of CLL has been roughly guided by clinical indication rather than consideration for
the underlying biology of disease. An exception to this rule is deletion of 17p, for
which most experts recommend enrolment on a clinical trial, consideration of early
allogeneic transplantation, or alternative agents.

The recent introduction of highly active novel agents and emerging data on
predictive markers promise exciting therapeutic advances in CLL. Ideally, biologic
characteristics that predict the response to specific therapies will be used to optimize
treatment. High-risk groups have the most to gain from receiving novel agents
upfront in place of less-effective conventional options and these patients should be
referred for clinical trials. Hopefully soon, decisions on treatment strategies may be
based on the biology of the disease, age, and general health of the patient, and
whenever possible on individual preferences.
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Biology, Prognosis, and Therapy
of Waldenström Macroglobulinemia
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Abstract

WaldenströmMacroglobulinemia (WM) is a rare B-cell lymphoma characterized
by the uncontrolled accumulation of malignant lymphoplasmacytic cells, mainly
in the bone marrow, and monoclonal IgM production. Despite its rarity, our
understanding of the biology of this disease has improved significantly in recent
years with the identification of recurrent mutations in the MYD88 and CXCR4
genes. Based on the diversity of clinical features observed in WM patients,
therapy should be highly personalized having into account several factors such
as age, co-morbidities, IgM levels, and presence of hyperviscosity, coagulop-
athy, cryoglobulinemia, or cold agglutinin disease. In this chapter, we review the
recent advances in the biology of WM and the current therapeutic options for
untreated and relapsed WM patients. Finally, we discuss the role of prognostic
factors and current evidence supporting an improvement in the survival of WM
patients in the last decade.
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1 Introduction

Waldenström Macroglobulinemia (WM) is a rare B-cell lymphoproliferative dis-
order characterized by the uncontrolled accumulation of malignant immunoglobulin
M (IgM)-secreting lymphoplasmacytic cells. WM belongs to the lymphoplasma-
cytic lymphoma (LPL) category as defined by the 2008 World Health Organization
classification [1]. However, over 95 % of the cases of LPL are WM with the
remainder comprised by IgA, IgG, and non-secreting LPL. WM occurs in adults
with a median age in the 60s with a slight male predominance. A familial predis-
position has been described in approximately 25 % of the patients with WM, with
familial patterns varying from presence of various B-cell malignancies, and families
in which multiple cases of WM or IgM MGUS have been observed [2].

2 Clinical Features of WM

WM presents predominantly with bone marrow involvement and only a minority of
patients (15–30 %) present with extramedullary disease such as lymphadenopathy
or hepatosplenomegaly. The most common clinical features associate with anemia
(i.e., fatigue, tiredness, and/or shortness of breath) due to overcrowding of the bone
marrow space by LPL or iron deficiency [3]. However, given the physicochemical
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characteristics of IgM, patients can experience signs and symptoms associated with
other mechanisms such as hyperviscosity, cryoglobulinemia, peripheral neuropathy,
coagulopathy, cold agglutinins, and tissue deposition in the skin (Schnitzler syn-
drome), gastrointestinal tract, central nervous system (Bing-Neel syndrome), or
kidneys. Patients can rarely present with amyloid deposition, which can cause
edema, hepatomegaly, macroglossia, cardiac, liver and kidney dysfunction, and
axonal peripheral neuropathy.

3 Diagnosis of WM

The diagnostic criteria for WM are shown in Table 1. A bone marrow aspiration
and biopsy is a key component of the diagnostic work-up. The immunopheno-
typical profile of WM cells shows expression of surface IgM, CD19, CD20, CD22,
CD38, and CD79. Up to 20 % of cases may express CD5, CD10, or CD23. An
increased number of mast cells in the bone marrow may help differentiate WM from
other indolent B-cell lymphomas. A great variety of cytogenetic abnormalities have
been described in WM; however, chromosome 6q deletions have been observed in
half of the patients [4]. More recently, a recurrent mutation in the MYD88 gene
(MYD88 L265P) has been identified in over 90 % of cases with WM [5]. The
occurrence of this mutation in WM has since been validated in several independent
cohorts [6–9]. In contrast, the MYD88 L265P gene mutation was not detected in
patients with IgM myeloma and was detected in less than 10 % of patients with
marginal zone lymphoma. The high specificity and sensitivity of the MYD88
L265P gene mutation has obvious diagnostic implications in patients in whom a
diagnosis of WM is suspected but uncertain.

4 Biology of WM

The MYD88 L265P gene mutation has shown to support growth and survival of
WM cells in several studies. A knockdown model of MYD88 showed decreased
survival of MYD88 L265P expressing WM cells, whereas survival was more
enhanced by knock-in of mutant versus wild-type MYD88 [10]. MYD88 acts as an
adaptor molecule in toll-like receptor (TLR) and interleukin-1 receptor (IL-1R)
signaling [11]. Following stimulation of TLR or IL-1R, MYD88 is recruited to the
activated receptor complex as a homodimer which complexes with IL-1R-associated

Table 1 Diagnostic criteria
for Waldenström
macroglobulinemia

IgM monoclonal gammopathy of any concentration

Bone marrow infiltration by small lymphocytes showing
plasmacytic differentiation

Intertrabecular pattern of bone marrow infiltration

Surface IgM+, CD19+, CD20+, CD22+, CD25+. CD27+,
FMC7+, CD5±, CD10−, CD23−, CD103−
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kinase 4 (IRAK4) and subsequently activates IRAK1 and IRAK2 [12]. IRAK1
activation then leads to NF-κB activation via IκBα phosphorylation [13]. Recently, a
study has shown that MYD88 L265P also activates the Bruton’s Tyrosine Kinase
(BTK) pathway [10]. In this preclinical study, the activation of BTK by MYD88
could be abrogated by the use of BTK kinase inhibitors. A diagram of the activation
of BTK and NF-κB via MYD88 is shown in Fig. 1.

A recent study from our group first ever reported the occurrence of recurrent
somatic CXCR4 gene mutations in approximately 30 % of WM patients [14]. The
somatic mutations occur in the C-terminal domain and are similar to those observed
in patients with WHIM (Warts, Hypogammaglobulinemia, Infections, and Myelo-
kathexis) syndrome. These mutations regulate signaling of CXCR4 by its ligand
SDF-1a [15]. In WM patients, two classes of CXCR4 mutations occur: non-sense
(CXCR4WHIM/NS) and frameshift (CXCR4WHIM/FS) mutations [14, 16]. Non-sense
and frameshift mutations are almost equally divided among WM patients, and over
30 different types of CXCR4 mutations have been identified. Preclinical studies
with the most common CXCR4 S338X mutation in WM have shown sustained
signaling of AKT, ERK, and BTK following SDF-1a binding in comparison with
wild-type CXCR4, as well increased cell growth and survival of WM cells [17].
Figure 2 shows (a) the protein sequence for the full-length transcript, (b) the crystal
structure of CXCR4, and (c) the location of the WHIM-like mutations.

5 Criteria for Initiation of Therapy

Given the indolent and incurable nature of WM, a large proportion of patients
would not need immediate therapy upon diagnosis and will be placed on watchful
waiting. Current guidelines do not recommend initiation of therapy based on IgM
levels alone since they might not correlate with clinical manifestations of the dis-
ease [18]. Initiation of therapy is, however, reasonable in patients demonstrating
rising IgM levels along with signs or symptoms associated with disease progres-
sion. Criteria for initiation of therapy are shown in Table 2. In patients in whom an
immediate control of the disease is warranted, such as symptomatic hyperviscosity,
coagulopathy, cryoglobulinemia, or cold agglutinin disease, a rapid reduction of the
IgM paraprotein should be achieved with plasmapheresis. Treatment directed at
WM should follow as soon as possible since plasmapheresis does not constitute
definitive therapy and IgM levels will rise and return to baseline levels within
4 weeks.

6 Frontline Therapy for WM

There are several options for the frontline therapy of patients withWM. These options
include alkylating agents (i.e., chlorambucil, cyclophosphamide, and bendamustine),
nucleoside analogs (i.e., fludarabine and cladribine), the immunomodulator
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thalidomide, and the proteasome inhibitor bortezomib, with or without the anti-CD20
monoclonal antibody rituximab [19]. Individual patient considerations should be
taken into account when making the choice of frontline treatment including the

Fig. 1 MYD88-directed
BTK and NF-κB signaling.
Reproduced with permission
from [5]
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presence of cytopenias, need for rapid disease control, age, pre-therapy IgM levels,
pre-existing neuropathy, and candidacy for autologous transplantation therapy. For
candidates for autologous transplantation, exposure to alkylator therapy or nucleoside
analogs should be limited because of the difficulties with stem cell collection. The use
of nucleoside analogs should be approached cautiously given that increased risk of
disease transformation, myelodysplasia, and acute myeloid leukemia have been
reported.

Table 2 Criteria for
initiation of therapy in
Waldenström
macroglobulinemia

Constitutional symptoms (i.e., fever, night sweats, fatigue due
to anemia or weight loss)

Progressive, symptomatic lymphadenopathy or splenomegaly

Anemia with a hemoglobin ≤10 g/dl

Platelet count <100 × 109/L

Hyperviscosity syndrome

Symptomatic sensorimotor peripheral neuropathy

Systemic amyloidosis

Symptomatic cryoglobulinemia

Fig. 2 CXCR4 full-length transcript and structure, and the location of WHIM-like mutations.
Reproduced with permission from [14]

182 J.J. Castillo et al.



6.1 Proteasome Inhibitor-Based Therapy

The WM Clinical Trial Group presented data on a study that included 23 patients
using bortezomib, dexamethasone, and rituximab (BDR) for the primary therapy of
symptomatic WM [20]. Bortezomib was administered at a dose of 1.3 mg/m2 IV
along with dexamethasone 40 mg on days 1, 4, 8, and 11 and rituximab 375 mg/m2

IV on day 11 every 21 days for four induction cycles, followed by four maintenance
cycles administered every 3 months. The overall response rate (ORR) was 96 % with
three complete responses (CR), two near complete responses (nCR), and three very
good partial responses (VGPR) for a VGPR or better of 35 %. The median time to
response was 1.4 months, which makes BDR an excellent choice if a rapid control of
disease is required or in young patients to decrease the risk of secondary myeloid
malignancies. With a median follow-up of 23 months, 18 out of 23 patients (78 %)
remained free of progression. The most common toxicity was peripheral neuropathy;
39 and 30 % of patients, respectively, experienced grade 2 and grade 3 peripheral
neuropathy. Grade 2 and grade 3 neutropenia were also reported in 26 % and 26 % of
patients, respectively. It is important to note that appropriate Herpes zoster pro-
phylaxis should be instituted in all patients receiving proteasome inhibitor therapy.

Another study evaluated weekly bortezomib in combination with rituximab in 26
untreated patients with WM [21]. In this study, bortezomib was administered at a
dose of 1.6 mg/m2 IV weekly on days 1, 8, and 15 every 28 days for six cycles with
rituximab 375 mg/m2 weekly times four during cycles 1 and 4 only. The ORR was
88 % with a VGPR or better of 8 %. The median time to best response was
3.7 months. The 1-year PFS rate was 75 %. There was 54 % of peripheral neu-
ropathy grade 2 or lower but no grade 3 or higher neuropathy was observed. Grade
3 or higher neutropenia was seen in 12 % of patients. More recently, a study by the
European Myeloma Network evaluated the efficacy of weekly bortezomib, low-
dose dexamethasone, and rituximab in 59 untreated WM patients [22]. Bortezomib
was administered as a single agent at 1.3 mg/m2 IV on days 1, 4, 8, and 11 (cycle 1)
followed 3 weeks later by weekly bortezomib at 1.6 mg/m2 IV and dexamethasone
40 mg IV on days 1, 8, 15, and 22 and rituximab 375 mg/m2 IV every 35 days
(cycles 2–5). The ORR was 85 % with VGPR or better of 10 %. After a 32-month
follow-up, the median PFS was 42 months. Grade 3 or higher peripheral neuropathy
occurred in 7 % of patients. The subcutaneous (SQ) administration of bortezomib
has shown to be effective and induces less neuropathy than the IV route in patients
with myeloma [23]; however, the safety and efficacy of bortezomib SQ has not been
formally studied in patients with WM.

A recent study evaluated the combination of carfilzomib, dexamethasone, and
rituximab (CaRD) in 31 patients with WM [24]. Carfilzomib was administered at a
dose of 20 mg/m2 IV during cycle 1 and at 36 mg/m2 IV during cycles 2–6 with
dexamethasone 20 mg IV on days 1, 2, 8, and 9 along with rituximab on days 2 and
9 every three weeks during induction therapy. Maintenance therapy consisted on
carfilzomib 36 mg/m2 IV and dexamethasone 20 mg IV on days 1 and 2 and
rituximab 375 mg/m2 on day 2 every 2 months for eight cycles. The ORR was 87 %
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with one CR and ten VGPR for a VGPR or better of 35 %. The 15-month PFS rate
was 65 %. No grade 3 neuropathy was observed. Grade 3 hyperglycemia and
hyperlipasemia were observed in 23 and 16 % of patients, respectively. Of note, the
rate of IgG hypogammaglobulinemia increased from 48 % at baseline to 90 %
following therapy.

6.2 Alkylator-based Therapy

Cyclophosphamide-based therapy includes regimens in which cyclophosphamide is
combined with rituximab and prednisone (CP-R), rituximab, prednisone and vin-
cristine (CVP-R), and rituximab, prednisone, vincristine and doxorubicin (CHOP-
R). These regimens would induce an ORR of 70–80 % with CR rate around 10 %
[25]. It is unclear if the addition of vincristine or doxorubicin translates into clinical
benefits in patients with WM. A retrospective study compared the activity and
toxicity of CP-R, CVP-R, and CHOP-R in patients with WM [26]. In that study,
CP-R was associated with similar response rates than CVP-R and CHOP-R.
However, the rate of treatment complications such as febrile neutropenia, hospi-
talizations, and neuropathy was lower. Based on these data, CP-R might be
preferred over CVP-R or CHOP-R in patients with WM.

The combination of bendamustine and rituximab (BR) has been compared with
CHOP-R in a randomized controlled study by the Study Group for Lymphomas in a
cohort that included 42 patients with WM [27]. Bendamustine was administered at
a dose of 90 mg/m2 IV on days 1 and 2 along with rituximab 375 mg/m2 IV on day
1 at 3-week intervals for 6 cycles. The ORR for BR was 96 % and 94 % for CHOP-
R. With a median follow-up of 26 months, the PFS rate for BR was 90 % compared
with 59 % for CHOP-R. BR was associated with lower rates of grade 3 or higher
neutropenia, infectious complications, and alopecia, but with higher rates of skin
rash. BR might provide an excellent therapeutic option for patients with lym-
phadenopathy or patients with pre-existing neuropathy.

6.3 Nucleoside Analog-Based Therapy

In the large randomized controlled study to date, which enrolled 414 patients (339
WM, 37 MZL, and 38 LPL) from 101 centers in five countries, fludarabine was
compared with chlorambucil in untreated WM patients [28]. In this study, the ORR
for fludarabine was 48 % versus 39 % for chlorambucil. The median PFS was also
longer for fludarabine (36 months) in comparison with chlorambucil (27 months).
There was a significant improvement in median OS, which was not reached for
fludarabine versus 70 months for chlorambucil. Finally, the rate of second malig-
nancieswas higher in the chlorambucil arm than in thefludarabine arm (21%vs. 4%).

The long-term outcomes of the combination of fludarabine and rituximab (FR)
were evaluated in 43 patients with WM, from which 27 patients were untreated
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[29]. Therapy consisted of 8 infusions of rituximab at 375 mg/m2 IV per week
administered at weeks 1–4, 17, 18, 30, and 31, along with 6 cycles of fludarabine
25 mg/m2 IV daily given for 5 days at weeks 5, 9, 13, 19, 23, and 27. The ORR in
untreated patients was 96 %. The median time to response was 3.9 months, and the
median time to best response was 19 months. The median time to progression in
untreated patients was 78 months. Grade 3 or higher adverse events included
myelosuppression and infections. Other observed complications were aggressive
transformation and secondary malignancies, although most of these events were
seen in the previously treated group of patients.

It is unclear at this time whether the combination of an alkylating agent such as
cyclophosphamide, a nucleoside analog such as fludarabine, and rituximab (FCR)
provides any additional benefits in patients with WM. A study evaluated FCR in 43
patients with WM of which 28 were previously untreated [30]. The FCR regimen
consisted of rituximab 375 mg/m2 IV on day 1 and fludarabine 25 mg/m2 and
cyclophosphamide 250 mg/m2 IV on days 2 through 4. Cycles were repeated every
four weeks for a maximum of six cycles. The ORR was 79 % with no difference
between untreated and previously treated patients. Grade 3 or higher neutropenia
was seen in 88 % of the patients. After a median follow-up of 39 months, 11
patients (25 %) have died, including five from progressive disease, three from
pneumonia, and one from acute myeloid leukemia.

6.4 Other Options

The combination of thalidomide and rituximab (TR) has been associated with an
ORR of 70 % and a median PFS of 3 years [31]. TR could be useful in myelo-
suppressed patients in whom an immediate disease control is not required. The
main adverse event associated with thalidomide is neuropathy, which can be seen in
up to 40 % of patients treated with TR.

The use of rituximab as single agent can be considered in selected patients with
low IgM levels or concurrent autoimmune processes such as cold agglutinin dis-
ease, autoimmune thrombocytopenia, or IgM-related neuropathy. The ORR to 4
weekly infusion of rituximab is 20–30 % [32] and to 4 weekly infusions followed
by 4 weekly infusions 12 weeks later of 40–50 % [33]. The use of single-agent
rituximab in patients with high IgM levels has been associated with IgM flares with
an occurrence rate of 40–50 % [34]. These flares might lead to symptomatic
hyperviscosity as well as worsening IgM-related neuropathy or cryoglobulinemia.
Hence, rituximab monotherapy should be avoided in patients with IgM lev-
els >4,000 mg/dl.
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7 Salvage Therapy for Relapsed/Refractory WM

For those patients with relapsed/refractory disease, any of the frontline therapies
mentioned above are appropriate options. Therapies in the relapsed setting should
also be personalized to the individual patient considering age, performance status,
pre-existing neuropathy, IgM levels, and/or need for immediate control of the
disease. One must also have in mind to avoid the use of stem cell toxic therapy in
patients in whom high-dose chemotherapy with autologous stem cell rescue is being
considered.

7.1 Bortezomib

Bortezomib-based therapy has shown to be effective in relapsed or refractory WM
patients in several studies, either alone or in combination with rituximab [35–38].
The ORR ranged between 30 and 80 % depending on the study with the most
common adverse events being peripheral neuropathy, neutropenia, and thrombo-
cytopenia. Once-weekly administration of bortezomib has been associated with
lower rates of neuropathy when compared with the twice-weekly regimen. In one
study, bortezomib seemed to be less effective on inducing lymph node responses
[35]. As mentioned previously, patients undergoing therapy with proteasome
inhibitors should receive prophylaxis against herpes zoster.

7.2 Nucleoside Analogs and Alkylating Agents

Fludarabine has single-agent activity in relapsed WM with an approximate 40 %
ORR [39]. The combination FR showed high activity in relapsed/refractory WM
patients with ORR of 93 % [29]. The most common adverse events were neutro-
penia and infections. There were also concerns about aggressive transformation and
the development of secondary myeloid malignancies.

The combination BR showed an ORR of 83 % with a median PFS of 13 months
[40]. The most common adverse events were prolonged myelosuppression, spe-
cifically in patients who had received prior nucleoside analog therapy.

7.3 Ofatumumab

The fully human anti-CD20 monoclonal antibody ofatumumab is also useful in the
relapsed/refractory setting. Ofatumumab has shown to be effective and well toler-
ated in WM patients who develop rituximab intolerance [40]. A study published in
abstract form showed an ORR of 57 % in patients with relapsed/refractory WM
[41]. The occurrence rate of IgM flare to ofatumumab in this study was 5 %. The
most common adverse events were infections.
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7.4 Everolimus

Everolimus is an oral mammalian target of rapamycin inhibitor and has induced an
ORR of 50 % in patients with relapsed/refractory WM [42]. The median time to
response in patients who achieved a PR was 2 months with a median PFS of
21 months. The most common adverse events were anemia, leukopenia, throm-
bocytopenia, and stomatitis. Everolimus has also been studied in the frontline
setting [43]. In this multicenter prospective study, 33 WM patients who were not
previously treated received everolimus at a dose of 10 mg PO once daily. The best
ORR was 72 % with a median time to best response of 6 months. Interestingly, the
bone marrow burden of disease remained unchanged. This bone marrow–IgM
discordance complicated response assessment. The most common adverse events
were anemia, oral ulcerations, and pneumonitis.

7.5 Ibrutinib

The oral Bruton tyrosine kinase inhibitor ibrutinib has been evaluated in 63 patients
with relapsed/refractory WM [44]. Ibrutinib was administered at a dose of 420 mg
PO daily. The ORR was 81 % with a median time to response of 4 weeks. The most
common adverse events were thrombocytopenia and neutropenia. Of note, WM
patients with CXCR4 gene mutations experienced lower response rates to ibrutinib
than patients with wild-type CXCR4.

8 Maintenance Therapy

A retrospective study examined the outcome of 248 WM rituximab-naïve patients
who were treated with rituximab-containing regimen and then either observed or
received maintenance rituximab [45]. In this study, further improved responses after
induction therapy were seen in 10 % (16 out of 162) of observed patients and in
42 % (36 out of 86) of patients who received maintenance rituximab. Both PFS (56
vs. 29 months) and OS (>120 vs. 116 months) were longer in patients who received
maintenance rituximab. Improved PFS was evident despite previous treatment
status or type of induction therapy. Among patients receiving maintenance ritux-
imab, an increased number of infectious events, predominantly grades 1 and 2
sinusitis and bronchitis, were observed. A prospective study examining the role of
maintenance rituximab in patients with WM has been initiated by the German STiL
group [46]. After undergoing induction therapy with BR, 100 out 162 patients
responded to BR (ORR 86 %). From these patients, 43 were then randomized to
observation and 47 to maintenance rituximab. Enrollment for this study is complete,
and final results are awaited.
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9 High-Dose Therapy and Stem Cell Transplantation

The use of stem cell transplantation (SCT) therapy has been explored in patients
with WM. Several small series have been reported for autologous and allogeneic
transplantation, with variable outcomes. Kyriakou and colleagues reported the
largest experience using European Bone Marrow Transplant (EBMT) data for WM
patients receiving autologous SCT [47]. Among 158 relapsed/refractory WM
patients receiving an autologous SCT, the 5-year PFS and OS rates were 49 and
69 %, respectively. Non-relapse mortality at 1 year was 4 %. Chemorefractory
disease and number of prior lines of therapy at time of autologous SCT were the
most important prognostic factors for PFS and OS. When used as consolidation at
first response, autologous SCT provided a PFS rate of 44 % at 5 years. Long-term
outcomes of WM patients undergoing allogeneic SCT from EBMT have been
reported [48]. A total of 86 patients received allograft by either myeloablative or
reduced-intensity conditioning (RIC). The median age was 49 years, and 47 patients
had 3 or more previous lines of therapy. Eight patients failed prior autologous SCT.
Fifty-nine patients (69 %) had chemotherapy-sensitive disease at the time of allo-
geneic SCT. Non-relapse mortality rate at 3 years was 33 % for patients receiving
myeloablative transplant and 23 % for those who received RIC. The ORR was
76 %. The relapse rates at 3 years were 11 % for myeloablative and 25 % for RIC
recipients. Five-year PFS and OS rates for WM patients who received a my-
eloablative allogeneic SCT were 56 and 62 %, respectively, and for patients who
received RIC were 49 and 64 %, respectively. The occurrence of chronic graft-
versus-host disease was associated with improved PFS and suggested the existence
of relevant graft-versus-WM effect in this study.

10 Prognostic Factors for Survival in WM

In 2003, the Consensus Panel Recommendation from the Second International
Workshop on WM emitted a statement on prognostic markers for survival in
patients with WM [18]. In this paper, prognostic factors such as age, hemoglobin
level, white blood cell count, platelet count, weight loss, cryoglobulinemia, serum
albumin level, IgM level, and beta-2-microglobulin level were identified based on
three separate multivariate analyses. However, these studies reported on the sur-
vival of WM patients treated with chemotherapy alone 5–10 years before the actual
report and, likely, are no longer representative of current outcomes. Since then,
multiple studies have aimed at developing prognostic scores that can guide prac-
titioners and WM patients.

Arguably, the most widely used prognostic score is the International Prognostic
Scoring System for WM (IPSSWM) [49]. In this study, data on 597 previously
untreated WM patients from seven institutions were analyzed. After univariate and
multivariate evaluation,five adverse prognostic factorswere identified: age >65 years,
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hemoglobin ≤11.5 g/dl, platelet count ≤100 × 109/L, beta-2-microglobulin >3 mg/dl,
and monoclonal IgM concentration >7 g/dl. The hazard ratio (HR) for OS of most of
the factors ranged between 1.5 and 1.9, with the exception of age (HR 2.8). Patients
were stratified in three risk groups: low (0 or 1 factor except for age), intermediate (age
or 2 factors), and high risk (≥3 factors). The distribution of the groups was as follows:
low (27 %), intermediate (38 %), and high risk (35 %). The median OS for the low,
intermediate, and high-risk groups were 143, 99, and 44 months, respectively. One of
the caveats of this study is that 63%of patients were treatedwith alkylating agents and
32 % with fludarabine alone; only 4 % of patients received rituximab.

In several other recent studies, age, hemoglobin, and beta-2-microglobulin have
been identified as prognostic factors. Selected studies and their results are shown in
Table 3. However, most of the studies included patients diagnosed and/or treated
before 2003, which implies that the large majority of the patients included in those
analyses were not treated with anti-CD20 monoclonal antibodies or proteasome
inhibitors. It is important to note that the VGPR and CR rates in WM patients
appear higher with the combination of proteasome inhibitors and rituximab than
with alkylating agents or nucleoside analogs. It is likely that deeper responses will
be associated with prolonged survival times, which has been seen in chronic
lymphocytic leukemia and multiple myeloma (references).

Table 3 Selected studies evaluating prognostic factors for overall survival in patients with
Waldenström macroglobulinemia

Reference Country Accrual
period

N Prognostic factors

Dimopoulos
et al. [22]

Greece 1985–
2001

122 Age ≥65 years

Hemoglobin <10 g/dl

Dimopoulos
et al. [36]

Greece 1990–
2003

83 Beta-2-microglobulin <3.5, 3.5–
5.5, > 5.5 mg/dl

Albumin <3.5 mg/dl

Ghobrial et al
[37, 42]

USA 1960–
2001

337 Age >65 years

Organomegaly

[62] USA 1992–
1998

59 Age ≥70 years

Previous non-protocol therapy

Beta-2-microglobulin ≥3 mg/dl

Elevated LDH level

Morel et al.
[49]

Multinational Before
2002

587 Age >65 years

Hemoglobin ≤11.5 g/dl

Platelets ≤100 × 109/L

Beta-2-microglobulin >3 mg/dl

Serum monoclonal protein >7 g/dl

Kastritis et al
[51]

Greece Unknown 232 IPSSWM

Elevated LDH level
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A recent study evaluated differences in PFS in WM patients who obtained a CR
or VGPR with rituximab-containing therapy [50]. In this study, 159 rituximab-
naïve WM patients were treated with rituximab-containing regimens that included
rituximab alone or in combination with cyclophosphamide, fludarabine, immuno-
modulatory agents, or bortezomib. Patients who achieved a CR or VGPR had a
median PFS over 75 months compared with 43 months and 31 months in patients
who achieved a PR or a minor response to therapy, respectively. Neither age, IgM
level, hematocrit, platelet count, beta-2-microglobulin, IPSSWM, or treatment
group were predictors of the attainment of CR/VGPR.

11 Trends in Survival in WM

Previous epidemiologic studies suggested that the survival of WM patients could be
prolonged and sometimes measured in decades. It is unclear, however, if the sur-
vival of patients with WM has improved with the advent of novel therapies.

A Greek study included 345 patients with WM, of who 130 initiated therapy
before the year 2000 and 215 who started after 2000, and showed no evidence of
overall survival improvement in the latter group. A survival benefit was expected
based on the availability of the chimeric anti-CD20 antibody rituximab in Greece
after 2000 [51]. However, the group treated after the year 2000 was older (70 vs.
65 years) and presented with higher-risk disease when compared with those treated
before 2000. Also, the median follow-up for both groups was rather short,
approximately 9 and 3 years for the groups before and after 2000, respectively. It is
possible that given the small sample size and short follow-up, the study might have
been underpowered to detect the expected benefit.

A Swedish study included 1,555 patients with WM diagnosed between 1980 and
2005 [52]. In this study, in which 1,187 patients were diagnosed before 2000 and
368 after 2000, a continuous RS benefit was identified with improvements seen in
1990s as well as the 2000s. Older patients and men had worse outcomes. The
authors evaluated lead-time bias (i.e., longer survival in patients diagnosed earlier
in the course of the disease) as one of the factors associated with the improvement
seen in the outcomes of patients with WM and did not find differences in the
proportion of asymptomatic patients diagnosed before or after 2000.

More recently, a large study based on data from the Surveillance, Epidemiology,
and End Results database included over 6,000 patients and aimed at evaluating
survival trends in US patients with WM [53]. In this study, the RS of patients with
WM has improved over the last decade when compared with the 1980s and the
1990s. Figure 3 shows 5-year RS in WM patients over the last 3 decades in 5-year
period. The survival benefits were observed regardless of age, sex, extramedullary
disease, histological subtype (LPL vs. WM), and US region. Survival benefits were
seen in whites but not in blacks. Blacks have had consistently worse outcomes than
whites in previous epidemiological studies in various lymphoproliferative disorders
[54–58]. This disparity in outcomes seen in blacks has been ascribed to differences
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in socioeconomical status, health insurance coverage, and patients’ or providers’
attitudes toward therapy. Purely biological factors may also play a role, considering
that blacks have an increased incidence of IgG and IgA MGUS but a lower inci-
dence of IgM MGUS. It is unclear, however, if this difference is responsible for the
worse outcomes seen in black patients with WM.

12 Conclusion

There are multiple options for the treatment of patients with WM in the frontline as
well as the relapsed setting. However, the treatment regimens would have to be
thoughtfully selected depending on the patient’s characteristics such as age, co-
morbidities, IgM levels, and genetic mutations. Age, beta-2-microglobulin level,
and hematological parameters seemed to be the best prognostic factors associated
with OS in patients with WM. However, studies evaluating these factors in large
cohorts of patients treated with novel agents are lacking. Finally, the survival of
patients with WM appears to be improving in the last decade, probably associated
with the advent of novel agents and better supportive therapy. Novel agents such as
the phosphatidylinositol 3-kinase inhibitor idelalisib (CAL-101, GS-1101), the bcl-
2 inhibitor GDC-199 (ABT-199), the oral proteasome inhibitor ixazomib
(MLN9708), and the glycoengineered anti-CD20 monoclonal antibody obin-
utuzumab (GA-101), to cite a few, will shortly enter clinical trials for WM. A recent
phase II study studied idelalisib in 125 patients with relapsed/refractory indolent

Fig. 3 5-year relative survival estimates in patients with Waldenström Macroglobulinemia from
the SEER database (1980–2010), according to 5-year period of diagnosis. Reproduced with
permission from [51]
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lymphoma, of which 10 patients had LPL/WM [59]. From these, 2 patients
achieved a PR and 6 a minor response for an ORR of 80 %. In a smaller phase I
study on 64 patients with relapsed/refractory indolent lymphoma [60], the ORR in
LPL/WM patients was 55 % (5/9 patients). In a phase I study on 44 patients with
relapsed/refractory indolent lymphoma, GDC-199 induced a response in 3 out of 4
WM patients (ORR 75 %), including one CR [61]. Promising agents with greater
efficacy, novel mechanisms of action, and better safety profiles are likely the future
of WM therapy.
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Abstract

Follicular lymphoma (FL) is an indolent non-Hodgkin’s lymphoma that remains
an incurable disease for most patients. It is responsive to a variety of different
treatments, however it follows a pattern of relapsing and remitting disease.
Traditional therapeutic options for patients with untreated FL include expectant
observation for asymptomatic and low tumor burden and multiagent cytotoxic
chemotherapy for symptomatic and/or high tumor burden. Biologics have
become an integral part of therapy with agents that target B lymphocytes,
including monoclonal anti-CD20 antibodies and radiolabeled anti-CD20 anti-
bodies. Treatment response to cytotoxic and biologic therapy is high initially;
however, with subsequent treatments, response rate and remission duration
typically decline and cumulative toxicities increase. The identification of novel
targeted agents, use of stem cell transplantation, and new treatment combinations
provide the opportunity to enhance patient outcomes. In this review, we critically
examine standard treatment strategies for patients with newly diagnosed and
relapsed or refractory FL and discuss established and emerging novel
therapeutic approaches.
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1 Introduction

Follicular lymphoma (FL) is an indolent non-Hodgkin’s lymphoma (NHL) that
comprises more than 70 % of “low-grade” histologies and 22 % of all NHL cases,
second only to diffuse large B-cell lymphoma [1, 2]. The clinical presentation may
be nodal or extranodal, and bone marrow involvement occurs in the majority of
cases. Extensive intra-abdominal adenopathy without peripheral node enlargement
is not uncommon. Clinical behavior is variable, reflecting the heterogeneity of
underlying biology; some patients survive for decades, whereas others progress
rapidly to resistant disease or transform to a more aggressive histology. Sponta-
neous remissions occur, albeit rarely.

Although generally responsive to treatment, the clinical course of FL is char-
acterized by a pattern of relapsing and remitting disease. Transformation to a higher
grade NHL occurs in approximately 30 % of all FL patients (2–3 % of patients per
year) [3] and is typically heralded by deterioration in the clinical condition of the
patient. Overall survival (OS) in patients with FL was relatively unchanged from
the 1950s through the late 1980s. Since the 1980s, however, there has been a
definitive improvement in the median OS from 8 to 10 years to at least 12–14 years
in the current era [4]. A recent US SEER analysis showed that the 5-year OS for FL
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patients from 2001 to 2009 was 77 %, which was significantly improved compared
with the prior era 1992–2000 at 67 % (Fig. 1) [5]. Furthermore, OS was signifi-
cantly improved for all age groups <80 years and both genders across the two
treatment eras.

Despite improvements in therapy, a number of challenges remain in the man-
agement of FL. In addition, it is a disease in which relatively long survival times
elevate the importance of quality of life when treatments are considered.

2 Tumor Burden and Clinical Prognostication

The identification of prognostic factors and scoring systems, both clinical and
tissue/host based, has helped to refine prognostication for patients with FL and may
help guide therapeutic decisions. The Groupe D’Etude des Lymphomes Follicul-
aires (GELF) and The Follicular Lymphoma International Prognostic Index (FLIPI)
scores have emerged as important prognostic models in FL [6, 7]. While the GELF
criteria seek to stratify patients by tumor burden and determine when to start
cytotoxic therapy, the FLIPI serves as a prognostic model for survival determina-
tion. Entry criteria for most clinical trials of untreated FL separate patient groups
based on the GELF and/or FLIPI criteria.

The GELF criteria were established in the late 1990s to separate patients into low
and high tumor burden based on prognostic factors as noted in Table 1 [7, 8]. In the
original 1997 study, patients designated with high tumor burden had a shorter
median survival of 71 months compared with the low-risk group whose survival
endpoint had not been reached. These criteria have been used to define patient
populations who warranted initiation of cytotoxic chemotherapy based on symp-
toms attributable to their disease/lymphoma or high-risk features (e.g., compression
of vital organs) versus asymptomatic patients with low-risk features who were
included in “watch-and-wait” (W&W) randomized trials. Over the past two dec-
ades, lymphoma groups around the world have used similar, but slightly modified
criteria (Table 1) [7–18].

The FLIPI was originally published in 2004, as a prognostic score for newly
diagnosed advanced-stage FL [19], then for early-stage disease [20], and also FL in
first relapse [21]. An updated report by Federico et al. [6] included the prognostic
significance of FLIPI among FL patients treated with rituximab-based treatment
(i.e., FLIPI-2). This analysis yielded 3 distinct risk groups with significantly dif-
ferent outcomes (Table 2). The German Low-Grade Lymphoma Study Group
(GLSG) also validated the FLIPI risk groups for newly diagnosed high tumor
burden FL patients treated with rituximab, cyclophosphamide, doxorubicin, vin-
cristine, prednisone (R-CHOP) [11]. An important distinction of the FLIPI is that it
is a prognostic scoring system for survival; however, unlike GELF criteria, it is not
necessarily a tool to dictate when treatment should or should not be initiated for FL.
There is no published data showing that treatment initiation based on FLIPI is
associated with enhanced outcomes, especially toward potential improvement in the
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Fig. 1 a Kaplan–Meier curve showing progressive improvement in the overall survival of FL
patients over time. b Patients diagnosed and treated in post-rituximab era-2 (light color) had a
statistically significant improvement in overall survival compared with patients treated in
pre-rituximab era-1 (dark color)
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natural history of the disease. Nonetheless, an adverse FLIPI score (i.e., 3–5) has
been integrated into several ongoing clinical trials as selection criteria for initiation
of therapy in patients with untreated FL.

3 Treatment Approaches

Traditional treatment options for FL include expectant observation for asymp-
tomatic and low tumor burden disease and multiagent cytotoxic chemotherapy for
patients who are symptomatic and/or have high tumor burden. Biologic therapy has
become an integral part of therapy with agents that target B lymphocytes, such as
monoclonal anti-CD20 antibodies and radiolabeled anti-CD20 antibodies. Treat-
ment response to cytotoxic and biologic therapies is high initially; however, with
subsequent treatments, response rate and remission duration typically decline and
cumulative toxicities increase. The identification of novel targeted agents and new
combinations of therapeutics provide the opportunity to continue to improve out-
comes for patients with FL.

3.1 Early-Stage Disease

The majority of FL patients present with advanced-stage disease, however,
approximately 10–15 % will have stage I disease at initial presentation [22]. For
early-stage disease outside of the abdomen and pelvis, definitive radiotherapy (RT)
continues to be the recommended approach because of the potential for long-term
disease-free survival and possible cure. MacManus and Hoppe [23] evaluated 177
patients with stage I and II NHL who received radiotherapy over median follow-up
of 7.7 years. Compared with actuarial survival rates, relapse rates were lower in
patients who received RT; 55, 44, 40, and 37 % were relapse free at 5, 10, 15, and
20 years. In addition, results from the Princess Margaret Hospital’s series of
involved-field RT (IFRT) for early-stage disease show cumulative relapse rates of
54 and 56 % at 15 and 25 years, with only a 2 % risk of relapse beyond 15 years

Table 2 Survival by risk group as defined by the FLIPI-2 [91]

Risk group No. factors Distribution of patients
(%)

3-year PFS
(%)

5-year PFS
(%)

Low 0 20 91 79

Intermediate 1–2 53 69 51

High 3–5 27 51 19

Factors adversely affecting outcome include (1) Age (>60 years vs. 60 years or less); (2)
Hemoglobin level (<120 g/L vs. 120 g/L or higher); (3) β2-microglobulin (above normal vs.
normal or below); (4) Largest involved lymph node (>6 cm vs. 6 cm or lower); and (5) Bone
marrow (involved vs. not involved)
FLIPI follicular lymphoma international prognostic index; LDH lactate dehydrogenase; PFS
progression-free survival
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[24]. The recommended dose is approximately 30 Gray (Gy) for non-bulky disease
showing prompt regression and 36 Gy for bulky or slowly regressive disease, in
1.75–2.0 Gy daily fractions. Combined modality therapy has also resulted in
excellent disease control [25], and a randomized trial comparing involved-field RT
with combined modality therapy is ongoing.

Despite the excellent outcomes associated with RT, the US Lymphocare Study
revealed that the majority of early-stage FL patients are either observed or treated
with rituximab alone or in combination with chemotherapy, foregoing the potential
for cure, even in young patients [22]. In a prior study from Stanford, they had
identified 43 patients with early-stage FL who had been observed without therapy
[26]. With median follow-up of 7 years, the estimated 10-year survival rate was
85 %, while 63 % of patients had still not required treatment. Thus, there may be
select patients with early-stage FL where observation without therapy may be a
rationale approach, especially for patients where toxicity concerns of RT outweigh
potential benefit.

3.2 Advanced-Stage: Low Tumor Burden

3.2.1 Watch and Wait
A long-standing management of asymptomatic patients with low tumor burden FL
has been a W&W approach. Treatment is delayed until the development of
symptoms due to lymphoma, the presence of significant cytopenias, and/or if there
is compromise of vital organs. In the pre-rituximab era, multiple phase III ran-
domized trials compared immediate chemotherapy with observation for asymp-
tomatic patients with advanced-stage FL showed no difference in OS. In one study,
the actuarial chance of patients ages >70 years not needing chemotherapy was 40 %
at 10 years [10]. A recently reported European-led registry study studied outcomes
of a cohort of 107 low tumor burden FL patients who were managed with a W&W
strategy [27]. After an approximate 5-year median follow-up, 50 % of patients had
not started on treatment. On multivariate analysis, only involvement of >4 nodal
sites correlated with time to lymphoma therapy, while the FLIPI and FLIPI-2 did
not. Additionally, the investigators compared freedom from treatment failure
(FFTF) and OS among the W&W cohort versus 242 low tumor burden FL patients
who received rituximab-containing therapy (initiation of first treatment was not
considered an event in the W&W group in order to compare a similar clinical end
point), there were no differences in FFTF or OS.

3.2.2 Single-Agent Rituximab
In patients where W&W might hinder quality of life, single-agent rituximab may be
considered. In previously untreated FL patients with low tumor burden, the overall
response rate (ORR) with rituximab is 47–74 % [14–16], with a median PFS of
approximately 2 years without maintenance therapy [14, 16] or 3 years with
abbreviated post-induction rituximab [15]. A phase III trial of patients with
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untreated low tumor burden FL randomized patients to W&W versus immediate
induction rituximab therapy (with or without maintenance therapy) was recently
reported [9]. At 3 years, 46 % versus 88 % (p < 0.0001) of patients in the W&W
group versus maintenance rituximab group did not need treatment. There were no
differences in OS noted, although follow-up may be premature to rule out a dif-
ference. Interestingly, 78 % of patients in the rituximab induction group did not
need treatment at 3 years, which was the same as the maintenance rituximab group.

This latter finding was substantiated in the E4402 Rituximab Extended Schedule
or Retreatment (RESORT) study [18]. In RESORT, all 384 low tumor burden FL
patients were treated with 4 weeks of induction rituximab and then subsequently
randomized to observation or indefinite maintenance rituximab. In terms of the
primary end point of time to treatment failure (TTF), rituximab re-treatment was as
effective as continual rituximab maintenance. There were no differences in quality
of life or OS, while the two arms differed in time to first cytotoxic chemotherapy at
3 years (95 % for maintenance rituximab vs. 86 %, P = 0.03). Altogether, these
results suggest that if low tumor burden FL patients are treated with rituximab,
4 weeks of induction therapy are indicated with re-treatment at time of disease
progression.

3.3 Advanced-Stage: High Tumor Burden

Several treatment options are available, including single- or multiple-agent che-
motherapy with concurrent CD20 antibody therapy; CD20 antibody therapy alone
in selected cases; radioimmunoconjugates; and therapy with new targeted thera-
peutic agents, such as bortezomib (Velcade, Millennium), lenalidomide (Revlimid,
Celgene), and idelalisib (Zydelig, Gilead). Autologous and allogeneic hematopoi-
etic stem cell transplantations (SCTs) traditionally are reserved for patients with
recurrent or refractory disease, but they may be used earlier in the disease course for
patients with a poorer prognosis.

3.3.1 Induction Therapy
The most common treatment for untreated, advanced FL with high tumor burden
includes immunotherapy-based treatment with concurrent rituximab and chemo-
therapy [28]. Several randomized phase III trials evaluating various chemotherapy
combinations plus rituximab versus chemotherapy alone have been reported and
updated (Table 3) [11, 13, 15, 17, 29–32]. The response rates and either median
TTF or median event-free survival (EFS) were superior in all chemoimmunotherapy
arms (vs. chemotherapy alone) for chemotherapy-naïve patients and for those who
were previously treated. Moreover, OS improvements for the chemoimmunother-
apy arms have also been documented.

Bendamustine plus rituximab (BR) and R-CHOP are the most common first-line
regimens, with BR becoming widely used regimen in North America and Europe.
Bendamustine was approved in the USA for lymphoid malignancies in 2008, but
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Table 3 Selected randomized studies of chemoimmunotherapy for patients with FL

Series/author Year No. patients Arms Conclusions

Hochster [31] 2005 401 CVP versus CVP with
rituximab post-induction
maintenance

Improved PFS (median
with rituximab 5.6 years
versus 1.8 without
maintenance, P < 0.0001)
and OS (88 % vs. 72 %,
p = 0.03) with post-
induction rituximab

Hiddeman
and Buske
[11, 13]

2005
and
2006

428 8 × CHOP versus R-CHOP
(all patients then
randomized to IFN
maintenance versus
autoSCT)

4-year PFS: CHOP 28 %
versus R-CHOP 62 %
(p < 0.0001) 4-year OS:
CHOP 81 % versus R-
CHOP 90 % versus
(p = 0.039)

Marcus [32] 2006 321 8 × CVP versus R-CVP Median TTF: CVP
15 months versus R-CVP
34 months; OS improved
for R-CVP (p = 0.029)

Foussard and
Salles [15,
30]

2006 358 CHVP × 12 over 18 months
versus 6 cycles R-CHVP
over 6 months (both arms:
interferon-
alpha × 18 months)

EFS: CHVP 37 % versus R-
CHVP 53 % (p < 0.0001);
Median OS: CHVP 79 %
versus R-CHVP 84 %
(p = NS)

Herold [17] 2007 358 8 × MCP versus R-MCP
(both followed by
interferon-alpha)

Median EFS (p = 0.001)
and median OS
(p = 0.0096) improved with
R-MCP

Forstpointner
[29]

2006 125
(relapsed)

4 × FCM versus R-FCM
with second randomization
of rituximab maintenance
(4 weekly doses at 3 and
9 months) versus
observation

Response duration
significantly prolonged by
R-maintenance after R-
FCM

Van Oers [84] 2006 465
(relapsed)

6 × CHOP versus R-CHOP
induction followed by 2nd
randomization to rituximab
maintenance (one dose
q3 months × 24 months)
versus observation

Improved PFS with R-
maintenance after CHOP
induction (HR, 0.30;
P < .001) and R-CHOP
induction (HR, 0.54;
P 0.004)

CHVP cyclophosphamide, adriamycin, etoposide, prednisone; CHOP cyclophosphamide,
doxorubicin, vincristine, prednisone; CI confidence interval; IFN interferon; CVP
cyclophosphamide, vincristine, prednisone; EFS event-free survival; FCM fludarabine,
cyclophosphamide, mitoxantrone; FL follicular lymphoma; HSCT hematopoietic stem cell
transplantation; MCP mitoxantrone, chlorambucil, prednisone; ns not significant; OS overall
survival; pts patients; PFS progression-free survival; R rituximab; TTF time to treatment failure;
TTP time to disease progression
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was first only available in East Germany until 1990. In 2005, Rummel et al. [33]
showed BR to be highly active in indolent and mantle-cell lymphoma with ORR of
90 and 75 %, respectively, and complete remission (CR) of 60 and 50 %,
respectively. Rummel et al. [34] then showed that BR can be used as first-line
therapy in FL due to increased PFS and lower toxicity in their non-inferiority trial.
In total, 549 patients were enrolled comparing BR versus CHOP in newly diag-
nosed, untreated stage III or IV high tumor burden indolent NHL or mantle-cell
lymphoma. Superior median PFS was seen with BR versus R-CHOP (69 months
vs. 31 months), while there was no difference in OS at follow-up of 45 months.
Lower rates of grade 3 and 4 neutropenia, infection, paresthesia, and stomatitis were
seen, and there was no alopecia with BR compared with R-CHOP.

Flinn et al. [35] also compared BR to R-CHOP and R-CVP as first-line treatment
in the BRIGHT study. BR was found to be non-inferior to R-CHOP and R-CVP in
patients with indolent NHL or mantle-cell lymphoma. Although BR had slightly
better response rates than R-CHOP/R-CVP (97 % vs. 91 %, p = 0.01), R-CHOP/R-
CVP appeared to be acceptable alternatives with similar PFS ands OS rates. Further,
there were several toxicities that occurred at a higher rate with BR (i.e., allergic
reactions, nausea/vomiting, and skin reactions). R-CHOP may be preferred over BR
or R-CVP in situations where patients have a more aggressive histology including
patients with FL grade 3b [35]. In the FOLL05 trial, R-CHOP was shown to have
better risk–benefit ratio and superior 3 year TTF and PFS compared to R-CVP in
the FOLL05 trial [6]. This suggests that the role of an anthracycline in patients with
high-risk disease, such as bone marrow invasion and high β2-microglobulin con-
centration, may be important. R-CVP though is a well-tolerated induction regimen
and may be considered especially in patients with concern of cardiac toxicity with
anthracycline therapy.

3.3.2 Maintenance Therapy
The concept of maintenance chemotherapy has become a recurrent theme in
hematology, which was initially pioneered in pediatric ALL with the POMP regi-
men that contributed to durable remissions [36]. As FL is an incurable disease, there
have been attempts to improve OS and PFS. Initial studies with interferon, chlor-
ambucil, and multiagent chemotherapy showed mixed results and overall unac-
ceptable toxicity. With the integration of anti-CD20 antibodies into clinical
practice, there was a renewed opportunity to explore the potential benefit of
maintenance therapy following induction treatment for newly diagnosed FL
patients.

In a randomized phase III trial known as the Primary Rituximab and Mainte-
nance (PRIMA) study, Salles et al. [16] evaluated the benefit of 2 years of rituximab
maintenance in FL after upfront R-chemotherapy (R-CHOP, R-CVP, and R-FCM).
With median follow-up of 36 months, rituximab maintenance improved PFS (75 %
vs. 58 %), with higher EFS and a higher percentage of patients in CR or uncon-
firmed CR at 24 months (72 % vs. 52 %). There were higher rates of severe
(grade 3/4) adverse events (24 % vs. 17 %) and infection (39 % vs. 24 %) [16].
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There was no significant difference in quality of life or OS. In January 2011, the
FDA approved use of rituximab maintenance therapy for patients with previously
untreated follicular CD-20 positive B-cell NHL who achieve a response to ritux-
imab in combination with chemotherapy.

It is not clear whether these results can be extrapolated to patients treated with
other initial chemotherapy regimens. Despite the lack of data, many physicians may
administer maintenance rituximab after BR in the hopes of better outcomes than BR
alone [37]. In addition, further follow-up is needed to measure long-term toxicities
and determine whether the improvement in PFS translates into an OS benefit. If
maintenance rituximab is given in a patient with newly diagnosed FL with response
to induction therapy, we recommend rituximab to be given every 2 months for a
total of 2 years.

4 Radioimmunotherapy

The anti-CD20 radioimmunoconjugates 131I-tositumomab (Bexxar, GlaxoSmithK-
line) and 90Y-ibritumomab tiuxetan (Zevalin, Spectrum Pharmaceuticals) deliver
ionizing radiation to target tumor cells and their neighbors. They are relatively easy
to administer, safe, and effective in relapsed/refractory FL [33, 34], including rit-
uximab-refractory disease [35]. Contraindications to their use include thrombocy-
topenia (i.e., <100 × 109/L) and/or >20–25 % bone marrow involvement with
lymphoma. Radioimmunotherapy (RIT) has also been incorporated into the front-
line management of patients with untreated indolent lymphoma as a single agent
[38] and also through the paradigm of sequential therapy giving one dose of RIT
after multiagent induction chemotherapy. Morschhauser et al. reported results of
phase III FIT (first-line indolent trial) examining consolidative RIT versus no
consolidation in patients who achieved CR or partial remission (PR) following
chemotherapy induction [30]. Patients were randomized to one dose of 90Y-ibrit-
umomab tiuxetan or no consolidation. RIT significantly improved median PFS in
all patients (36.5 months vs. 13.3 months with no RIT; P < 0.0001). This gain was
observed regardless of the depth of initial response to induction chemotherapy,
although the benefit appeared to be greater for patients in PR versus CR. A limi-
tation of the FIT trial was that the majority of patients did not receive rituximab-
based induction chemotherapy. The extent of benefit of consolidation RIT after
combined rituximab/chemotherapy therapy is not clear.

131I-tositumomab also has been incorporated sequentially following chemo-
therapy [16, 37]. Further information regarding the role of up-front, sequential RIT
in indolent NHL should be available soon from the large US intergroup study led by
the Southwest Oncology Group (S0016). In that phase III trial, untreated FL
patients were randomly assigned to 6 cycles of R-CHOP versus 6 cycles of CHOP
followed by 131I-tositumomab.
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4.1 Autologous Stem Cell Transplantation (SCT)
for First-Line Treatment/Consolidation

Randomized studies that have examined the role of autologous SCT versus non-
transplant strategies in the front line setting for FL have shown an improvement in
PFS, but without improvement in OS (Table 4). The American Society of Blood
and Marrow Transplantation (ASBMT) society does not recommend autologous
SCT in the first-line setting for FL based on review of these trials and given the risk

Table 4 Autologous as a first-line consolidative therapy

Reference Treatment Number PFS/
EFS

OS

Horning et al.
[85]

Induction: CVP or other
Mobil: G-CSF
HDT: Cy + VP − 16 + TBI

37 Not
given

92 %

Prospective,
nonrandomized

Non-ASCT: not known 188
(historical)

88 %

Lenz et al. [86] Induction: CHOP or MCP
Mobil: Dexa-BEAM
HDT: Cy + TBI

114 65 %
(5 year)

Not
given

Prospective Non-ASCT: CHOP or MCP
+IFN maintenance

126 33 %

Lenz et al. [87] Induction: CHOP, R-CHOP
Mob: Dexa-BEAM
HDT: CY + TBI

142 (73 %) 60 %
(5 year)

Not
given

Prospective Non-SCT: CHOP-like and IFN
maintenance

180 (76 %) 32 %

Sebban et al. [88] ASCT:
Induction: CHOP × 4
Mob: CY, VP – 16
HDT: Cy + VP – 16 + TBI

172 (95 %) 40 %
(7 year)

76 %

Prospective Non-ASCT: CHVP × 6 and
IFN maintenance

167 29 % 71 %

Ladetto et al. [89] ASCT:
Induction: APO
Purging: Rituximab
HDT: Mito/Mel

68 68 % 81 %
(4 year)

Prospective Non-ASCT: R-CHOP × 6 66 31 % 80 %

Gyan et al. [90] ASCT:
Induction: VCAP (DHAP for
salvage)
HDT: Cy + f – TBI

86 64 %
(9 year)

76 %
(9 year)

Prospective Non-ASCT: CHVP and IFN
maintenance

80 39 % 80 %

CHOP cyclophosphamide, doxorubicin, vincristine, prednisone; CVP cyclophosphamide,
vincristine, prednisone; EFS event-free survival; PFS progression-free survival; ASCT
autologous stem cell transplantation
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of secondary hematological malignancies associated with autologous SCT [39]. A
2012 Cochrane review came to a similar conclusion regarding a consistent
improvement in PFS without improved OS [40].

5 Relapsed or Refractory FL

Most patients with FL will develop progressive disease including after an initial
durable response to immunochemotherapy. Patients with asymptomatic recurrent
FL do not require immediate treatment, but need close monitoring for the devel-
opment of symptomatic disease. There are a number of treatment options for
patients with relapsed or refractory FL (Table 5). A number of factors will impact
the treatment choice for relapsed disease. These include duration of previous
remission(s), type and amount prior therapy used, current tumor burden (at pro-
gression), and patient age and comorbidities. Treatment options include immuno-
therapy alone, immunotherapy combined with chemotherapy, chemotherapy alone,
and radioimmunotherapy. Additionally, there should be consideration for consoli-
dation with stem cell transplantation (autologous vs. allogeneic) in select patients.

5.1 Immunotherapy

Immunotherapy with rituximab as a single agent or as part of a chemotherapy–
immunotherapy regimen has efficacy in relapsed/refractory FL [41]. Single-agent
rituximab has shown a response rate of around 40 % in relapsed patients [42]. One

Table 5 Therapeutic
strategies/options for relapsed
or refractory FLa

Re-challenge with original therapy (with disease-free remission
of >18–24 months)

Single-agent rituximab or rituximab plus chemotherapy (e.g.,
CVP, CHOP, bendamustine, gemcitabine, fludarabine, etc.)

Radioimmunotherapy

Radiation therapy (select cases: e.g., localized disease)

Idelalisib (PI3 K inhibitor)
bFDA approved agents with efficacy in FL: lenalidomide,
ibrutinib, bortezomib, obinutuzumab, and temsirolimus

Non-FDA approved agents with promising activity in FL:
HDAC inhibitors (e.g., abexinostat); pro-apoptotic agents (BH3
mimetics: ABT-199; TRAIL-R1: mapatumumab; anti-PD1
antibody: pidilizumab); monoclonal antibodies (anti-CD22:
epratuzumab, anti-CD74 milatuzumab; bispecific single-chain
BiTE antibody: blinatumomab); and antibody drug conjugates
(anti-CD22: inotuzumab ozogamicin; anti-CD19: SAR3419)
aA clinical trial is always the preferred therapeutic strategy
bThese agents are currently FDA approved for non-FL lymphoid
malignancies
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of the strongest predictors of rituximab for relapsed/refractory patients is disease-
free interval from prior rituximab use. Rituximab has also been combined with
several chemotherapeutic agents in the relapsed/refractory setting. An increasing
common clinical scenario in FL being encountered is the occurrence of rituximab-
refractory disease. The definition of rituximab-refractory disease (i.e., lack of
response or disease progression within 6 months of rituximab or rituximab-based
therapy) is arbitrary; however, it connotes a clinical scenario whereby the expected
remission duration is shorter than expected in most cases.

5.2 Chemotherapy

As discussed before, there are a number of different chemotherapy regimens that
have been examined in FL. Interestingly, relatively few have been tested in patients
with rituximab-refractory disease. Bendamustine given as a single agent at the dose
of 120 mg/m2 intravenously on days 1 and 2 of each 21-day cycle for 6 cycles was
associated with an ORR of 77 % with CR rate of 15 % [43]. The duration of
response was somewhat modest at 6.7 months. In terms of other chemotherapeutic
agents or combinations (Table 5), there should be examination of benefits and risks
in FL in terms of infectious complications [44, 45], risk of myelodysplastic syn-
drome [46–48], and the adverse impact on autologous stem cell collection/bone
marrow harvest [48–50].

5.3 Radioimmunotherapy (RIT)

The beta-emitter, Y-90 ibritumomab, yields an ORR of 83 % with 37 % CR in
relapsed or refractory FL and transformed CD20+ lymphomas with an associated
approximate median duration of response of 14 months [51]. For FL patients
refractory to rituximab, response rates with Y-90 ibritumomab remain high (i.e.,
74 %), but the median duration of response (DOR) is shorter (i.e., 6.4 months). In
an integrated efficacy analysis of 5 clinical trials of patients with heavily pretreated
low-grade or transformed NHL treated with 131I-tositumomab, ORRs ranged from
47 to 68 % (CR rates, 20–38 %), with median DOR of approximately 13 months
[52]. It should be noted that recent analyses have shown that use of RIT does not
appear to impair collection of autologous bone marrow/stem cells [53]. Further, the
risk of secondary MDS after RIT appears modest and should not dissuade use of
this therapy [54].

Additionally, there are several novel RIT-based therapeutic approaches includ-
ing concurrent use of radiation-enhancing agents, fractionation of RIT, pretargeting,
and use of new humanized antibodies that are being explored to increase efficacy
and potentially mitigate toxicity [38]. Novel combinations include potentially
synergistic radiation-sensitizing agents—e.g., bortezomib [39], the synthetic
24-mer oligodeoxynucleotide CpG 7909 [40], and the expanded porphyrin agent
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motexafin gadolinium (MGd; Xcytrin, Pharmacyclics) [41], which targets
redox-dependent pathways and enhances the sensitivity of tumor cells to ionizing
radiation [42]. In a phase I clinical trial in which MGd was given concurrently with
90Y-ibritumomab tiuxetan, the ORR was 57 % (CR 43 %), with median TTF of
10 months and median duration of 17 months [41]. Moreover, in rituximab-
refractory FL, the ORR was 86 % (CR 64 %), with a median TTF of 14 months,
which compares favorably with previous data [35]. These results are encouraging,
but randomized trials will be needed to prove the superiority of this combination
over conventional RIT.

5.4 Radiation Therapy

Irradiation for clinical stages III and IV, low-grade, extensive-stage NHL is used
primarily for palliation of symptomatic sites of disease using abbreviated frac-
tionated schedules (25–30 Gy in 2.5–3 Gy daily fractions). A low-dose regimen of
4 Gy in 2 fractions has also been shown to be effective, with an ORR of approx-
imately 80 % in the palliation of symptoms, and is overall well tolerated [55].

5.5 SCT for Relapsed/Refractory FL

5.5.1 Autologous SCT
Several studies have examined the role of autologous SCT versus chemotherapy in
the salvage setting, though most analyses have been conducted in the pre-rituximab,
retrospective, or single-arm phase II studies [56, 57]. Given limited data involving
the use of rituximab, ASBMT made no recommendations on the use of autologous
SCT versus chemotherapy including rituximab in the salvage setting [57]. Never-
theless, many patients benefit from this strategy and a number of centers use
autologous SCT in the salvage setting for FL [58]. A recent analysis examined
potential prognostic factors that predict outcomes for relapsed/refractory FL
patients who receive autologous SCT [59]. Clinical factors that most closely
impacted survival were ages >60 years and >3 prior therapies. Further, a CART
survival model was formed for patients incorporating these prognostic covariates.
An increasing number of these two independent variables (i.e., age ≥60 years and
>3 prior therapies) was associated with divergent survival rates (Figs. 2 and 3).

5.5.2 Allogeneic SCT
Allogeneic HSCT is a potential curative treatment option for patients with FL. With
use of reduced-intensity conditioning (RIC) and the greater availability of matched
unrelated donors and other donor options (e.g., cord and haploidentical), it is an
option for an increasing number of patients [60]. Patients should still be carefully
selected, however, as the treatment-related morbidity and mortality remain
problematic.
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Fig. 2 Survival model with autologous SCT for relapsed/refractory FL. CART survival model for
FL patients who underwent autologous SCT. 3-year FFS (a) and OS (b) based on the number of
the adverse prognostic factors present (i.e., 0, 1, or 2 factors of age >60 years and >3 prior
therapies): 72, 47, and 20 %, respectively (FFS P = 0.0003); and 96, 82, and 62 %, respectively
(OS P < 0.0001)
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Choosing between an autologous HSCT and allogeneic HSCT is a difficult
decision and depends on many factors, including donor availability, donor age,
patient age, and comorbidities. Many centers will perform an autologous SCT first,
reserving an allogeneic SCT for patients who later relapse. Today, the vast majority
of allogeneic SCTs are based on reduced-intensity conditioning, which is applicable
to a wider range of patients and appears to result in survival rates that are similar to
that of myeloablative transplantation [45]. The addition of rituximab to condi-
tioning for both allogeneic and autologous SCT has been associated with excellent
outcomes in some series, but its role in transplantation for FL has to be better
defined [43, 46].

5.5.3 Autologous Versus Allogeneic SCT
Comparative cohort studies have evaluated the efficacy of autologous SCT versus
allogeneic SCT in relapsed/refractory FL. Most studies have shown an increased
incidence of transplant-related mortality (TRM) with allogeneic SCT but lower
relapse rate. It should be noted that the patient population in most studies are
different with the allogeneic group frequently having younger patients and a higher
incidence of bone marrow involvement. Evens et al. [59] compared 136 autologous
SCT patients with 48 allogeneic SCT patients with relapsed/refractory FL who had

Fig. 3 Comparison of autologous versus allogeneic SCT for relapsed/refractory FL patients in the
post-rituximab era. Kaplan–Meier overall survival for an exact matched cohort with propensity
matching analysis (for age, number of prior treatments, and disease status at time of SCT)
comparing autologous SCT with allogeneic SCT. The 3-year OS on this matched analysis was
85 % (95 % CI 73–97 %) for autologous SCT versus 63 % (95 % CI 47–79 %) for allogeneic SCT
(P = 0.011)
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been treated with prior rituximab. The cumulative 100-day non-relapse mortality
(NRM) for was 1 % for autologous SCT versus 6 % for allogeneic SCT
(P < 0.0001), while 3-year NRM rates were 3 % versus 24 %, respectively
(P < 0.0001). For autologous SCT and allogeneic SCT, cumulative rates of relapse,
progression, and/or transformation were 32 % versus 16 %, respectively (P = 0.03),
while 3-year OS rates were 87 % versus 61 % (P < 0.0001); there were no dif-
ferences in failure-free survival (FFS). Interestingly, allogeneic SCT was associated
with increased death on multivariate analysis, which persisted on propensity scoring
(exact matching).

6 Novel Therapeutic Agents

There are multiple new and exciting targeted therapeutic agents that are being
evaluated for the treatment of patients with FL. Furthermore, an improved under-
standing of the biology of FL has led to the development of novel targeted thera-
peutic agents for the treatment of this disease (Table 5). This is critically important
given the significant relapse risk and toward the hope of avoiding the toxicity
associated with repeated cytotoxic therapy.

6.1 Monoclonal Antibodies

Some malignant B cells are resistant to rituximab straightaway, whereas others
develop resistance over time after exposure to the antibody. New targeted
antibodies are being developed to potentially overcome resistance mechanisms.
Obinutuzumab (Gazyva, Genentech) is a novel anti-CD20 that is the first human-
ized and “glyco-engineered” anti-CD20 to be investigated clinically. “Glyco-
engineering” enhances antibody-dependent cellular cytotoxicity (ADCC) by
increasing affinity to the ADCC receptor FCgRIIIA. Obinutuzumab binds a type II
epitope on CD20 with high affinity and has greater direct cell cytotoxicity compared
with type I antibodies. Complement-dependent cytotoxicity, however, is reduced.
Toxicities mostly are related to the infusion, and response rates have been high
among patients with FL. Single-agent obinutuzumab has shown efficacy in
relapsed/refractory indolent NHL with an overall response rate of 55 % in a phase
I/II study with a median progression-free survival of 11.9 months [61]. Obin-
ituzumab has also been evaluated in combination with CHOP or FC followed by
maintenance therapy. ORR was 93–96 % with evidence of a 25–30 % response in
rituximab refractory patients [62]. Phase III studies are currently being conducted to
confirm the efficacy of this agent in combination with chemotherapeutic agents.

Ofatumumab (Azerra, GlaxoSmithKline), a fully human antibody that targets a
novel epitope of the CD20 molecule that was approved in October 2009 for the
treatment of chronic lymphocytic leukemia (CLL), is reported to have stronger
complement-dependent cytotoxicity than rituximab. Although this antibody is very
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effective in CLL, the ORR in rituximab-resistant FL was only 10–13 % [63]. Trials
are ongoing to evaluate combination therapy with bendamustine with or without
ofatumumab.

Veltuzumab (Immunomedics) is a second-generation humanized anti-CD20 that
differs from rituximab by one amino acid in one complementarity-determining
region, but it has completely different framework regions. Among patients with FL,
ORRs have been high (47 %), with 24 % achieving CR/CRu [64]. Other anti-
CD20s under development include ocrelizumab (Roche), a humanized antibody
with fewer infusion-related side effects and increased binding affinity to the low-
affinity FcγRIIIa receptor. Some studies have shown that patients who are homo-
zygous for high-affinity variants have superior disease outcome when treated with
rituximab compared with those carrying low-affinity variants [65]. In a phase I/II
trial of ocrelizumab in patients with relapsed/refractory FL, an ORR of 38 % was
observed, with similar response rates in patients with low-affinity and high-affinity
variants [66]. RO13192 (Genentech), a third-generation humanized anti-CD20 with
enhanced ADCC and complement-dependent cytotoxicity in in vitro models, also is
under investigation [67].

CD22 is a B cell-associated antigen expressed on the surface of mature B cells.
The humanized anti-CD22 epratuzumab (Immunomedics) acts predominantly by
ADCC, but some studies suggest that it acts, at least in part, by mechanisms
different from rituximab. Whereas epratuzumab and rituximab target different
antigens and likely effect cell kill through different signaling pathways, the com-
bination has been studied in relapsed or refractory low-grade, CD20-positive NHL
[68]. A high ORR (85 %) was reported for FL patients with low-risk FLIPI scores,
whereas those with intermediate- or high-risk scores had an ORR of 39 %. This
combination with extended dosing recently has been evaluated, and results are
undergoing analysis. CD74, the invariant chain of the major histocompatibility
complex class II molecule, is another attractive target for the treatment of FL.
Milatuzumab (Immunomedics), a humanized anti-CD74 monoclonal antibody, is
rapidly internalized and consequently has very limited capacity for ADCC or CDC,
but it may prove to be an ideal agent for conjugation with radioisotopes or cytotoxic
agents [63]. A fully human agonistic monoclonal antibody to the tumor necrosis
factor-related apoptosis-inducing ligand receptor 1 (TRAIL-R1), mapatumumab,
has also shown activity in FL [69].

6.2 Antibody Drug Conjugates

Similar to the anti-leukemia agent gemtuzumab ozogamicin (Mylotarg, Wyeth),
inotuzumab ozogamicin (CMC-544; Pfizer) is composed of a humanized antibody
conjugated to calicheamicin, a potent cytotoxic antitumor agent. This chemoim-
munoconjugate targets the B-cell antigen CD22. Responses have been seen in both
FL and diffuse large B-cell lymphoma [63]. Toxicity primarily has been self-limited
thrombocytopenia. FL treated with inotuzumab ozogamicin in combination with
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rituximab in a phase I/II found an ORR of 87 %, with a median PFS of 68 % [70]. A
new immunoconjugate, SAR3419 (ImmunoGen), consisting of the humanized anti-
CD19 antibody huB4 conjugated to a potent tubulin inhibitor, has shown tumor
shrinkage in 68 % of patients studied [69]. Corneal changes resulting in blurred
vision proved to be the dose-limiting toxicity.

6.3 PI3K Inhibitors

Phosphatidylinositol-3-kinase delta (PI3Kδ) mediates B-cell receptor signaling and
microenvironmental support signals that promote the growth and survival of
malignant B lymphocytes. In a phase 1 study, idelalisib, an orally active selective
PI3Kδ inhibitor, showed significant antitumor activity in patients with previously
treated indolent NHLs, including 38 FL patients [71]. A pivotal phase II study
studied the efficacy of idelalisib in 72 refractory FL patients; this study confirmed
the clinical activity of this novel agent with a reported ORR of 57 % and associated
median PFS of 11 months [72]. The most common adverse events of grade 3 or
higher are neutropenia, transaminitis, diarrhea, and pneumonia. On July 23, 2014,
the FDA approved idelalisib for the treatment of relapsed FL, relapsed SLL, and
relapsed CLL patients (latter in combination with rituximab). Further, four black
box warnings were included as part of this approval (i.e., hepatotoxicity, severe
diarrhea or colitis, pneumonitis, and intestinal perforation). The recommended
starting dose is 150 mg administered orally twice daily.

6.4 Proteasome Inhibitors

The ubiquitin–proteasome pathway plays a critical role in regulating cell cycle
progression, transcription-factor activation, apoptosis, and cell trafficking. Bort-
ezomib in combination with bendamustine and rituximab has shown activity in
phase II studies of relapsed or refractory lymphoma, with ORR ranging of 83–86 %
[73, 74]. Neutropenia and thrombocytopenia are the dose-limiting toxicities with
grade 3/4 neuropathy seen in 11 % patients in the above trial.

Bortezomib showed encouraging activity in relapsed or refractory indolent NHL
[68, 69]. O’Connor and colleagues reported an ORR of 50 % (22 % CR) using
bortezomib 1.5 mg/m2 on days 1, 4, 8, and 11 [69] whereas Di Bella et al. showed
an ORR of 13 % using bortezomib 1.3 mg/m2 on days 1, 4, 8, and 11 [68]. The
discrepancy between these trials is not known, but may in part be related to dosing
as well as length of bortezomib therapy. O’Connor et al. showed that the median
time to response was 12 weeks [69]. A large randomized phase III study in patients
with relapsed/refractory FL compared rituximab alone versus rituximab and bort-
ezomib [75]. The bortezomib/rituximab arm was associated with statistically sig-
nificant longer PFS; however, the absolute clinical improvement was modest. There
were two subsequent correlative analyses (clinical and scientific) performed as part
of this study.
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Zinzani et al. [76] showed that the benefit of bortezomib may primarily be in FL
patients with higher risk disease. In relapsed/refractory FL patients with both FLIPI
score ≥ 3 and high tumor burden (by modified GELF criteria), the median PFS was
9.5 months in the bortezomib-rituximab arm versus 6.7 months in the rituximab arm
(HR 0.667, p = 0.01). Similar benefits were seen when analyzing high FLIPI score
or GELF tumor burden cohorts separately. Additionally, correlative tumor and host
studies identified several strongly predictive biomarkers in this study [75]. Patients
who had a particular host single nucleotide polymorphism genotype (i.e., PSMB1
P11A C/G heterozygote) in combination with low CD68 tissue expression had
significantly improved PFS (HR 0.47, P < 0.0001) and moreover superior OS (HR
0.49, P = 0.04). Further prospective examination and validation of these clinical
and scientific biomarkers are needed.

6.5 Immunomodulatory Drugs

Immunomodulatory drugs (IMiDs) such as thalidomide (Thalomid, Celgene) and
lenalidomide (Revlimid, Celgene) have been investigated in a number of lymphoma
subtypes. IMiDs directly induce cell cycle arrest and also possess potent anti-
angiogenic activity in vitro. Elegant preclinical studies by Gribben et al. showed
that lenalidomide repaired several T-cell defects in FL cells and ultimately signif-
icantly enhanced the dysfunctional immune synapse function between tumor and
host T cells [77]. Clinically, Wang et al. [73] reported an ORR of 33 % with
lenalidomide and rituximab in relapsed/refractory follicular grade 3 lymphoma.
Furthermore, Fowler et al. [78] reported encouraging data using lenalidomide
combined with rituximab for the treatment of untreated FL patients. In 110
untreated FL patients (52 % with high tumor burden), patients received lenalido-
mide 20 mg Days 1–21 of 28-day cycles along with rituximab. The ORR on intent-
to-treat analysis was 85 % with a CR rate of 60 %; response did not appear to differ
based on presenting tumor burden and the 3-year PFS rate for all patients was 78 %.
Therapy was overall well tolerated with main toxicities being hematologic.

Both bortezomib and lenalidomide are being incorporated earlier in the treatment
paradigm of FL studies. Evens et al. [79] recently reported results of a multicenter
phase II clinical study using frontline bortezomib and rituximab therapy for indo-
lent NHL patients with high tumor burden. Among 42 patients, 33 had FL; therapy
was overall well tolerated including minimal neurotoxicity. On intent to treat, the
ORR at end of therapy for FL patients was ORR 76 % with 44 % CR rate. Further,
with median follow-up of 50 months, the 4-year PFS was 44 % and OS 97 %,
which approximates long-term survival rates of several rituximab/cytotoxic che-
motherapy series for untreated HTB FL. There is an ongoing large randomized
phase II study being conducted by ECOG comparing the addition of bortezomib to
BR induction and also analyzing the use of lenalidomide consolidation (×1 year)
following BR induction therapy (E2408 or BIONIC study: bortezomib-based
Induction Or novel IMID-based continuation; NCT01216683) (Fig. 4). In addition,
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an ongoing worldwide, randomized phase III study is comparing a non-chemo-
therapy induction strategy using lenalidomide and rituximab versus rituximab-
chemotherapy induction (RELEVANCE study: Rituximab lenalidomide vs. any
chemotherapy, NCT01650701) (Fig. 4).

6.6 Other Novel Agents

Other novel agents being studied in FL include histone deacetylase (HDAC)
inhibitors, mammalian target of rapamycin (mTOR) inhibitors, and B-cell receptor
(BCR)-modulating agents. HDACs have been shown to regulate cellular functions,
such as cell cycle progression, proliferation, survival, transcription factors, and
signal transduction, and are a target of interest in lymphoma [77]. Preclinical data
support the use of these agents in the treatment of lymphoma, and data from early
phase clinical trials have shown encouraging activity in FL [80, 81]. A downstream
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Fig. 4 Study schemas of two ongoing frontline FL clinical trials. a Shows the study schema for
the E2408 Bortezomib Induction or Novel Imid Continuation (BIONIC) study for patients with
untreated high-risk FL. Accrual goal for this study is 300 patients (*1:2:2 randomization vertically
top to bottom; 1bortezomib (1.3 mg/m2 days 1, 4, 8, and 11). b Shows the study schema for the
Rituximab Lenalidomide versus any Chemotherapy (RELEVANCE) study for patients with
untreated FL. Accrual goal is 1,000 patients. The rituximab and chemotherapy is investigators
choice among R-CHOP, R-CVP, or bendamustine/rituximab. Lenalidomide dosing during
induction therapy is 20 mg for 6 cycles and then 10 mg for maintenance therapy. Abbreviations:
FLIPI, follicular lymphoma international prognostic index; GELF, Groupe D’Etude des
Lymphomes Folliculaires; R, rituximab; RB, rituximab/bortezomib; d, days; mo, months, year,
years; FL, follicular lymphoma; R(2), rituximab and revlimid; maint, maintenance
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target of the PI3K/AKT pathway is the kinase, mTOR. The mTOR pathway also is
important for cellular functions such as initiation of transplant, protein stability, and
transcription of ribosome and stress response genes. Smith et al. showed that the
rapamycin ester derivative, temsirolimus (Torisel, Wyeth) resulted in an ORR of
54 % in patients with FL histology [82]. Finally, immune checkpoints in the tumor
microenvironment are important in tumor growth. Westin et al. reported encour-
aging results on pidilizumab, a humanized anti-programmed cell death 1 (PD1)
monoclonal antibody [83]. In combination with rituximab, the ORR was 66 % with
an associated CR rate of 52 %. Other classes of novel targeted agents being studied
in relapsed/refractory FL as single agents or in combination with other therapeutics
include HDAC inhibitors, mTOR inhibitors, Syk inhibitors, Bcl-2 antagonists, BTK
inhibitors, and chimeric antigen receptor (CAR) T cells (Table 5).

7 Conclusion

The treatment of FL has been significantly enhanced over the past several years, in
part due to the development of antibody-based and other innovative, targeted
approaches as well as through the refinement of SCT. These therapies have
translated into improvements in the natural history of FL and increases in OS.
Despite this optimism, FL remains an incurable disease for most patients. It is
important for oncologists and patients to be involved in clinical trials in order to
facilitate advances in the field so that patient outcomes can continue to be
improved. In addition, it will be critical for future studies that incorporate novel
therapeutic agents into treatment paradigms to investigate tissue and host-based
predictive biomarker as well as imaging studies so that response and survival rates
may be maximally enriched.
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Management of the Marginal Zone
Lymphomas

Barbara Vannata, Anastasios Stathis and Emanuele Zucca

Abstract

Marginal zone lymphomas (MZL) represent around 8 % of all non-Hodgkin
lymphomas. During the last decades a number of studies have addressed the
mechanisms underlying the disease development. Extranodal MZL lymphoma
usually arises in mucosal sites where lymphocytes are not normally present from
a background of either autoimmune processes, such as Hashimoto thyroiditis or
Sjögren syndrome or chronic infectious conditions. In the context of a persistent
antigenic stimulation, successive genetic abnormalities can progressively hit a
B-cell clone among the reactive B-cells of the chronic inflammatory tissue and
give rise to a MALT lymphoma. The best evidence of an etiopathogenetic link is
available for the association between Helicobacter pylori-positive gastritis and
gastric MALT lymphoma. Indeed, a successful eradication of this micro-
organism with antibiotics can be followed by gastric MALT lymphoma
regression in more than 2/3 of cases. Other microbial agents have been
implicated in the pathogenesis of MZL arising in the skin (Borrelia burgdorferi),
in the ocular adnexa (Chlamydophila psittaci), and in the small intestine
(Campylobacter jejuni). The prevalence of hepatitis C virus (HCV) has also been
reported higher in MZL patients (particularly of the splenic type) than in the
control population, suggesting a possible causative role of the virus. In non-
gastric MALT lymphoma and in splenic MZL the role of the antimicrobial
therapy is, however, less clear.This review summarizes the recent advances in
Marginal Zone Lymphomas, addressing the critical points in their diagnosis,
staging and clinical management.
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1 Definition and Classification

Marginal zone lymphomas (MZL) represent a group of lymphomas that originate
from B lymphocytes normally present in the “marginal zone,” which is the external
part of the secondary lymphoid follicles. MZLs develop in spleen, mucosa-asso-
ciated lymphoid tissue (MALT), and/or in lymph nodes. In the most recent WHO
classification, the MZL category comprises three different subtypes with specific
diagnostic criteria, different behavior, and therapeutic implications: the extranodal
MZL of mucosa-associated lymphoid tissue type (MALT lymphoma), the splenic
MZL with or without villous lymphocytes (SMZL), and nodal MZL (NMZL) [1].

2 Epidemiology and Pathogenesis

Primary splenic and nodal MZLs are rare, each accounting for approximately less
than 2 % of the non-Hodgkin lymphomas (NHLs). The extranodal MZLs of MALT
type represent around 7–8 % of the NHL, including both the common gastroin-
testinal and the less usual non-gastrointestinal localizations [1].
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MALT lymphoma B cells present somatically mutated IGHV genes in all cases
with a pattern of somatic hypermutation and intraclonal variations suggesting that
the tumor cells have undergone antigen selection and that their expansion may
remain antigen-driven [2, 3]. Indeed, MALT lymphoma usually arises in mucosal
sites where lymphocytes are not normally present and where MALT is acquired in
response to either autoimmune processes, such as Hashimoto thyroiditis, Sjögren
syndrome, or chronic infectious conditions. It is believed that, in the context of a
persistent antigenic stimulation, additional genetic abnormalities may progressively
affect a B-cell clone among the reactive B cells of the chronic inflammatory tissue
and give rise to a MALT lymphoma.

The stomach is the most common site of localization, and the remission of most
gastric MALT lymphomas after eradication of Helicobacter pylori (HP) strongly
indicates a pathogenetic link between tumor cell proliferation and chronic H. pylori-
induced inflammation [2]. Moreover, other infectious agents may have a putative
role in non-gastric MZL pathogenesis at different sites: Borrelia burgdorferi in
cutaneous lymphomas [4], Chlamydophila psittaci in the lymphoma of the ocular
adnexa [5–7], and Campylobacter jejuni in small intestine lymphoma [8]. The
prevalence of hepatitis C virus (HCV) infection has also been reported higher in
patients with MZLs (particularly of splenic and nodal type) than in the control
population [9, 10], suggesting a possible causative role of the viral agent [11]. In
extranodal MZL, HCV seems more often present in non-gastric lymphomas, par-
ticularly in patients with subcutaneous [12] or salivary gland [13] involvement.

At least four recurrent chromosomal aberrations—the apparently mutually
exclusive translocations t(11; 18)(q21; q21), t(1;14)(p22; q32), t(14; 18)(q32; q21),
and the 6q23.3 deletion—have been reported in MALT lymphomas to affect the
same signaling pathway, resulting in the activation of nuclear factor kappa B (NF-
κB), a transcription factor with a central role in immunity, inflammation, and
apoptosis [14–20]. The occurrence of the translocations varies according to the
anatomical site, and their incidence and distribution may also have geographical
differences, possibly reflecting different genetic backgrounds of either the patients
or the infectious agents [21].

These site-specific biological differences might influence outcome and thera-
peutic approaches. Indeed, while antibiotic therapy is nowadays well established as
the standard of care in patients with H. pylori-associated gastric MALT lymphoma,
much less is known about the value of anti-infectious therapy in non-gastric MALT
lymphomas and in non-MALT cases, where the standard treatment is less well
defined.

3 Diagnosis

The diagnosis of MZL should be made in accordance with the current WHO
classification [1].
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It is advisable that the diagnosis is confirmed by an expert hematopathologist
since differentiation from other lymphomas that can mimic MZLs is not always
straightforward. A minimum immunohistochemistry panel is therefore recom-
mended and it should include CD20, CD10, CD5, and cyclin D1 [22]. The presence
of lymphoepithelial lesions, despite being very typical of MALT lymphoma, is not
essential for the diagnosis as they can be seen both in some reactive conditions and
in other indolent lymphomas. For extranodal MZL, assessment of a potential-
associated histologic transformation is essential and, since the term “high-grade
MALT lymphomas” is no longer accepted in the current WHO classification, the
cases with solid or sheet-like proliferation of transformed large cells have to be
diagnosed as diffuse large B-cell lymphomas [23].

At present, the diagnosis of SMZL does not strictly require a splenectomy [24].
In fact, following the analysis of cases in which the diagnosis has been confirmed
by review of splenic histology, characteristic features to allow a diagnosis based on
bone marrow examination and peripheral blood flow cytometry have been estab-
lished, [25, 26]. Cytoplasmic villi may not be present in all cases and not all cases
with villous lymphocytes will necessarily correspond to a SMZL; sometimes a
definitive diagnosis may not be possible without splenectomy (which may not be
required as treatment) [24].

4 Clinical Characteristics

4.1 Extranodal MZL (MALT Lymphoma)

MALT lymphoma is a neoplasm of adults with a median age at presentation of
60 years and a slight predominance in females. This type of lymphoma usually
remains localized for a prolonged period within the tissue of origin, but involve-
ment of regional lymph nodes and dissemination to multiple sites may occur. The
stomach is the most common location, but MALT lymphoma has been described in
several non-gastric sites, such as salivary gland, thyroid, skin, conjunctiva, larynx,
lung, breast, kidney, liver, prostate, and also intracranial dura. Within the stomach,
the disease is usually multifocal and concomitant gastrointestinal (GI) or non-GI
involvement can be detected in 20 % of the cases. Disseminated disease is more
common in non-GI MALT lymphomas, in which it is reported in up to one-quarter
of the cases [27–30]. Bone marrow infiltration is described in up to 20 % of the
cases [2, 31], while constitutional B-symptoms are rarely seen at diagnosis. Patients
with lymph node or bone marrow involvement at presentation, but not those with
involvement of multiple mucosal sites, are associated with a worse prognosis [27].
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4.2 Splenic MZL

Splenic MZL (SMZL) is a disseminated disease at diagnosis in around 95 % of the
cases. SMZL comprise around 20 % of MZLs, and it has usually an indolent course
with overall survival ranging from 5 to 10 years. In around one-third of the cases,
median survival is less than 4 years [32]. Histological transformation to DLBCL is
rare (10–20 % of the patients) and is associated with a worse outcome. SMZL
mainly affects elderly or middle-aged patients, with a median age of 65 years.
SMZL is characterized by massive splenomegaly with minimal or absent lym-
phadenopathy, other than in the splenic hilum, and no other extranodal involve-
ment, except bone marrow and liver. Cytopenias and lymphocytosis are frequently
observed. When circulating villous lymphocytes are prominent, the term “splenic
lymphoma with villous lymphocyte” has often been used in the past. Several reports
have shown an epidemiological association between hepatitis C chronic infection
and splenic and nodal MZLs. The strength of the relation between HCV and
lymphomas has been found to be highly variable among countries, although HCV
seems involved in the lymphomagenesis at least in a portion of cases. The best
evidence of a causal link between HCV and lymphomas came from the observation
of SMZL regression after antiviral therapy, first reported in 2002 by Hermine et al.
[9], who described nine patients with splenic marginal zone lymphoma who had a
lymphoma remission following interferon-α and ribavirin treatment. In the same
report, six patients with SMZL, but without HCV infection, had no hematologic
response to the antiviral therapy, thus ruling out a direct antitumor effect of inter-
feron-α. These results were reproduced by other groups [33], showing that antiviral
treatment with interferon-α with or without ribavirin can be an effective treatment
for the majority of HCV-associated marginal zone lymphomas.

Around one-third of patients present a small serum monoclonal protein, mainly
of IgM subtype. Sometimes, in HCV cases, the presence of cryoglobulins is
detected. Autoimmune phenomena are seen in 15 % of the cases and comprise
autoimmune hemolytic anemia, immune thrombocytopenia, cold agglutinin, anti-
phospholipid antibodies, acquired von Willebrand disease, and angioedema due to
acquired C1-esterase inhibitor deficiency [32].

An Italian lymphoma cooperative group (Intergruppo Italiano Linfomi, IIL)
developed a score model in 309 patients based on three risk factors (Hb less than
12 g/dl; albumin less than 3.5 g/dl; and LDH greater than normal). Patients were
divided into three risk group with a 5-year OS of 88, 73, and 50 % for low-
intermediate- and high-risk group, respectively [34]. Recently, a newer prognostic
model (named HPLL on the basis of determinant factors, hemoglobin concentra-
tion, platelet count, high lactate dehydrogenase level, and extrahilar lymphade-
nopathy) has been developed by the SMZL Study Group from an international
retrospective survey of 593 patients [35]. The HPLL score allowed to identify three
risk groups with significantly different 5-year lymphoma-specific survival (94, 78
and 69 %, respectively) and appeared to have a better discriminative power than the
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IIL score. Despite the fact that their clinical utility has not yet been confirmed in
prospective studies, these indices are expected to improve the selection of patients
for risk-tailored treatment approaches.

4.3 Nodal MZL

This lymphoma is rather uncommon, it comprises 10 % of MZLs and occurs in
adults with a median age of 60 years, but it has also been reported in children.
NMZL shares morphologic and immunophenotypic similarities with the other
MZLs, and its differential diagnosis from other indolent lymphoma, in particular
from lymphoplasmacytic lymphoma, is often very difficult [36–40]. Mutations of
the MYD88 gene have been recently reported to occur in the large majority of
lymphoplasmacytic lymphomas, and it is not usually present in MZL, thus making
this finding very useful for the differential diagnosis [41].

NMZL presents with disseminated lymphadenopathy (mostly cervical and
abdominal), with or without bone marrow and blood involvement at diagnosis in
the vast majority of the cases [38]. The disease is often advanced at diagnosis, but
usually patients do not have B-symptoms [42, 43]. A primary extranodal marginal
zone lymphoma has to be ruled out, since around one-third of the cases represent
nodal dissemination of a MALT lymphoma. In 10 % of the patients, a small
monoclonal component, mainly of IgM-type, is detected [38].

OS of patients with NMZL is around 60 % at 5 years in most studies [38]. In a
retrospective series of 93 patients analyzed by the International Lymphoma Study
Group for the Non-Hodgkin’s Lymphoma Classification Project, the OS for NMZL
has been reported to be lower than that of patients with MALT lymphoma (56 % vs.
81 %, at 5 years, respectively) [44].

5 Staging

Extensive staging assessment is indicated in all MZL types, regardless of their
presentation site [24]. It should include a history and physical examination; complete
blood cell counts and basic biochemical studies, including evaluation of renal and
liver function; LDH and β2-microglobulin levels; serum protein immunofixation;
human immunodeficiency virus (HIV); hepatitis B (HBV) and C virus (HCV)
serologies; CT scan of the chest, abdomen, and pelvis; and bone marrow aspirate and
biopsy. Site-specific recommended procedures for MALT lymphoma staging are
reported in Table 1. Gastroduodenal endoscopy (EGD) with multiple biopsies is also
recommended to exclude gastric involvement in all cases of disseminated MZL.
Localized MALT lymphoma is often multifocal within the involved organ (i.e.,
stomach and skin); nevertheless, this may not reflect a truly disseminated disease.
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The value of the positron emission tomography (PET) scan is still unclear. In
general, the use of PET-CT scan in the routine staging of MZL is not recommended
[22, 24], except for selected cases (i.e., when a transformation to high-grade
lymphoma is suspected). However, there is some evidence that many non-gastric
sites are usually PET-positive [31]. In a meta-analysis of the published literature,
the pooled detection rate of 18F-FDG PET or PET/CT in MALT lymphoma was
71 % and appeared particularly high in the pulmonary (94 %) and head and neck
(90 %) localizations, showing that this type of lymphoma can often be FDG-avid
and suggesting a potential clinical role of PET/CT in the initial evaluation of these
patients, especially when the disease is apparently localized and radiotherapy is
planned [45].

Table 1 Site-specific work-up procedures for extranodal MZL of MALT type

Site Procedure

Gastric MALT lymphoma

Stomach • Endoscopic ultrasound

• H. pylori status (by IHC)a

• FISH or molecular assay for the t(11;18) translocation

Non-gastric MALT lymphoma

Breast • Mammography and MRI (or CT scan)

Intestine,
small

• Endoscopy

• Small bowel series (double contrast X-ray examination of the small
intestine)

• Campylobacter Jejuni search in the tumor biopsy by PCR, IHC or in situ
hybridization

Intestine,
large

• Colonoscopy

Lung • Bronchoscopy + Broncho-alveolar lavage

Ocular
adnexa

• MRI (or CT scan)

• Ophthalmologic examination

• Chlamydophila psittaci in the tumor biopsy and PBMNCs by PCR

Salivary
glands

• ENT examination and echography

Skin • Borrelia Burgdorferi in the tumor biopsy by PCR

Thyroid • Echography ± CT scan of the neck thyroid function tests

IHC immune histochemistry, MRI magnetic resonance imaging, CT compute tomography,
PBMNCs peripheral blood mononuclear cells, PCR polymerase chain reaction, ENT ear nose
throat
aBreath test and serology studies for HP detection are recommended when the results of histology
are negative
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6 Treatment

6.1 Extranodal MZL of MALT Type

The aforementioned etiologic association with some chronic infections has thera-
peutic implications in patients with MZL. Indeed, H. pylori eradication with anti-
biotics can lead to gastric MALT lymphoma regression in 60–100 % of the cases
[46–51]. Anti-infectious treatments for non-gastric MZL are, however, largely
investigational.

6.2 Gastric Marginal Zone Lymphoma of MALT Type, HP
Positive

Figure 1 reports the algorithm of our treatment recommendation for limited
and advanced-stage HP-positive gastric MALT lymphoma. Eradication of H. pylori
with antibiotics should be the sole initial therapy for localized H. pylori-positive
gastric MALT lymphoma, where this treatment can induce lymphoma regression
and long-term clinical disease control in most patients [2]. Several effective anti-HP
treatments are available. The choice should be based on the epidemiology of the
infection and on the expected antibiotic resistance in different countries. The most
commonly used regimen comprises a proton pump inhibitor (PPI) associated with
clarithromycin and amoxicillin, administered for 10–14 days. Metronidazole can be
used instead of amoxicillin for penicillin-allergic patients. Other regimens com-
prising H2-blockers or bismuth can be also effective. Breath test for H. pylori
assessment should be repeated at least six weeks after the eradication therapy and at
least two weeks after withdrawal of the PPI. In case of HP-eradication failure, a
second-line therapy should be tried with a different triple- or a quadruple-therapy
regimen [22] (Table 2). Histological remission is usually achieved within six
months from H. pylori eradication. However, the length of time necessary to obtain
a lymphoma regression ranges from very few months to more than 12 months.
Hence, it is reasonable to wait for at least 12 months before starting another
treatment in patients who achieve a clinical and endoscopic remission together with
eradication of H. pylori, although histological residual lymphoma persists [2, 52].
The interpretation of the residual lymphoid infiltrate post-treatment in gastric
biopsies can be very difficult. Differences in the response criteria adopted in the
individual studies may explain the wide range of reported remission rates. Indeed,
there are no uniform criteria for the definition of histological remission [2, 52].
Comparison with previous biopsies should be carried out to assess response, and we
recommend the Group d’Etude des Lymphomes de l’Adult (GELA) scoring system
as a reproducible method [53] (Table 3).

In fact, histological evaluation of gastric biopsies repeated on a fixed schedule is
crucial for the follow-up in order to rule out either the disease persistence or the
appearance of early epithelial changes, which may indicate an incoming gastric
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carcinoma development, especially when H. pylori infection persists. Once
H. pylori eradication has been demonstrated (by breath test or by a monoclonal
stool antigen test), it is recommended to repeat EGD with multiple biopsies 2–
3 months after treatment to exclude lymphoma progression, and subsequently
(every 6 months for 2 years) to monitor the histological lymphoma regression [22].

Gastric MALT lymphoma less commonly spreads to distant organs, and the
frequency of the histological transformation into diffuse large B-cell lymphoma
(DLBCL) is low. Transient histological relapses can be observed in endoscopic
biopsies during long-term follow-up, but they tend to be self-limiting, and especially
without the stimulus from H. pylori reinfection, they do not implicate a true clinical
relapse. Hence, when persistent but not progressive residual disease or histological
relapse is documented, a “wait and see” policy seems safe [46, 49, 54, 55]. Nev-
ertheless, a long-term careful endoscopic and systemic follow-up (clinical exami-
nation, blood counts and minimal adequate radiological or ultrasound examinations

Fig. 1 Algorithm for the treatment of patients with localized (Panel a) or disseminated (Panel b)
MALT lymphomas. In principle, to remove an antigenic stimulation that may favor a relapse,
eradication of putative driver chronic infections (H. pylori for gastric lymphomas, B. burgdorferi
for cutaneous lymphoma, C. psittaci for lymphoma of the ocular adnexa, C. jejuni for IPSID, and
HCV for salivary glands or subcutaneous lymphomas) should be given also to patients with
disseminated disease together with the required lymphoma treatment. This may reduce the risk of
gastric cancer in patients with H. pylori gastritis and liver cancer in those with chronic HCV
infection

Table 2 Schedules for H. pylori eradication

Scheme Drugs Recommendation

Triple
therapy

• PPI (standard dose mg twice daily) • First line (low prevalence of
clarithromycin resistance)• Clarithromycin (500 mg twice daily)a

• Amoxicillin (1,000 mg twice daily)
for 10–14 days

Triple
therapy

• PPI (standard dose mg twice daily) • First line (low prevalence of
clarithromycin resistance)• Clarithromycin (500 mg twice daily)a

• metronidazole (400 or 500 mg twice
daily)b for 10–14 days

Quadruple
therapy

• PPI (standard dose mg twice daily) • First line (high prevalence of
clarithromycin resistance)• Metronidazole (500 mg three times a

day)

• Tetracycline 500 mg four times a day

• Bismuth sub citrate 120 mg four times
a day for 10–14 days

• Second-line treatmentc

aTriple therapy is recommended in areas where the prevalence of clarithromycin resistance is less
than 10–15 %
bThe use of metronidazole instead of amoxicillin is suggested in area with less than 40 %
metronidazole resistance or in penicillin-allergic patients
cPPI plus amoxicillin, tetracycline, and metronidazole are recommended when bismuth is not
available. When a third choice in needed, it should be based on the antimicrobial susceptibility test

b

236 B. Vannata et al.



every 12–18 months) is strongly advisable for all patients. Furthermore, the risk of
gastric adenocarcinoma among individuals with gastric MALT lymphoma has been
reported to be six fold higher, while the risk of other non-Hodgkin lymphomas
should be considered higher than in the general population [56, 57].

An obvious prerequisite for a response to antibiotics is the presence of a H.
pylori infection. However, there are reports of lymphoma regression following
antibiotics also in H. pylori-negative patients, and first-line therapy with antibiotics
has to be considered at least in those patients without the t(11;18) translocation,
possibly due to a false-negative test or to infection by other Helicobacter species
[52]. The response rates of lymphomas are around 70-90 % for the mucosa-con-
fined lymphomas and decrease for the tumors infiltrating the submucosa, the
muscularis propria, and the serosa [58–62]. At the same time, the involvement of
perigastric lymph nodes, detected by either CT scan or endoscopic ultrasound,
rarely respond to antibiotics [60–62]. Moreover, the presence of a high-grade
lymphoma component and a history of autoimmune disease were associated with
antibiotic therapy resistance [63]. Nearly all gastric lymphomas with t(11;18)
translocation will not respond to H. pylori eradication therapy [62, 64]. The t(11;18)
is also associated with the resistance to chlorambucil or thalidomide as single agents
[65, 66]. Notably, data on a very small series of 13 patients have suggested that the
combination of chlorambucil and rituximab is active in t(11;18)-positive cases [67].

H. pylori eradication therapy should be considered in all gastric MALT lym-
phomas, independent of the stage [22], but patients with symptomatic disseminated
disease should also be considered for systemic treatment, e.g., the combination of
rituximab and chemotherapy. The role of immunochemotherapy will be further
discussed in the following sections which present the management of non-gastric
presentations.

Table 3 GELA criteria for post-treatment histological evaluation of gastric endoscopic biopsies
in gastric—MALT lymphoma [53]

Gela grading score

CR, complete histological
remission

• Normal or empty LP and/or

• Fibrosis with absent or scattered plasma cells and small
lymphoid cells in the LP

• No LEL

pMRD, probable minimal
residual disease

• Normal or empty LP and/or

• Fibrosis with aggregates of lymphoid cells or lymphoid
nodules in the LP/MM

• Focal or absent LEL

rRD, responding residual
disease

• Focal empty LP and/or

• Fibrosis with dense, diffuse, or nodular lymphoid infiltrate
extending around glands in the LP

• Focal or absent LEL

NC, no change • Dense, diffuse, or nodular lymphoid infiltrate

• LEL usually present

LP lamina propria, LEL lymphoepithelial lesions, MM muscolaris mucosa, SM submucosa
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6.3 Gastric HP-Negative or Antibiotic-Resistant MALT
Lymphoma and Non-gastric MALT Lymphoma

No definite guidelines exist for the management of patients with H. pylori-negative
gastric-lymphoma, for patients failing anti-HP treatment, or for the non-gastric
localizations. In H. pylori-negative cases, a regression of the lymphoma after
antibiotic treatment is unlikely and the immediate start of oncological treatments
should be considered. Nevertheless, a course of anti-HP treatment may be con-
sidered since occasional lymphoma responses have been reported [2, 52]. An
oncological treatment should, eventually, be considered when no signs of lym-
phoma regression are seen at a repeated endoscopy assessment 2–3 months after
antibiotics administration. No significant survival difference between patients who
received different initial treatments (including chemotherapy alone, surgery alone,
surgery with additional chemotherapy, and radiation therapy) has been shown [68,
69]. Radiotherapy may be the favored choice for patients with localized disease HP-
negative or for patients who do not achieve a lymphoma regression following
antibiotic therapy [70]. Indeed, involved-field radiotherapy to the stomach and
perigastric lymph nodes has results in excellent disease control and most reports
support the use of a moderate dose (24–30 Gy given in 3–4 weeks) [71–74].

Radiotherapy has become a standard treatment, at least in North America, also
for most non-gastric localized presentations. Literature reports a high rate of local
control in MALT lymphoma, with a high proportion of patients likely to be cured
[75–84 ]. The use of radiotherapy in this setting has been recommended by the
NCCN Clinical Practice Guidelines in Oncology [85]. The modern radiotherapy
techniques, such as three-dimensional conformal radiotherapy and intensity mod-
ulated radiotherapy, allow an accurate determination of the clinical target volume,
thus reducing the toxicity to surrounding organs [73, 86]. The curative doses
required (25–35 Gy) are generally associated with mild and reversible acute toxicity
and a low risk of long-term side effects, although special caution should be given
for specific localizations such as the ocular adnexa or the lung [72, 73, 74, 86].

In patients with disseminated non-gastric MALT lymphoma, observation with a
careful monitoring can be often an adequate initial approach. When treatment is
required, there is no consensus for the choice of treatment, but rituximab alone or
chemotherapy with or without rituximab appear the most appropriate choice. The
treatment approach of disseminated MALT lymphomas is the same in patients with
primary gastric and non-gastric origin, and the enrollment in controlled clinical
trials is advisable. Indeed, there is no standard recommendation, as only a limited
number of drugs and regimens have been specifically tested in MALT lymphomas
[2]. Oral alkylating agents (either cyclophosphamide or chlorambucil) or purine
nucleoside analogues (fludarabine, cladribine) are active as single agents [87, 88].
Rituximab monotherapy has also been tested in phase II studies [89, 90]. However,
there is not yet a widely accepted standard immunochemotherapy regimen.
Recently, the efficacy and safety of the combination of rituximab plus chlorambucil
has been proven in a phase III study of the International Extranodal Lymphoma
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Study Group (IELSG) in gastric (failing antibiotics) or non-gastric MALT
lymphomas. In comparison with either rituximab or chlorambucil given as single
agent, chlorambucil plus rituximab resulted in significantly superior complete
remission, progression-free and event-free survival rates; however, no overall
survival benefit was shown [91, 92]. The combination of rituximab and benda-
mustine [93] as well as the combination of fludarabine and rituximab has also
shown high rates of disease control in smaller non-randomized studies [93].
However, the hematological and infectious toxicity observed with the latter regi-
men, both during and after therapy, was significant in this patient population [94].
Aggressive anthracycline-containing chemotherapy regimen should be reserved for
patients with high tumor burden (bulky masses, unfavorable International Prog-
nostic Index) or for those with histological transformation [95].

6.4 Antibiotic Treatment in Non-gastric MALT Lymphoma

The role of antibiotic therapy in patients with non-gastric MALT lymphoma is
unclear [96]. Some anecdotal reports described regressions of non-gastric MALT
lymphomas in H. pylori-infected patients after H. pylori eradication [97–99], but
this approach is not effective in the majority of patients with non-gastric localization
[100]. Antibiotic therapy appears nowadays a reasonable first-line therapy for
patients with ocular adnexa MALT lymphoma and may be considered for some
cutaneous marginal zone lymphoma; however, it remains experimental in other
non-GI localization of MALT lymphomas.

6.5 Antibiotic Therapy for Ocular Adnexa MALT
Lymphoma (OAMZL)

The finding that Chlamydophila psittaci has been detected in up to 80 % of Italian
patients with OAMZL provided the rationale for the antibiotic treatment of local-
ized lesions [5, 7], and a pivotal Italian experience showed that the eradication of C.
psittaci infection using doxycycline for patients with OAMZL may result in lym-
phoma regression in approximately 50 % of patients, including pre-treated patients
and patients with regional lymph node involvement [101, 102]. Following this first
demonstration, a prospective international phase II study was later conducted by the
IELSG. In this study, C. psittaci DNA was detected in nearly 90 % of the lym-
phoma biopsy specimens. Thirty-four patients were treated front line with doxy-
cycline and assessed for chlamydia eradication and lymphoma response. Chlamydia
eradication was achieved in 14/34 patients (48 %), and six patients obtained a
complete lymphoma regression (overall response rate, ORR 65 %). At a median
follow-up of 37 months, the 5-year progression-free survival was 55 %. Moreover,
in this study, a consistent concordance between C. psittaci detected in tumor tissue
and C. psittaci on conjunctival swab indicated that conjunctival swab may be a
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simple, noninvasive tool for monitoring the infection [6]. Globally, doxycycline has
been tested in 120 patients with OAMZL, with an ORR of around 50 % [96]. The
median time for response after antibiotic therapy is 6 months. Analogous to H.
pylori eradication in gastric MALT lymphoma [52], in some patients, responses are
slow and may require up to 36 months [102]. Further investigations are warranted
to clarify the appropriate time for starting a different treatment after doxycycline
failure, the optimal schedule of doxycycline as well as to identify other potential
infective agents, and improve the eradicative antibiotic efficacy [6, 103, 104].

6.6 Antibiotic Therapy for Primary Cutaneous Marginal
Zone Lymphoma (PCMZL)

The term “pseudolymphoma” refers to a typical cutaneous B-cell infiltration known
to be induced by Borrelia burgdorferi chronic infection. B. burgdorferi has also
been reported to have a potential pathogenetic role in marginal zone lymphomas of
the skin. Some case reports have shown that the eradication of B. burgdorferi
following ceftriaxone therapy resulted in regression of an associated cutaneous
marginal zone lymphoma [4]. However, the evidence is based on a limited number
of patients [96], and therefore, no recommendations can be made.

6.7 Immunoproliferative Small Intestinal Disease (IPSID)

IPSID has a long natural history, often over many years, including a potentially
reversible early phase. If left untreated, however, the lymphoma can undergo a
histologic transformation to a DLBCL. In its early phases, IPSID can be treated
with prolonged antibiotic therapy (i.e., tetracycline or metronidazole and ampicillin
for at least 6 months), which can lead to lymphoma regression. These results may
suggest a role for an infectious agent, Campylobacter jejuni seeming the best
candidate [8]. Anthracycline-containing regimens, combined with nutritional sup-
port plus antibiotics to control diarrhea and malabsorption, represent the best
chance of cure for patients with advanced-stage disease. Surgery has no therapeutic
role, since the lymphoma usually diffusely involves the intestine.

6.8 Splenic MZL

Most patients with SMZL can initially be managed with a “wait and see” strategy.
Cytopenia or symptomatic massive splenomegaly is the main indication for treat-
ment start. When treatment is needed, therapeutic options are splenectomy, che-
motherapy, and rituximab alone or in combination with chemotherapy [24].

Splenectomy has been for a long time the therapy of choice. It allows prolonged
remissions with rapid alleviation of splenomegaly-related symptoms, accompanied
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by resolution of cytopenia and disappearance of circulating lymphocytes in around
90 % of the cases. Even when bone marrow involvement and lymphocytosis persist,
the time to next treatment may be longer than 5 years [32]. However, SMZL is a
systemic disease, and splenectomy cannot be considered a curative option. More-
over, it is a major surgical procedure with significant morbidity and non-negligible
mortality, especially in older patients [105].

There is no evidence for a survival benefit when chemotherapy is added to
splenectomy. Chemotherapy alone has been used for patients unsuitable for sple-
nectomy or relapsing after surgery. Alkylating agents (i.e., chlorambucil or
cyclophosphamide) alone or in combination (i.e., CHOP) with fludarabine mono-
therapy have shown to be effective. More recently, since most patients are elderly
and at high risk for surgery, frontline immunotherapy with rituximab alone or in
combination with chemotherapy has become more and more widely used [105–
109]. In a Greek study, 58 patients were treated with rituximab at a dose of 375 mg/
m2 per week for 6 weeks as induction, followed by rituximab maintenance in 43
patients (375 mg/m2 every 2 months for 1–2 years). The overall response rate in this
study was 95 %, with almost half of responses being complete, while the 5-year
progression-free survival was 77 %. Maintenance therapy with rituximab appeared
to induce a significantly longer response duration (the 5-year progression-free
survival was 84 % for patients receiving maintenance and 36 % for patients without
maintenance) [108].

A survey on the survival outcomes after surgery or rituximab-based systemic
therapy in the Surveillance Epidemiology and End Results-Medicare database
(SEER) included 227 patients, diagnosed between 2000 and 2007, and treated with
splenectomy (68 %), rituximab alone (23 %) or in combination with chemotherapy
(9 %) within 2 years from diagnosis. It showed higher rates of hospitalizations,
infections, transfusions, and cardiovascular or thromboembolic events after
chemoimmunotherapy than after splenectomy. Conversely, there was no significant
difference in the complication rates between groups treated with splenectomy or
rituximab alone [109].

Other retrospective series of rituximab monotherapy, including both chemo-
therapy-naive and refractory patients, showed overall responses of 88–100 % with
marked and prompt regression of splenomegaly and improvement of cytopenias
with overall survival comparable to that reported after splenectomy. Sustained
responses occurred both with and without rituximab maintenance and relapsed
patients responded to second courses of rituximab monotherapy [106]. The
remission rates and durations after rituximab, given either alone or with chemo-
therapy, were significantly better than after chemotherapy without rituximab in the
same patients, with manageable toxicity [107]. The combination of rituximab with
chemotherapy may further improve progression-free survival, but further evaluation
with confirmatory prospective trials is warranted [105–107]. The available evi-
dence, despite being mainly based on retrospective studies, seems to suggest that
rituximab could replace splenectomy as first-line treatment, particularly in SMZL
patients over the age of 65 years. In these patients, the risk of lymphoma-related
death and overall survival were similar to rituximab or splenectomy as initial
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therapy, indicating that single-agent rituximab may carry the most favorable
risk/benefit ratio in this population [109], but optimal schedule and long-term
outcome have not been fully defined yet.

For patients with SMZL HCV-associated, there is evidence that antiviral treat-
ment may be an acceptable option. As already mentioned, the use of antiviral therapy
to treat HCV-associated lymphomas was established after the demonstration by
Hermine et al. [9] of splenic marginal zone lymphoma regression following HCV
eradication. Later, other reports confirmed that antiviral therapy can be an efficacious
frontline therapy for HCV-associated SMZL and nodal MZL [10, 12, 110, 111].
HCV-RNA clearance is needed to attain lymphoma response [111], and the
achievement of a virologic response can be followed by a lymphoma regression in
up to 75 % of the cases. At present, in HCV-positive patients with marginal zone
lymphoma who do not need immediate conventional treatment for lymphoma,
antiviral treatment with pegylated-interferon-α and ribavirin should be considered as
first-line treatment [24, 111]. However, novel and better tolerated antiviral agents are
under development and will hopefully make easier the treatment of both lymphoma
and hepatitis. Indeed, less toxic and shorter interferon-free regimens will very soon
become a suitable option, and this may be particularly advantageous for the treat-
ment of lymphoma patients with interferon-resistant HCV genotypes [112, 113].

6.9 Nodal MZL

At present, no large prospective trials have been published and there are no definite
guidelines for the management of NMZL. It is generally accepted that treatment
should be planned according to the therapeutic principles adopted for follicular
lymphomas [24]. Therefore, patients affected by NMZL are often treated with a
combination of immunotherapy with anti-CD20 monoclonal antibody alone or in
combination with chemotherapy. Good responses are in general reported across
studies. However, relapses are frequent [114, 115]. In young patients with early
relapse, high-dose chemotherapy with autologous stem cell transplantation may be
an option, while radiotherapy, using low doses of radiation, may be considered in
localized cases or as palliative treatment of symptomatic lesions [36, 38]. However,
none of these approaches has been prospectively tested.

Analogous to SMZL, in patients with HCV-associated chronic infection, elim-
ination of the infection may induce a subsequent lymphoma regression [111];
therefore, an attempt to achieve HCV eradication with interferon and ribavirin
should be considered before any other treatment in patients who do not require
immediate immunochemotherapy. The role of new antiviral agents remains to be
evaluated.
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Treatment Strategies in Mantle Cell
Lymphoma

Kami Maddocks and Kristie A. Blum

Abstract

Mantle cell lymphoma (MCL) is a distinct B-cell non-Hodgkin’s lymphoma
(NHL) defined by the translocation t(11;14). MCL combines characteristics of
both indolent and aggressive lymphomas, and it is incurable with conventional
chemoimmunotherapy but has a more aggressive disease course. Minimal data
exist on treatment of patients diagnosed with early-stage disease (stage I–II non-
bulky), as this represents only a small portion of the patients diagnosed withMCL,
but therapeutic options evaluated in retrospective studies include radiation or
combination radiation and chemotherapy. There is a subset of patients with newly
diagnosed MCL that can be observed without treatment, but the majority of
patients will require treatment at diagnosis. Treatment is often based on age
(≤65–70 years of age), comorbidities, and risk factors for disease. The majority of
patients who are younger and without significant comorbidities are treated with
intensive induction using combination chemoimmunotherapy regimens, many
which include consolidation with autologous stem cell transplant (ASCT). Several
regimens have been studied that show improved median progression-free survival
(PFS) to 3–6 years in this population of patients. The majority of older patients
(≥65–70 years of age) are treated with combination chemoimmunotherapy
regimens with consideration of rituximab maintenance, with enrollment on a
clinical trial encouraged. Therapy for relapsed disease is dependent on prior
treatment, age, comorbidities, and toxicities but includes targeted therapies such
as the Bruton’s tyrosine kinase (BTK) inhibitor ibrutinib, the immunomodula-
tory agent lenalidomide, the proteasome inhibitor bortezomib, combination
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chemoimmunotherapy, ASCT, and allogeneic stem cell transplant in selected
cases. Several novel agents and targeted therapies alone or in combination are
currently being studied and developed in both the upfront and relapsed setting.
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1 Introduction

Mantle cell lymphoma (MCL) is a distinct B-cell lymphoma defined by the
translocation t(11;14), resulting in the constitutive overexpression of cycle D1 [1].
MCL comprises 3–10 % of all non-Hodgkin lymphomas (NHL) [1]. The median
age at diagnosis is 60–65 years with at least a 2:1 male predominance [2, 3]. The
majority of patients will present with Ann Arbor stage III or IV disease (advanced
stage) with the most common sites of disease involvement including the lymph
nodes, bone marrow, spleen and peripheral blood, and the most common sites of
extranodal disease involvement including the gastrointestinal tract and Waldeyer’s
ring [1]. MCL is thought to combine the unfavorable features of both indolent and
aggressive NHL subtypes; it is incurable with conventional chemoimmunotherapy
but has a more aggressive disease course.

Different clinical and biologic features have been identified as prognostic factors
in MCL. Both the International Prognostic Index (IPI) for lymphoma [4] and the
Mantle Cell International Prognostic Index (MIPI) [5] identify clinical risk factors
for shorter survival including increased age, stage III/IV disease, high lactate
dehydrogenase (LDH), poor performance status, and extranodal disease sites for the
IPI and increased age, poor performance status, high LDH, and higher white blood
cell count at diagnosis for the MIPI. Other clinical factors that have been suggestive
of worse prognosis include occurrence of B symptoms, bulky disease, spleno-
megaly, anemia, and high β2-microglobulin.
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In addition to clinical risk factors, certain biologic risk factors have been asso-
ciated with prognosis. The presence of p53 mutations has been associated with
shorter overall survival [6, 7]. Higher proliferation rate, determined by number of
mitoses or Ki-67, has also been associated with shorter survival where patients with
tumors demonstrating Ki-67 levels of less than 30 % have been shown to have
significantly longer median overall survival (OS) times than patients with tumors
demonstrating Ki-67 levels of greater than 10 % [8, 9]. Complex karyotype, as
defined by ≥3 unrelated chromosomal abnormalities [including t(11;14)], has been
associated with shortened progression-free survival (PFS) and OS in newly diag-
nosed patients, regardless of initial therapy [10, 11]. Mutated IgVH genes and the
absence of the transcription factor SOX11 have been associated with more indolent
disease [12, 13]. Tumors with high levels of mutation are associated with less
genomic complexity, SOX11 negativity, and improved overall survival.

2 Treatment

The optimal upfront treatment regimen in MCL is not clearly defined. While several
acceptable treatment regimens have been shown to prolong response durations, none
of these regimens have proven curative and it remains unclear that any provides a
survival advantage over another. Due to the relatively small numbers of patients
diagnosed with MCL, there is a lack of large randomized controlled trials of these
regimens, and therefore, most of the data come from single-arm phase II studies.

2.1 Limited Stage (Stage I–II Non-bulky)

There is a paucity of data that include only retrospective analysis on appropriate
treatment for patients who present with limited bulk, early-stage (stage IA or IIA)
disease. Radiation can be considered as a treatment option in selected cases. In a
retrospective analysis of 26 patients with limited-stage disease, inclusion of radi-
ation therapy with or without chemotherapy was associated with significantly
improved PFS at 5 years (68 % vs. 11 %, p = 0.0002) and a trend toward
improvement in overall survival [14]. This presentation represents only a small
fraction of the population of patients diagnosed with MCL.

2.2 Advanced Stage (Stage II Bulky, Stage III–IV)

While there is a population of patients with MCL who can be observed without
treatment similar to an indolent lymphoma, the majority of patients will require
treatment at diagnosis. While there are several acceptable frontline regimens for
patients with newly diagnosed stage II–IV MCL, treatment is often based on age
(≤65–70 years of age), comorbidities, and risk factors for disease.
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2.2.1 Observation
Although MCL tends to more rapidly progress in the majority of patients, there may
be a role for observation in selected patients including elderly, asymptomatic, or
low-risk patients by MIPI score. A study at Weill Cornell Medical Center identified
a group of patients who did well with deferring initial therapy [15]. Out of 97
patients evaluated, they identified thirty-one asymptomatic patients without cy-
topenias, bulky disease, or organ compromise, who were observed for more than
3 months after their initial diagnosis. The median time to treatment in these patients
was 12 months, although the time to initiation of treatment ranged from 4 months to
128 months with 14 patients being observed for 12 months or longer, 3 of whom
were observed for more than 5 years. Survival of the observed patients was superior
to survival of the patients treated within 3 months of diagnosis (OS not reached vs.
64 months) with performance status and lower-risk IPI associated with an increased
likelihood of observation. However, it is important to recognize that this is a small,
retrospective, non-randomized trial.

While certain characteristics of disease have been associated with more indolent
disease course including non-nodal disease, IPI, IgVH mutational status, and
SOX11 expression [11, 12, 15], these are not well described or validated and
additional trials are required to identify which patients will benefit from observation
in the initial treatment of MCL prior to it being routinely recommended.

2.3 Frontline Therapy for Younger Patients (≤65–70 Years
of Age)

The majority of patients who are younger and without significant comorbidities are
treated with intensive induction using combination chemoimmunotherapy regimens
or intensive induction using combination chemoimmunotherapy regimens typically
followed by consolidation with autologous stem cell transplantation (ASCT) as
conventional therapy does not provide long-term control of MCL. Several single-
arm phase II studies have shown that these intensive treatment options improve
median PFS to 3–6 years in this population of patients.

2.3.1 Dose-Intensified Chemoimmunotherapy Regimens
The addition of rituximab to more intensive combination chemotherapy regimens
has shown to translate into improved outcomes in this population of patients. Three
separate phase II studies using the combination of rituximab and hyper-CVAD
(fractionated cyclophosphamide, vincristine, doxorubicin, and dexamethasone)
alternating with rituximab, high-dose methotrexate, and cytarabine (R-MTX/Ara-C)
have been shown to prolong PFS in younger patients. M.D. Anderson conducted a
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study of 97 patients aged 41–81 years using 6–8 cycles (the 29 patients in CR after
only 2 cycles received 6 total cycles, all others received 8 cycles) of R-Hyper-
CVAD alternating with R-MTX/Ara-C, with 97 % of patients responding to therapy
and 87 % achieving a complete response (CR) [16]. In all patients, the 3-year
failure-free survival (FFS) was 64 % with 40 months of follow-up and was 73 % in
patients less than 65 years (n = 3). At 7 years, FFS was 43 % with 60 % OS. A total
of 29 % of patients were unable to finish their intended cycles of therapy (80 %
scheduled to receive 8 cycles). The hematologic toxicity was significant with this
regimen, including 4 patients who developed treatment-related myelodysplastic
syndrome/acute myelogenous leukemia (MDS/AML). Additionally, 5 patients died
from acute toxicity which included 3 with neutropenic sepsis, one with pulmonary
hemorrhage, and one of unknown causes, and 3 patients died while in remission, all
from MDS, for a total of eight (8 %) treatment-related deaths. In a multicenter phase
II study by the Southwest Oncology Group (SWOG) in patients with previously
untreated MCL less than 70 years of age, 49 patients were treated with R-Hyper-
CVAD alternating with R-MTX/Ara-C for eight cycles [17, 18]. The overall
response rate (ORR) was 86 % with a CR rate of 58 %. The 2-year PFS and OS
were 65 % and 76 %, respectively, and with a median follow-up at 4.8 years, the
median PFS was 4.8 years, increasing to 5.5 years for those patients ≤65 years, and
median OS was 6.8 years. This study reported significant toxicity, with 19 (39 %)
patients not completing the full course of treatment due to toxicity. Hematologic
and infectious toxicities were high with 10 episodes of grade 3 febrile neutropenia
and 20 episodes of grade 3–4 infection including respiratory, urinary, and catheter-
related infections. There were two cases of treatment-related MDS and one treat-
ment-related death from clostridium difficile (C. diff) colitis with toxic megacolon
and sepsis. A multicenter Italian study alternating R-Hyper-CVAD with R-MTX/
Ara-C for eight cycles treated 60 patients ≤70 years [19]. The ORR was 83 %, with
a CR of 72 %, and 5-year PFS and OS were 61 % and 73 %, respectively. This
regimen was also associated with significant toxicity in this study, with the inci-
dence of grade 3–4 infections being 50 %: only 22 patients (37 %) actually com-
pleting the planned therapy and 3 patients with treatment-related deaths due to
sepsis, cardiac failure, and pulmonary aspergillosis. Due to the shortened FFS and
significant toxicity in patients over 65, R-Hyper-CVAD is not routinely recom-
mended for patients >65 years of age.

2.3.2 Autologous Stem Cell Transplantation
For those patients who are candidates for ASCT, first-line consolidation therapy
with autologous transplant has demonstrated improved PFS in a number of different
studies using several different chemoimmunotherapy regimens for induction. In a
randomized study by the European MCL Network, 122 patients ≤65 years with
advanced-stage MCL who had received a CHOP-like regimen (majority receiving
CHOP or R-CHOP) and achieved a CR or PR with no MCL cells detectable in the
peripheral blood and <20 % detectable in the bone marrow were randomized to
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ASCT versus interferon-α maintenance (IFN-α) [20]. ASCT resulted in a signifi-
cantly longer median PFS compared IFN-α maintenance, 39 months versus
17 months (p = 0.011), respectively, with 3-year OS 83 % following ASCT
compared to 77 % with IFN-α. Infectious and hematologic toxicities were high,
with 5 % mortality due to infectious complications in the ASCT arm. The Cancer
and Leukemia Group B (CALGB 59909) trial treated 78 patients <70 years with
two or three cycles of rituximab combined with methotrexate and augmented
CHOP, one cycle of rituximab, etoposide and cytarabine (EAR) and filgrastim to
mobilize autologous peripheral blood stem cells, and ASCT utilizing high-dose
carmustine, etoposide, and cyclophosphamide as conditioning regimen [21]. This
regimen yielded an ORR of 88 % with 69 % CR, 5-year PFS of 56 %, and 5-year
OS of 64 %. Eight of the first 20 patients treated experienced unexpected acute
renal failure, which prompted a reduction in the methotrexate dose. Renal failure
did not occur after this change in dosing, and the 2-year PFS in the 58 patients
treated at the lower methotrexate dose was 73 %. There were two treatment-related
mortalities, a cardiovascular collapse from severe anemia and sepsis. The event rate
(early progression plus non-relapse mortality) was only 5.1 % at day + 100 fol-
lowing transplant. The CALGB group followed this trial with CALGB 50403 in
which patients <70 years were treated with the exact same induction and transplant
regimen as 59909, with treatment following transplant to include 2 doses of post-
transplant rituximab followed by randomization between bortezomib consolidation
(BC—1.3 mg/m2 days 1, 4, 8, 11 of a 3-week cycle for 4 cycles) or bortezomib
maintenance (BM—1.6 mg/m2 weekly 4 of 8 weeks for 18 months) beginning
90 days post-transplant. A total of 147 patients were treated, and 102 were ran-
domized with 34 (65 %) patients completing BM and 33 (66 %) completing BC.
The 3-year PFS from time of transplant was 67 % compared to 59 % on CALGB
59909 (p = 0.0086). There were 4 treatment-related deaths. Although both were
feasible, the BC arm had 14 (28 %) patients withdraw due to toxicity, with only 7
(13 %) patients in the BM withdraw due to toxicity (p = 0.088), most of which were
attributed to cytopenias or peripheral neuropathy [22].

Several additional studies suggest that inclusion of cytarabine in the pretrans-
plant induction regimen improves outcomes. The Nordic Lymphoma Group (NLG)
conducted a phase II trial (MCL-2) in 160 patients ≤66 years with untreated
advanced-stage MCL [23, 24]. Induction therapy consisted of rituximab in com-
bination with alternating cycles of maxi-CHOP and high-dose cytarabine for a total
of 6 cycles with the sixth cycle of cytarabine plus filgrastim serving as the stem cell
mobilization followed by ASCT utilizing carmustine, etoposide cytarabine and
cyclophosphamide or melphalan (BEAM or BEAC). This resulted in an ORR of
96 % with a 54 % CR, 6-year PFS of 66 %, and 6-year OS of 70 % which was a
significant improvement from the NLG MCL-1 trial which treated patients with 4
cycles of intensified CHOP followed by ASCT with a 4-year failure-free survival of
15 % and OS 51 % [25]. This demonstrated the contribution of the high-dose
cytarabine to improved patient outcomes. Five patients failed to proceed to ASCT
due to toxicity which included aortic stenosis (n = 1), gastric bleeding (n = 1), and
severe infection (n = 3). A total of 8 (5 %) non-relapse deaths occurred, four during

256 K. Maddocks and K.A. Blum



high-dose therapy due to graft failure (n = 1) and infections (n = 3) and four due to
heart failure (n = 3) (8, 20, and 28 months post-ASCT) and pulmonary embolism
(n = 1) (45 months after ASCT). There was 1 case of MDS. Further follow-up from
this study showed a median event-free survival (EFS) of 7.4 years and median OS
to exceed 10 years. While initially no relapses were reported after 5 years, with
further follow-up, late relapses were reported in 6 patients more than 5 years after
the end of therapy. Ki-67 was found to be the only independent factor predictive of
survival.

In a phase II multicenter trial conducted by the French cooperative group GELA,
60 patients ≤66 years were treated with two cycles of CHOP, 1 cycle of R-CHOP,
and 3 cycles of R-DHAP followed by ASCT with TBI, high-dose cytarabine, and
high-dose melphalan [26]. The ORR was 95 % with 57 % of patients achieving a
CR after R-DHAP but only 12 % of those achieving a CR after R-CHOP, similar to
the improvement seen with the addition of cytarabine in the NLG MCL-2 trial.
Forty-nine patients received ASCT, and at a median follow-up of 67 months,
median EFS was 83 months and median OS not reached, with 5-year OS 75 %. One
patient experienced sudden death within 2 weeks of the first treatment, 3 patients
were unable to proceed with ASCT due to therapy-related toxicity (renal in n = 3
and neurologic in n = 1), and seven patients progressed prior to ASCT. No patients
died during the ASCT, and there were no cases of MDS reported at a median
follow-up of 67 months. A phase III randomized trial by the European MCL
Network confirmed the benefits for cytarabine prior to ASCT [27]. The group
enrolled 455 evaluable patients with Stage II-IV MCL up to 65 years of age who
were randomized to recieve either a standard arm wtih 6 cycles of R-CHOP therapy
followed by stem cell mobilization with DexaBEAM and myeloablative treatment
with TBI and high-dose cyclophosphamide and ASCT or an experimental arm wtih
6 cycles of alternating R-CHOP/R-DHAP followed by a high-dose cytarabine
containing myeloablative therapy with TBI, high-dose cytrabine and melphalan and
ASCT. ORRs were similar (90 % R-CHOP vs. 95 % R-CHOP/R-DHAP, p = 0.19)
prior to ASCT and after ASCT (98 % R-CHOP vs. 97 %); however, CR was
significantly higher in the arm alternating R-CHOP with R-DHAP as compared to
the R-CHOP arm (54 % vs. 40 %, p = 0.0003) prior to ASCT although similar after
ASCT (63 % vs. 61 %). After a median follow-up of 51 months, time to treatment
failure (TTF) and OS were longer following R-CHOP/R-DHAP induction with TTF
88 months with R-CHOP/R-DHAP vs. 46 months with R-CHOP, p = 0.0382, and
OS not reached with R-CHOP/R-DHAP versus 82 months R-CHOP, p = 0.045.
Toxicity was comparable in both arms.

It still remains unclear that all younger patients will benefit most from intensive
therapy and ASCT. In patients treated in both the NLG MCL-2 and the CALGB
59909 trials, it was shown that the MIPI was predictive of PFS and OS in patients
treated uniformly with intensified therapy and ASCT [21–24]. In patients treated on
the CALGB trial, 66.7 % of high-risk MIPI patients progressed compared with
32.3 % of low-intermediate risk (p < 0.02) with 67 % high-risk patients dying
compared with 25 % of the low-intermediate risk (p < 0.03) [21]. In patients treated
on the NLG trial, 70 % of patients with low-intermediate risk MIPI were alive at

Treatment Strategies in Mantle Cell Lymphoma 257



10-year follow-up in comparison with only 23 % of the patients with high MIPI
[24]. In a study of 118 patients with MCL who received HDT and ASCT with 85 of
those having ASCT as first consolidation, the MIPI was found to be independently
associated with OS and PFS, regardless of induction regimen or timing of transplant
[28]. OS at 2.5 years was 93, 60, and 32 % for low-, intermediate-, and high-risk
MIPI. When adjusting for age, the MIPI remained associated with improved OS,
whereas induction regimen did not.

In addition to the MIPI, achievement of molecular remission has also been
associated with outcome in patients undergoing intensive induction therapy fol-
lowed by ASCT. In the CALGB 59909 study, 39 patients had evaluable peripheral
blood and bone marrow for minimal residual disease (MRD) by real-time poly-
merase chain reaction (PCR) for identification of rearranged immunoglobulin
heavy-chain genes (IgH) or BCL-1/JH gene rearrangements (translocation 11;14)
[29]. Of these 39 patients, 18 (46 %) had achieved molecular remission following
induction (two cycles of rituximab, methotrexate, and augmented CHOP as above)
with 21 patients having detectable MRD. Twelve (57 %) of the MRD-positive
patients progressed within 3 years of follow-up, compared to four (22 %) of the
MRD-negative patients. The 3-year probability of progression was 82 % for those
with MRD-positive disease versus 48 % with MRD-negative disease. The NLG
also evaluated MRD by PCR for t(11;14). They found that a larger number of
patients were able to collect PCR-negative stem cells in the MCL-2 trial compared
with the MCL-1 trial (88 % vs. 12 %, p < 0.001) and patients obtained a longer
duration of molecular remission supporting the importance of rituximab and cyt-
arabine for in vivo stem cell purging [23, 24]. They also noted that PFS differed
between patients with PCR-positive samples at different time points with patients
having detectable MRD within the first year of follow-up having a median PFS of
1.5 years, those detected later a median PFS of 5 years, and those that still remained
without detectable disease median survival was not reached (p < 0.001). The rate of
molecular remission was also shown to be predictive of response in the European
MCL trial where MRD was detected by PCR for t(11;14). In the arm alternating
therapy with R-CHOP and R-DHAP, achievement of MRD after induction was
higher than in the arm receiving therapy with R-CHOP (73 % vs. 32 %), and
achievement of molecular remission was associated with significantly improved 2-
year PFS (94 % vs. 74 %, p = 0.022) [27, 30].

It is therefore possible that the benefit of transplant is greatest in patients with
low-risk disease and those that are able to achieve MRD-negative disease with
induction therapy prior to transplant. There remains the possibility that similar
outcomes could be obtained by using novel therapies and maintenance strategies,
though for the time, ASCT remains the most utilized therapy in this population of
patients.
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2.4 Frontline Therapy for Older Patients
(≥65–70 Years of Age)

2.4.1 Chemoimmunotherapy
As noted above, older patients are not usually considered candidates for ASCT and
have increased toxicities associated with more intensive chemoimmunotherapy
regimens such as R-Hyper-CVAD. Options for treatment include single-agent rit-
uximab, rituximab in combination with chemotherapy, or enrollment onto a clinical
trial.

Single-agent rituximab consisting of 4-weekly infusions of 375 mg/m2 has only
moderate single-agent activity in MCL, with two separate trials and one retro-
spective analysis showing response rates of 27–38 %, median time to progression
(TTP) of 6–7 months, and median duration of response of 12–14 months [31–33].
Therefore, this is not typically recommended as first-line therapy alone, but instead
in combination therapy.

The European MCL Network conducted a trial randomizing 455 evaluable
patients >60 years with untreated MCL who were not eligible for high-dose therapy
to R-CHOP versus R-FC (rituximab, fludarabine, and cyclophosphamide) [34]. The
median age of patients was 70 years. The OR was similar between the two arms
(40 % R-FC vs. 34 % R-CHOP, p = 0.10), but the overall survival was significantly
shorter with R-FC than with R-CHOP (4-year survival rate 47 % R-FC vs. 62 %
R-CHOP, p = 0.005).

In addition to R-CHOP, bendamustine and rituximab (BR) have proven effective
in untreated MCL. In a randomized European phase III trial comparing BR to
R-CHOP in untreated indolent and MCL with 513 evaluable patients including 94
patients (20 %) with MCL, response rates were similar with BR and R-CHOP
(93 % BR vs. 91 % R-CHOP). However, the BR regimen resulted in improved
complete response rates (40 % BR vs. 30 % R-CHOP, p = 0.021) and prolonged
PFS (69.5 months BR vs. 31.2 months R-CHOP, p = 0.0002, in all patients, and
35.4 months BR vs. 22.1 months R-CHOP, p = 0.0044, in the MCL patients) [35].
There was no difference in overall survival. Of additional importance was the less
frequent serious adverse events seen in the patients treated with BR including less
grade 3–4 hematologic toxicity, lower number of infectious complications, and
lower incidence of peripheral neuropathy. Additionally, BR is without the risk of
cardiac toxicity. These results were recently confirmed in the BRIGHT study, a
non-inferiority study of BR versus R-CHOP/R-CVP in initial therapy of indolent
NHL or MCL [36]. This study evaluated 224 patients assigned to BR and 223
patients to R-CHOP/R-CVP including 77 with MCL. The ORR was 94 % with BR
versus 85 % with R-CHOP, with a CR rate of 50 % with BR versus 27 % with
R-CHOP, with the most common toxicities of BR being vomiting and drug
hypersensitivity and of R-CHOP being peripheral neuropathy and alopecia.

Purine analog therapies, including cladribine and fludarabine, do have activity
alone or in combination with rituximab in MCL. In a study of 29 patients treated
with cladribine and rituximab as initial therapy, the OR was 66 % with median PFS

Treatment Strategies in Mantle Cell Lymphoma 259



of only 12 months [37]. As noted above, treatment with R-FC was shown to be
associated with lower OS compared to R-CHOP. With inferior response durations
and survival, chemoimmunotherapy with purine analog therapy would not be
recommended over R-CHOP as initial treatment.

2.4.2 Maintenance Therapy
Post-induction maintenance has proven beneficial in prolonging PFS in MCL
patients >60 years of age. The European MCL Network trial in patients >60 years
with untreated MCL mentioned above performed included a second randomization
in those patients achieving a PR or CR to R-FC or R-CHOP to receive maintenance
rituximab (R) every 2 months until progression versus interferon alpha (IFN-α)
maintenance until progression [34]. Among the 316 patients who underwent the
second randomization, median remission duration was significantly improved with
R maintenance as compared with IFN-α (75 months vs. 27 months, p < 0.001).
Although the OS was not statistically different in those patients receiving R
maintenance (4-year OS 79 % R vs. 67 % IFN, p = 0.13), in those patients
randomized to R-CHOP induction, the median duration of response exceeded
6 years and the 4-year OS was 87 % with maintenance R compared to 63 % with
interferon (p = 0.005). Therefore, maintenance R should be offered to patients >60
receiving R-CHOP without consolidative ASCT. However, additional data are
needed utilizing R maintenance following other chemotherapy combinations such
as R-bendamustine. In addition, the optimal duration of maintenance R is not yet
known as no studies have compared maintenance until progression with shorter-
duration maintenance therapy or even treatment with rituximab upon evidence of
MRD.

2.5 Relapsed Disease

Therapy for relapsed disease is dependent on prior treatment utilized, age, perfor-
mance status, and toxicities. Treatment options include treatment with molecular
targeted therapies, other chemotherapeutic agents, ASCT if not utilized in the
frontline setting, and allogeneic stem cell transplantation in selected cases.

2.5.1 Molecular Targeted Therapies
The most recently FDA-approved therapy and preferred treatment for most patients
at the time of first relapse is the targeted agent ibrutinib. Ibrutinib is a small-
molecule inhibitor of Bruton’s tyrosine kinase (BTK), an essential component in
B-cell receptor (BCR) signaling. BCR signaling plays a key role in the survival and
proliferation of malignant B cells. A phase I study in B-cell malignancies included
nine patients with MCL, with seven out of nine (78 %) of these patients responding
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to therapy, including a CR in 3 (33 %) patients [38]. No dose-limiting toxicities
occurred, and the drug did not have significant myelosuppression. On the basis of
this, a phase II study at a dose of 560 mg orally daily was conducted in MCL. In
this multicenter phase II study of oral ibrutinib, 111 patients with relapsed/refrac-
tory MCL were enrolled into two groups, those that had received prior treatment
with bortezomib, and those that had no prior treatment with bortezomib [39]. A
68 % OR was observed with a CR of 21 % and estimated median PFS of
13.9 months, with no difference in those with prior bortezomib treatment versus
those without. Additionally, responses increased as time on treatment increased.
Ibrutinib was well tolerated with grade 3 or higher hematologic adverse events
being infrequent. Grade 3 and 4 events included neutropenia (16 %), thrombocy-
topenia (11 %), anemia (10 %), diarrhea (6 %), fatigue (5 %), abdominal pain (5 %),
dyspnea (5 %), peripheral edema (2 %), anorexia (2 %), rash (2 %), and pyrexia
(1 %). There were 5 events of grade 3 bleeding including two subdural hematomas.
The most common non-hematologic adverse treatment-related events occurring in
more than 20 % of patients included diarrhea, fatigue, nausea, peripheral edema,
constipation, upper respiratory tract infection, vomiting, and decreased appetite.
Adverse events did lead to discontinuation of therapy in 8 patients (7 %), and 4
deaths during therapy were attributable to adverse events (2 pneumonia, 1 sepsis,
and 1 cardiac arrest). This trial did exclude patients on anticoagulation with war-
farin after the four patients with subdural hematomas and required patients to have
platelet count of 50 × 109/L and absolute neutrophil count of 0.75 × 109/L.
Although the package label does not advise against in patients who are taking
anticoagulation, ibrutinib should be used in caution with these patients.

Lenalidomide is an immunomodulatory agent with activity in indolent and
aggressive lymphomas, approved by the FDA in June 2013 for the treatment of
relapsed/refractory MCL based on the results of 3 multicenter phase II studies [40–
42]. In the subset of patients treated in the first phase II study (NHL-002) that
included 15 patients with MCL, the OR was 53 % with a 20 % CR, median duration
of response of 14 months, and PFS of 6 months [41]. A larger study that included
57 patients with MCL showed similar results with an OR of 42 % and 17 % CR
with a median PFS of 6 months [42, 43]. The most common toxicities were my-
elosuppression with neutropenia in 43–46 % of patients and thrombocytopenia in
28–30 %. A phase I/II study of lenalidomide combined with rituximab in relapsed/
refractory MCL patients included 52 patients with the maximum-tolerated dose of
lenalidomide being 20 mg [44]. The OR was 57 % with a 36 % CR in the patients
treated at the recommended phase II dose. Median duration of response was
19 months, and PFS was 11 months. The most common toxicity was grade 3–4
hematologic toxicity including neutropenia in 66 % and thrombocytopenia in 23 %
of these patients.

Bortezomib is a proteasome inhibitor with FDA approval based on relapsed/
refractory MCL with one prior therapy based on the results of the PINNACLE trial
[45, 46]. In this trial, 141 evaluable patients were treated with single-agent bort-
ezomib 1.3 mg/m2 on days 1, 4, 8, and 11 of a 21-day cycle for up to 17 cycles. The
OR was 33 % with 8 % CR and median duration of response of 9 months. At a
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median follow-up of 26 months, the median OS was 23.5 months in all patients and
35 months in those responding. The most common averse events were fatigue
(61 %), peripheral neuropathy (55 %), constipation (50 %), and nausea (44 %).
Grade ≥3 peripheral neuropathy occurred in 13 % of patients and was the most
common adverse event leading to treatment discontinuation (10 %). While different
approaches to treatment with bortezomib have been utilized to decrease the inci-
dence of neuropathy (such as weekly dosing and subcutaneous administration),
these are not well studied in MCL.

2.5.2 Chemoimmunotherapy
Combination of rituximab and bendamustine is an effective chemoimmunotherapy
approach in relapsed disease. Two phase II studies evaluating the combination in
relapsed/refractory indolent and MCLs showed high response rates. A study of 67
patients included 12 patients with MCL with an ORR of 92 % and CRR of 42 %
with median duration of response being 19 months [47]. Another phase II trial
included 16 patients with MCL with an ORR of 75 % and CRR of 50 % [48]. A
small multicenter phase II study looking at the combination of rituximab, benda-
mustine, and bortezomib included 29 evaluable patients, 7 with MCL. The OR in
the MCL patients was 71 % with 2-year PFS in the entire group being 47 % [49].

2.5.3 Autologous Stem Cell Transplantation
For those patients who are candidates for ASCT but did not undergo transplant with
initial therapy, there is a potential role for transplant at relapse although the out-
comes are less favorable. In a study of 56 patients receiving ASCT, 36 received
ASCT in first CR or partial remission (PR), while 20 received ASCT at disease
progression. The 3-year PFS of the group transplanted in first CR/PR was 93 %
compared to 46 % in those transplanted at relapse, while the OS was 63 % com-
pared to 36 %, suggesting that the benefits of ASCT are of greatest at the time of
initial therapy as opposed to at time of relapse [50]. However, based on median 3-
year PFS of 46 % at first relapse which is superior to the 6–14-month PFS with
targeted agents such as ibrutinib, bortezomib, or lenalidomide, ASCT should be
considered in suitable patients who did not receive this in first remission.

2.5.4 Allogeneic Stem Cell Transplantation
Allogeneic stem cell transplantation is considered the only potentially curative
therapy for advance-stage MCL. Small studies using reduced-intensity conditioning
(RIC) regimens have reported benefit in select patients with available donors [51,
52], although complicated by a high risk of treatment-related morbidity and
mortality from infectious complications and graft-versus-host disease. The benefits
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of RIC allogeneic SCT seem to be greatest in those patients with chemosensitive
disease who are transplanted in remission. The MD Anderson Cancer Center
reported on 18 patients with relapsed MCL, 5 of who had failed prior ASCT, treated
with RIC allogeneic transplant. At a median follow-up of 26 months, the estimated
3-year PFS was 82 % and OS 85 %, with the majority of patients (89 %) having
chemosensitive disease [52]. In another study evaluating 33 patients receiving RIC
allogeneic transplant, including 42 % who had failed prior ASCT, the 2-year dis-
ease-free survival was 60 % and OS 65 %, with none of the patients transplanted in
CR (n = 13) experiencing disease relapse at a median follow-up of 25 months [53].

2.6 Studies in Development

2.6.1 Novel Frontline Approaches
A number of frontline studies are being pursued incorporating the use of different
molecular targeted agents and maintenance strategies.

A phase II study of lenalidomide and rituximab in patients with previously
untreated MCL is currently ongoing at Weill Cornell Medical University
(NCT01472562) [54]. This trial is open to patients older than 18 years of age in
patients that the investigator feels is not a candidate for chemotherapy. Treatment
consists of an induction phase with lenalidomide 20 mg/day for days 1–21 of 28-
day cycles for 12 cycles and rituximab 375 mg/m2 per dose for a total of 9 doses
with 4-weekly doses (days 1, 8, 15, and 22) and subsequent dosing weeks 12, 20,
28, 36, and 44. The maintenance phase includes treatment with lenalidomide
15 mg/day for days 1–21 of a 28-day cycle with rituximab at 375 mg/m2 per dose
one dose every 8 weeks starting at week 52 with both drugs continued until pro-
gression. A total of 31 patients were enrolled at 4 centers. Median age was 65
(range 42–86). At a median follow-up of 12 months, 27 (87 %) patients remain on
study without disease progression with 18 of those having completed induction
therapy and in the maintenance phase. With 30 patients evaluable for response, the
ORR was 77 % with 40 % CR. Median PFS or duration of response had not been
reached. Toxicity was as expected with grade 3–4 hematologic toxicity including
neutropenia (39 %) and thrombocytopenia (13 %) and grade 3–4 non-hematologic
toxicity including rash (23 %). One patient did go off study for tumor flare. An
expansion study with this regimen is currently ongoing.

The Eastern Cooperative Oncology Group (ECOG) has an ongoing trial to
evaluate BR alone and in combination with bortezomib followed by consolidation
with rituximab or rituximab and lenalidomide (NCT01415752) in patients >18 years
of age. A SWOG trial that was recently closed to accrual evaluated R-Hyper-CVAD/
MTX/Ara-C induction followed by ASCT versus BR induction followed by ASCT
in patients ≤65 years of age (NCT01412879). The R-Hyper-CVAD/MTX/Ara-C
induction followed by ASCT arm closed early due to inability to collect stem cells in
a significant number of patients, and the BR induction followed by ASCT has
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recently met accrual goal and results are awaited. Lastly, there is an ongoing
pharmaceutical-sponsored phase III trial randomizing untreated MCL patients to BR
versus BR and ibrutinib (NCT01776840) in patients ≥65 years of age.

2.6.2 Novel Agents and Combinations at Relapse
A number of ibrutinib combination regimens are under evaluation for patients with
relapsed MCL. In a phase I/IB dose-escalation study of BR and ibrutinib in relapsed
or refractory B-cell malignancies with expansion cohorts in DLBCL, MCL, and FL
(NCT01479842), no dose-limiting toxicities were observed utilizing 560 mg ibr-
utinib days 1–28 with rituximab 375 mg/m2 day 1 and bendamustine 90 mg/m2

days 1 and 2 of a 28-day cycle [55]. The most common toxicity serious adverse
events reported were hematologic. Accrual is completed, with 46 patients accrued
including 17 patients with MCL. ORR is 74 % in 38 evaluable patients, with 100 %
ORR (81 % CR) in 16 evaluable patients with MCL (personal communication Dr.
Blum). There is also an ongoing phase I study of ibrutinib in combination with
lenalidomide for all B-cell malignancies (NCT01955499) and a phase II study of
ibrutinib in combination with rituximab in MCL (NCT01880567).

2.6.3 Novel Agents
Several other novel therapies are in development including a number of oral
therapies targeting inhibition of the B-cell receptor signaling pathway.

Idelalisib is a selective inhibitor of PI3 kinase delta, FDA-approved for the
treatment of follicular lymphoma in January 2014, which is critical for survival of B
cells and overactive in many B-cell malignancies. Idelalisib was evaluated in MCL
in a phase I study that enrolled 40 patients [56]. The ORR was 40 %, with a 5 %
CR, median duration of response of 2.7 months, and median PFS of 3.7 months.
Another 47.5 % of patients had stable disease for a total of 85 % of patients that had
some lymph node response. The most common toxicities were diarrhea, nausea,
pyrexia, fatigue, rash, decreased appetite, URI, pneumonia, and transaminitis.
Overall, the drug was well tolerated with acceptable toxicities and efficacious in this
population of patients. There is ongoing Alliance trial evaluating the combination of
idelalisib with lenalidomide in relapsed/refractory MCL (NCT01838434).

ABT-199/GDC-0199 is a bcl-2 inhibitor in development. Bcl-2 proteins are
expressed at high levels in NHL and impact malignant cell growth. ABT-199 works
by blocking the function of these proteins and promoting cell death. A phase I study
of 32 patients with relapsed or refractory NHL showed a 53 % ORR with 9 % CR
[57]. In the six patients treated with MCL, the ORR was 100 %. Most common
toxicities were nausea, diarrhea, vomiting, fatigue, fever, and cough.
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Fig. 1 Our approach to MCL treatment

Table 1 Frontline regimens in patients ≤70 years

Frontline regimen Age
(years)

ORR
(%)

PFS/FFS OS

R-Hyper-CVAD [16] ≤81 97 3 years 64 %
(≤65 3 years 73 %)

3 years 82 %

R-Hyper-CVAD [17] <70 86 5 years 49 % 5 years 63 %

R-Hyper-CVAD [19] ≤70 83 5 years 61 % 5 years 73 %

CALGB 59909 [21] <70 88 5 years 56 % 5 years 64 %

CALGB 50403 [22] <70 81 3 years 67 %

NLG MCL-2 [23] ≤66 96 6 years 66 % 6 years 70 %

GELA [26] ≤66 95 5 years 64 % 5 years 75 %

European MCL [27] ≤65 95 Median TTF
88 months

Median OS not
reached
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3 Conclusions

MCL represents a B-cell lymphoma associated with an overall worse prognosis due
to more aggressive behavior but incurability with standard treatment regimens. The
treatment strategy for MCL is currently based on age and comorbidities, with the
younger (≤65–70 years), fit patients being treated with more aggressive frontline
therapy including R-Hyper-CVAD or intensified chemoimmunotherapy followed
by ASCT. These regimens have led to improved median PFS in this population of
patients, although it remains unclear the extent to which characteristics of disease
and treatment (IPI, MIPI, complex cytogenetics, Ki-67, MRD) dictate these
responses. These intensive regimens are associated with greater risk of toxicity and
treatment-related mortality and therefore not considered as options in all patients.
Patients who are elderly (≥65–70 years) or not considered candidates for intensive
therapy are treated with R-CHOP or BR followed by rituximab maintenance.
Despite the improved PFS with frontline regimens, these patients will eventually
relapse with their disease requiring salvage therapy. The BTK inhibitor, ibrutinib, is
recommended for use as initial relapsed therapy if there is not a contraindication to
treatment with this agent. Other available therapies at relapse need to take into
consideration age, comorbidities, prior therapy, and toxicities and include clinical
trials with targeted agents, lenalidomide, bortezomib, bendamustine, ASCT, and
allogeneic transplantation in select cases. Figure 1 details our approach to the
treatment of MCL (Tables 1 and 2).

Table 2 Frontline regimens in patients ≥70 years

Frontline regimen Age
(years)

ORR
(%)

PFS/FFS/TTF/DOR OS

R-CHOP [34] >60 78 TTF 28 months, median
DOR 36 months

4 years
62 %

R-FC [34] >60 86 TTF 26 months, median
DOR 37 months

4 years
47 %

R-CHOP [35] 70
(median)

91 22.1 months (median) Median not
reached

BR [35] 70
(median)

93 35.4 months (median) Median not
reached

European older MCL
[34] (R-CHOP + maintenance R)

>60 95 Median DOR >6 years 4 years
87 %
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Management of Diffuse Large B-Cell
Lymphoma (DLBCL)

Boris Kubuschok, Gerhard Held and Michael Pfreundschuh

Abstract

Diffuse large B-cell lymphoma (DLBCL) is the most common non-Hodgkin
lymphoma. While CHOP was the standard combination chemotherapy for
25 years, the incorporation of the CD20 antibody rituximab at the beginning of
this century has considerably improved the outcome of all patients with DLBCL:
Depending on the prognostic subgroup, only half to one-third of the patients die
of their DLBCL compared to pre-rituximab era. Treatment is usually tailored
according to the individual risk profile of a DLBCL patient according to the
International Prognostic Index (IPI). Assignment of DLBCL according to the
gene expression profile into DLBLC originating from a germinal center B cell
(GC type) or from an activated B cell (ABC type) has provided novel insights
into the pathogenesis of the respective DLBCL, identified molecules which are
indispensable for the survival of the lymphoma cells and provided targets for
novel “targeted therapies” drugs. Incorporating these new drugs into combina-
tion immunochemotherapy or substituting single drugs in the R-CHOP
combination will result in even higher cure rates of and/or less toxicity for
patients with DLBCL in the decade to come.
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1 Introduction

Diffuse large B-cell non-Hodgkin lymphoma (DLBCL) is a malignant proliferation
of B lymphocytes and constitutes, depending on the geographic area, 30–60 % of
non-Hodgkin lymphomas (NHL). The incidence increases with age and is 3–4/
100,000/year [1] in Europe and approximately 4.68 cases per 100,000 per year in the
USA. An estimated 10,000 deaths result from DLBCL annually in the USA. While
there was a steadily increasing incidence at the end of the last century, the incidence
appears to have plateau since [2]. DLBCL is usually aggressive, marked by rapidly
growing tumors in lymph nodes, spleen, liver, bone marrow, or other organs [3].
According to the cell of origin (COO), the germinal center (GC) B-cell-like DLBCL
subtype has a better prognosis than the activated B-cell (ABC)-like DLBCL [4].

2 Diagnosis

Histopathological diagnosis of DLBCL should only be made by an experienced
hematopathologist based on a biopsy sample of sufficient size, i.e., a surgical
specimen, excision lymph node, or extranodal tissue biopsy. Core biopsies are
acceptable only in cases requiring immediate treatment, while fine-needle aspirates
are not acceptable. Mandatory immunohistochemistry includes CD45, CD20, and
CD3. Staining for Ki-67, BCL-2, and MYC should only be done in case of ther-
apeutic consequences. While the demonstration of MYC and BCL-2 at the protein
level has been shown to be associated with a bad outcome [5–7], no specific
treatment options are generally available for these patients [8]. The same applies to
DLBCL cases with breaks of the MYC gene [9–12], whereas the role of double-hit
lymphomas as independent prognostic factor has recently been questioned [13–16]
and might depend on the fusion partner of the MYC gene [17]. Fresh-frozen
material for gene expression profiling and assignment to the ABC and GC subtype
is recommended for clinical trials. The value of various immunohistochemical
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algorithms for the determination of the COO continues to be debated, and there is
only poor concordance between the different immunohistochemical algorithms
commonly used [18]. The Lymphoma/Leukemia Molecular Profiling Project’s
Lymph2Cx (20 gene) assay, a parsimonious digital gene expression (NanoString)-
based test for COO assignment in formalin-fixed paraffin-embedded tissue (FFPET)
holds promise as a reliable FFPE-derived surrogate for gene expression profil-
ing (GEP) with a > 95 % concordance of COO assignment between 2 independent
laboratories [19]. The histological report should give the diagnosis according to the
current World Health Organization classification [20].

3 Staging and Risk Assessment

Staging procedures consist of a complete blood count, routine blood chemistry
including lactate dehydrogenase (LDH) and ß2 microglobulin. Screening for human
immunodeficiency virus and hepatitis B and C is required. Imaging must include CT
scans of the neck, chest abdomen, and pelvis. Pre-treatment [18F]desoxyglucose
positron emission tomography (PET) scanning is recommended because it facilitates
the evaluation of response to treatment by a post-treatment PET. The latter is man-
datory for the evaluation of the response to treatment according to the revised criteria
[21] and will be obligatory in an update of the latter [22, 23]. Based on the imaging
results, patients are assigned to stages I–IV according to the Ann Arbor system. For
the assignment to one of the four (low, low-intermediate, high-intermediate, and
high) risk groups according to the IPI [24], age (>60 years), LDH (elevated), the
performance status (ECOG ≥ 2 vs. 0, 1), and the number of extralymphatic sites (≥2)
of involvement must be known (Table 1). Recently, an “enhanced” IPI (NCCN-IPI)
was suggested, with statistical efforts to further refine the categorization of age and
normalized LDH. The same 5 predictors (age, LDH, sites of involvement, Ann Arbor
stage, and ECOG performance status) as in the IPI were identified and a maximum of
8 points assigned [25] (Table 2); however, only extranodal involvement of bone
marrow, CNS, gastrointestinal tract/liver, and lung is considered as a risk factor.
Similar to the IPI, four prognostic groups were suggested (low risk = 0, 1; low-
intermediate risk = 2–3; high intermediate = 4–5; high = 6–8 points). Compared with
the IPI, the NCCN-IPI better discriminates low- and high-risk subgroups, in par-
ticular between the high-intermediate and high-risk groups (Table 3). Whether the
NCCN-IPI will substitute the classical IPI remains to be seen and will depend on
whether it can be confirmed by the datasets of prospective trials [25].

Table 1 Risk assignment
according to the International
Prognostic Index (IPI) [24]

Prognostic group # risk factorsa

Low risk 0, 1

Low intermediate 2

High intermediate 3

High 4, 5
aelevated LDH, advanced stage (Ann Arbor III/IV), age > 60, ≥ 2
extralymphatic sites of involvement
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4 Treatment

Most cooperative groups tailor treatment strategies according to age and age-adapted
IPI. In patients with high tumor loads, a so-called pre-phase treatment with pred-
nisone (100 mg/d over several days up to 1 week) [26] is recommended to prevent
tumor lysis syndrome and ameliorates the so-called first cycle effect, i.e., the
phenomenon that side effects, in particular myelosuppression, are most pronounced
after the first chemotherapy cycle. G-CSF should be given to all elderly patients and
younger patients at risk for febrile neutropenias, treatment delays, and/or dose
reductions.

4.1 Young Low-Risk Patients (aaIPI = 0) Without Bulky
Disease

Six cycles of chemotherapy with cyclophosphamide, doxorubicin, vincristine, and
prednisone combined with six doses of rituximab given every 21 days represent the
current standard treatment for these patients [27, 28]. Results achieved with

Table 2 Scoring system according to the NCCN-IPI [25]

NCCN-IPI Score

Age (years)

41–60 1

61–75 2

>75 3

LDH, normalized

>1 to ≤3 1

>3 2

Extranodal diseasea 1

Performance status ≥2 1
aBone marrow, CNS, GI tract/liver, and lung

Table 3 Comparison of NCCN-IPI and IPI (adapted from [25])

Score 5-y OS 5-y PFS

NCCN-IPI IPI NCCN-IPI (%) IPI (%) NCCN-IPI (%) IPI (%)

Low 0–1 (19 %) 0–1 (38 %) 96 90 91 95

Low intermed. 2–3 (42 %) 2 (26 %) 82 77 74 66

High intermed. 4–5 (31 %) 3 (22 %) 64 62 51 52

High >6 (8 %) 4–5 (14 %) 33 54 30 39
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6 × R-CHOP-21 combination in the MInT study [29] are so excellent (6-year PFS:
93 %, 6-year OS: 100 %) that there is no room for additive radiotherapy or any
other treatment intensification (Fig. 1). Whether 4 cycles of R-CHOP-21 are suf-
ficient in patients with a negative PET after 3 R-CHOP-21, as suggested by a
retrospective register study of 50 patients, which was published in abstract form
only already several years ago [30], remains to be confirmed. The DSHNHL is
currently conducting the FLYER study which randomizes young patients with
favorable prognosis (no risk factor, no bulky disease) into the MInT standard of
6 × CHOP-21 versus 4 × CHOP-21 each in combination with 6 administrations of
rituximab every 3 weeks, to determine whether the number of CHOP-21 cycles can
indeed be reduced in this favorable subgroup.

Based on the results of a phase II study with only 60 patients, a different
approach to these patients is popular in North America, consisting of 3 × CHOP-21
in combination with 4 applications of rituximab followed by involved-field radio-
therapy [31]. However, in contrast to the MInT results, no plateau has been
observed for patients treated according to this strategy, indicating that this abbre-
viated chemoimmunotherapy is insufficient to eradicate the malignant clone.
Interestingly, the addition of only 4 administrations of rituximab resulted in only a
small improvement compared to a historical control, suggesting that this short
exposure to the CD20 antibody does not exploit the full potential of this drug [31].

Fig. 1 Overall survival of “very favorable young patients” (no bulky disease, aaIPI = 0) in
the MInT study [29]. Black solid curve CHOP-21; gray solid curve CHOEP-21; dotted line
R-CHO(E)P-21
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4.2 Young Low-Risk Patients (aaIPI = 0) with Bulky Disease
and Low-Intermediate Risk (aaIPI = 1)

Bulky disease was a strong prognosticator in the MInT study [27, 29], despite the
fact that patients in that study received additive radiotherapy to areas of primary
bulky disease after immunochemotherapy. For CHOP-like treatment and rituximab
plus radiotherapy to bulky disease, a cutoff point of 10 cm maximum tumor
diameter separated two populations with a significant EFS difference, but any cutoff
point of 6 cm or more separated two populations with a significant OS difference.
Even though, a bulk definition as a mass with >10 cm maximal tumor diameter is
applied by many cooperative groups, it must be assumed that the cutoff points for
bulky disease not treated with additive radiotherapy will be even smaller than the 10
and 6 cm for EFS and OS, respectively.

Young low-intermediate risk patients (aaIPI = 1) or IPI low-risk (aaIPI = 0)
patients with bulky disease have a less favorable outcome. While the overall sur-
vival of this group was ≈90 % in the MInT study, the EFS was roughly 75 %
(Fig. 2), necessitating salvage treatment for about a quarter of this young population
which usually consists of salvage chemotherapy followed by ASCT, with all its

Fig. 2 Overall survival of “less favorable young patients” (aaIPI = 1; aaIPI = 0 with bulky
disease) in the MInT study [29]. Black curve CHOP-like chemotherapy (n = 302); gray curve
CHOP-like chemotherapy plus rituximab (n = 312)
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well-known acute and long-term toxicity. In order to improve outcome of this
subgroup, the GELA NHL 03-2B study compared 8 cycles of R-CHOP-21 with the
R-ACVBP-14 program (an R-CHOP-14 variant which includes consolidation with
high-dose methotrexate, ifosfamide, and high-dose cytarabine). The R-ACVBP-14
program was significantly better with respect to 3-year PFS (87 % vs. 73 %;
p = 0.0015) and OS (92 % vs. 84 %; p = 0.0071) in this population [32]. However,
the R-ACVBP-14 program was also significantly more toxic than R-CHOP-21,
with 38 % of the R-ACVBP-14 patients experiencing neutropenic fever compared
to only 9 % with R-CHOP-21. Interestingly, in a (historical) comparison of this
well-defined subgroup of young patients with one risk factor according to the age-
adjusted IPI in the MInT and NHL 03-2B studies, 6 × R-CHOP-21 in MInT yielded
considerably better results than 8 × R-CHOP-21 in the French trial and indeed
appears to be as good as the more toxic R-ACVBP-14. The only plausible expla-
nation for this paradox is that the French abandoned radiotherapy from their studies
after the advent of rituximab, while the patients with bulky disease and/or extra-
lymphatic involvement in the MInT study had received radiotherapy to the
respective areas.

While the comparison between MInT and NHL 03-2B was the first evidence that
radiotherapy to bulky disease has still a value in the rituximab era, this assumption
has recently been supported by the interim results of the randomized UNFOLDER
study of the DSHNHL, which compares 6 × R-CHOP-21 with 6 × R-CHOP-14 and
radiotherapy to areas of bulky and extralymphatic disease with observation in a
2 × 2 factorial design. A planned interim analysis with 285 patients revealed a
highly significantly better 3-year EFS of patients randomized to radiotherapy (81 %
vs. 64 %; p = 0.004); this difference was above the preset stopping rule (p = 0.008)
and made the DSMC to order the early closure of the two arms of the UNFOLDER
study without radiotherapy. Accordingly, the current ESMO guidelines recommend
either the R-ACVBP-14 program or 6 cycles of R-CHOP-21 with radiotherapy to
bulky disease for this subgroup of young DLBCL patients [28].

4.3 Primary Mediastinal B-Cell Lymphoma (PMBCL)

Most patients with PMBCL also fall into the subgroup of young patients with one
aaIPI risk factor and/or bulky disease. A small study of only 48 PMBCL patients
treated with dose-adjusted infusional EPOCH-R without radiotherapy made it into
the New England Journal of Medicine reporting a 5-year EFS of 93 % and 5-year
OS of 97 % (without showing any confidence intervals) [33]. Since PMBCL
patients are recruited for the UNFOLDER study, the DSMC ordered an interim
analysis of these patients. It showed a 3-year overall survival rate of 100 % in the 69
PMBCL patients evaluated thus far in the UNFOLDER study, of whom half had
received either R-CHOP-21 or R-CHOP-14, and half radiotherapy to bulky disease
or not. This demonstrates that excellent results can be luckily achieved if the
number of patients included in a study is only small enough. Because of the
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excellent outcome of PMBCL patients with any one of four different strategies in
UNFOLDER study, they keep on being recruited to this randomized trial and we
see no reason for an intensified chemotherapy regimen such as DA-EPOCH-R for
these patients.

4.4 Young High and High-Intermediate Risk Patients
(aaIPI ≥ 2)

The first formal proof that rituximab improves also the outcome of this DLBCL
subgroup came from the Mega-CHOEP study of the DSHNHL [34]. The Mega-
CHOEP study randomized young poor-prognosis (aaIPI = 2–3) patients into 8
cycles of dose-DENSE-R-CHOP-14 (CHOP plus 100 mg/m2 etoposide d1–3) or
one cycle of dose-escalated “midi-R-CHOEP” followed by 3 cycles of high-dose
(“mega”) R-CHOEP, each necessitating autologous stem cell support. Originally,
the Mega-CHOEP study had a second randomization with and without rituximab,
but this randomization was stopped when the MInT study demonstrated the efficacy
of rituximab in young DLBCL patients. By that time, 31 patients had been ran-
domized not to receive rituximab. Despite of this small number of patients, the
difference in 3-year EFS of nearly 30 % (37 % vs. 66 %) was highly significant
(p < 0.001) in favor of patients who had received rituximab and the two arms
without rituximab were closed (Fig. 3). In Mega-CHOEP patients receiving ritux-
imab, there was no significant difference with respect to 3-year EFS (69.5 % vs.
61.4 %; p = 0.14), PFS (73.7 % vs. 69.8 %; p = 0.48), or OS (84.6 % vs. 77.0 %;
p = 0.08) between 130 patients randomized to R-CHOEP-14 and 132 patients
randomized to the triple-transplant R-Mega-CHOEP program. Patients with age-
adjusted IPI = 2 had a significantly better event-free survival (75.5 % vs. 63.5 %;
p = 0.0509) and overall survival (91.0 % vs. 77.1 %; p = 0.01) if treated with R-
CHOEP-14, demonstrating that aaIPI = 2 patients have a high cure rate and do not
really belong to a “poor-prognosis” subgroup anymore. In contrast, in patients with
aaIPI = 3, where no differences were observed between R-CHOEP-14 and the
triple-transplant Mega-CHOEP with a 3-year OS of around 75 %, there is still room
for improvement.

Two other studies, so far published only in abstract form, also addressed the role
of high-dose chemotherapy and stem cell transplantation in the rituximab era. The
French study [35] did not find any advantage of an intensified strategy including
high-dose BEAM and stem cell support compared to R-CHOP-14, while R-CHOP-
14 followed by a consolidation with 2 cycles of MAD (mitoxantrone, high-dose
cytarabine, and dexamethasone) and myeloablative therapy with BEAM was
superior to R-CHOP-14 in an Italian study [36] with respect to PFS, but not to OS.
This led the authors conclude that high-dose chemotherapy and stem cell trans-
plantation should not be part of a first-line therapy for young poor-prognosis
patients in the rituximab era.
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The SWOG-9704 study [37] also addressed the role of ASCT in the first-line
treatment of young poor-prognosis patients. Patients responding to 5 cycles of
(R)-CHOP-21 were randomized to receive either 3 additional CHOP-21 cycles or 1
CHOP-21 followed by ASCT after induction with high-dose BEAM or total body
irradiation. One-third of the patients were treated before 2005 and did not receive
rituximab. Of 370 induction-eligible patients, only 125 were randomly assigned to
the transplantation group and 128 to the control group. 2-year PFS rates were 69 and
55 % (p = 0.005), and 2-year OS rates were 74 and 71 %, respectively (p = 0.30). The
2-year PFS and OS results in both arms of the SWOG study are considerably worse
than the 3-year results of any of the two arms of the Mega-CHOEP [34] or the Italian
study [36], despite the fact that the survival curves of only those 253/370 patients
from the SWOG trial who made it into the randomization are reported, and no results
for the overall population recruited to the trial are shown. This means that the
respective PFS and OS rates of all 370 patients (including those progressing during
the first CHOP-21 or not achieving a response) in the SWOG trial are even con-
siderably worse. The only merit of the SWOG study is that it is the first to evaluate
R-CHOP-21 for young poor-prognosis patients in a prospective fashion, and the
only lesson that can be learnt from this trial is that R-CHOP-21 is unacceptably
ineffective for these patients. Having selected an unacceptably inefficacious

Fig. 3 Event-free survival of young poor-prognosis patients (aaIPI = 2, 3) in the Mega-CHOEP
trial [34]. Black curve CHOEP-14/Mega-CHOEP (n = 31); gray curve R-CHOEP-14/R-Mega-
CHOEP (n = 262)
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comparator arm, all conclusions made by the authors in their publication with respect
to the role of ASCT in the rituximab era must be declined.

In summary, while there is no generally accepted standard for young poor-
prognosis patients, the results obtained with 8 × R-CHOEP-14 are the best reported
to date for this population. This is also supported by a comparison of R-CHOP-14
in the Italian [36] and R-CHOEP-14 in the DSHNHL trial [34] presented at ASH
2013 [38]: Patients treated with R-CHOP-14 had a 3-year PFS of 63 % compared to
74 % of those treated with R-CHOEP-14. In a Cox model, for PFS including
treatment arm, age, gender, aaIPI, extranodal sites, bulky disease, and BM
involvement, the adjusted HR was 0.68 in favor of R-CHOEP-14, but due to the
limited number of patients, this difference was not significant (p = 0.128). More-
over, a retrospective register study from Scandinavia [39] also found a significantly
better outcome of young poor-prognosis patients treated with R-CHOEP-14 com-
pared to R-CHOP-14.

For aaIPI = 3 patients, treatment within prospective trials is recommended.
R-CHOEP-14 toxicity leaves room for additional drugs for these patients. Since
aaIPI = 3 patients make up only roughly 15 % of all young patients, international
cooperative efforts are necessary to evaluate innovative concepts within acceptable
time frames.

4.5 Patients Aged 60–80 Years

Eight cycles of combination chemotherapy with R-CHOP-21 is the most widely
used standard for these patients. Six cycles of R-CHOP-14 plus 2 additional
administrations of rituximab or eight cycles of R-CHOP-14 were not superior to 8
cycles of R-CHOP-21 in two prospective randomized studies [16, 40], of which the
British trial included all DLBCL patients up to 80 years, while the French included
only patients 61–80 years of age. In particular, the French study did not stick to the
supportive measures recommended for R-CHOP-14 in elderly patients with
DLBCL [26, 41]. This resulted in an unacceptably high therapy-associated death
rate of 9 % in the first 100 patients receiving R-CHOP-14 which went down to
2.5 % in the last 200 patients treated with R-CHOP-14 in this trial, indicating a
steep learning curve for R-CHOP-14 among the participants of this trial. It can only
be speculated on how the results of this randomized study would have looked like if
the first 100 R-CHOP-14 had been treated with state-of-the-art supportive mea-
sures. With respect to toxicity, no clinically relevant differences were observed
between R-CHOP-14 and R-CHOP-21; this was also the case in the British study
[16], which included DLBCL patients of any age and IPI. Based on the confirmed
equal efficacy and toxicity of R-CHOP-21 and R-CHOP-14, respectively, the 2012
ESMO guidelines recommend either 8 × R-CHOP-21 or 6 × R-CHOP-14 + 2R for
DLBCL patients between 61 and 80 years of age. It should be emphasized here that
there are no prospective data on 6 × R-CHOP-21 in elderly patients, and in the
absence of the latter, we discourage the use of 6 × R-CHOP-21 for elderly DLBCL
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patients outside clinical trials. R-CHOP-14 has the advantage of a shorter time
under chemotherapy (10 weeks compared to 21 weeks with 8 × R-CHOP-21)
and therefore is standard for elderly patients in several countries worldwide.
6 × R-CHOP-14 has also the advantage of giving 25 % less doses of doxorubicin
and the other cytotoxic drugs, which should have an impact on the rates of
cardiotoxicity and second neoplasms with longer follow-up.

Radiotherapy to bulky disease is also recommended for this elderly population
of DLBCL patients, based on the results of a prospective trial with 164 patients
[42], the RICOVER-NoRTH study. A historical comparison with the RICOVER-60
study revealed in a multivariable analysis of patients treated per protocol a hazard
ratio of 2.7 (p = 0.011) for EFS, 4.4 (p = 0.001) for PFS, and 4.3 (p = 0.002) for OS
for patients not receiving RT to bulky disease. As long as appropriately designed
prospective studies do not demonstrate that radiotherapy can be abandoned in cases
with a negative PET after immunochemotherapy, elderly patients should receive
radiotherapy to sites of bulky disease outside clinical trials. Radiotherapy is also
recommended to sites of bone involvement by DLBCL, because in contrast to
radiotherapy rituximab did not improve outcome of patients with skeletal
involvement [43].

4.6 Patients >80 Years of Age

Incidence and severity of frank pathologic dysfunction or comorbidity increase with
age and the association of comorbidity and survival has been demonstrated by
Charlson et al. [44] who showed that comorbidities are independent predictors of
survival. Comorbidities and polymedications for the treatment thereof can further
compromise the tolerability of the lymphoma therapy. Therefore, in order to
objectify the individual patient’s risk, a geriatric assessment is mandatory before
making any treatment decisions. Functional scales, such as the Eastern Cooperative
Oncology Performance Scale, may underestimate or miss problems that are per-
ceived using geriatric-specific assessments. Useful scores based on self-reported
measures are the ability to complete activities of daily living (ADLs), instrumental
ADLs, and basic performance tests (e.g., gait speed and the “get-up and go” test).
Comorbidities and their functional consequence can be measured by the Cumula-
tive Illness Rating Scale (CIRS) [45].

The published literature on the treatment of very old patients is scarce, despite
the fact that this is the fastest growing subgroup of patients with DLBCL. Full-dose
R-CHOP treatment can usually be given only to selected fit patients >80 years of
age. Rituximab in combination with dose-reduced CHOP (“R-miniCHOP”)
achieved encouraging results in this population [46], even though the population
included in this trial was not really representative for everyday octogenarians. The
fact that myelotoxicity and therapy-associated deaths, in particular after the first
cycle, were considerable despite the significant dose reductions in the “R-mini-
CHOP” protocol underlines the importance of optimized supportive measures in
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this population, first and foremost the so-called pre-phase treatment with oral
prednisone as discussed above and anti-infective prophylaxis including aciclovir
and cotrimoxazole [47].

If the patient’s cardiac function prohibits the use of doxorubicin, doxorubicin
can be substituted by gemcitabine [48]; alternatively, the well-tolerated combina-
tion of rituximab with gemcitabine and oxaliplatin (R-GemOx), originally designed
for elderly patients with relapsed DLBCL [49], can be given with good tolerability
and results, while the combination of rituximab with bendamustine appears to be
less effective [50].

Because of the limited available data on very old patients and hence the lack of a
commonly accepted standard treatments, these patients should be treated within
prospective trials whenever possible and cooperative study groups are encouraged
to design studies that appropriately address the specific problems of this population.

5 Perspectives

Besides numerous new drugs for DLBCL that have entered early clinical trials,
further improvement of outcome of patients with DLBCL appears to be possible
with a more intelligent use of the drugs available for the treatment of DLBCL.
Recent studies provide evidence that similar to elderly male patients, both young
male and female patients have an unfavorable pharmacokinetics compared to elderly
female patients due to a faster clearance and shorter half-life of rituximab, strongly
suggesting that the majority of DLBCL patients are underdosed when rituximab is
given at 375 mg/m2 synchronously with CHOP every three and even more so when
given every 2 weeks, due to an even shorter rituximab exposure time [51, 52].
Indeed, the unfavorable rituximab pharmacokinetics of elderly males compared to
elderly females appears to be responsible for the significantly increased outcome
hazard of the former when treated with rituximab, which was not observed in elderly
patients treated without rituximab [51, 52]. In the phase II DENSE-R-CHOP-14 trial,
four additional rituximab applications were given during the first 3 weeks of 6 × R-
CHOP-14. This resulted in significantly higher rituximab serum levels compared to
eight 2-week application; however, these higher serum levels were associated with
an increased toxicity (infections, in particular interstitial pneumonitis), while the
outcome of the patients was not significantly improved [47].

The SEXIE-R-CHOP-14 study of the DSHNHL was a prospective phase II trial
where female patients received the standard of eight doses of 375 mg/m2 in com-
bination with 6 × R-CHOP-14, while male patients received the increased dose
500 mg/m2. With this increased dose, the outcome of elderly male patients
improved considerably: 3-year PFS was 74 % in males and 68 % in females
(p = 0.396); 3-year OS was 80 % in males and 72 % in females (p = 0.111),
demonstrating that the outcome of elderly males can be improved by increasing the
rituximab dose, thus eliminating male sex as a risk factor in elderly DLBCL patients
[53]. That an increased rituximab dose significantly improves outcome not only of
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elderly male patients, but also of young male and female patients who have a
rituximab pharmacokinetics similar to elderly male patients should be confirmed in
a larger randomized study.

Another approach to improve the efficacy of rituximab was pursued in the
SMARTE-R-CHOP-14 trial, a phase II study of the DSHNHL with 189 elderly
DLBCL patients. In this study, 8 applications of rituximab (375 mg/m2) were given
on days −4, 0, 10, 29, 57, 99, 155, and 239 in combination with 6 cycles of CHOP-
14. This extended rituximab exposure time resulted in a significant improved
outcome for high-risk patients (3-year OS 80 % compared to 67 % in RICOVER-
60), which was most pronounced in elderly poor-prognosis males with their fast
rituximab clearance who benefited most from the prolonged rituximab exposure in
the SMARTE-R protocol [54] with a 20 % better 3-year OS (80 % vs. 60 %)
compared to the same population in RICOVER-60. The results observed in the
SMARTE-R-CHOP-14 study are by far the best reported to date for elderly patients
with poor-prognosis DLBCL (Fig. 4). SMARTE-R-CHOP-14 also suggests that a
minimum exposure time to rituximab is more important than peak and trough serum
level and can serve as an explanation (besides others) why R-CHOP-14 was not
superior to R-CHOP-21 in two previously discussed French and British randomized
trials [16, 40], despite the fact that without rituximab CHOP-14 had been shown to
be superior to CHOP-21 [26]: Obviously, CHOP-14, the more effective

Fig. 4 Overall survival of elderly (61–80 year old) DLBCL patients. Black solid curve CHOP-14/
CHOP-21 (n = 943) from the NHL-B2 [26] and the RICOVER-60 study [41]; gray solid curve
R-CHOP-14 (n = 546) from the RICOVER [41], RICOVER-NoRTH [42], and Pegfilgrastim [63]
studies; dotted curve SMARTE-R-CHOP-14 (n = 134) [54] study
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chemotherapy, is compromised by too short an antibody exposure time when
combined and synchronized with rituximab (last application of 8 rituximab every
2 weeks: day 99, every 3 weeks: day 148).

Another promising strategy to improve the efficacy of rituximab might be vitamin
D substitution. Vitamin D deficiency (<8 ng/ml) was associated with a significantly
worse outcome in the RICOVER-60 trial in patients treated with, but not in patients
treated without rituximab, and the improvement (3-year EFS) achieved by the
addition of rituximab was considerably greater in patients with higher vitamin D
levels (31 %) compared to patients with vitamin D levels <8 ng/ml (16 %) [55]. This
can be explained by the observation that vitamin D deficiency impairs NK-cell
activity and rituximab-dependent cellular cytotoxicity (RDCC) against the CD20+

B-cell lymphoma line Daudi. Notably, RDCC is the major mechanism of action of
rituximab. That vitamin D substitution significantly increased RDCC in vitamin
D-deficient individuals in vitro indicates that vitamin D substitution might increase
rituximab efficacy in vivo and thus improve outcome of DLBCL patients with
vitamin D deficiency. This hypothesis is prospectively addressed in the ongoing
OPTIMAL >60 trial for elderly DLBCL patients.

Besides optimizing rituximab, many more approaches hold the promise of
improving outcome of DLBCL patients in the foreseeable future. Most promising
appears ibrutinib [56], which was reported to have a preferential effect on the ABC
type of DLBCL, while the BCL-2 inhibitor ABT199 might be more effective in the
GC type of DLBCL [57]. The phosphoinositol-3 kinase-δ inhibitor idelalisib which
has recently been licensed for the treatment of relapsed CLL, indolent, and mantle
cell lymphomas [58–60] also showed encouraging results in early clinical studies
with DLBLC [61, 62]. Indeed, so many new “small molecules” are available for
clinical testing that it is difficult to find enough appropriate patients for the
respective clinical studies. Therefore, as many patients with (relapsing) DLBCL as
possible should be treated within adequately designed trials with these new drugs,
in order to define the role of these new drugs for the treatment of DLBCL in the
future.

Acknowledgments This work was supported in part by Deutsche Krebshilfe, a charity
organization.

References

1. Morgan G, Vornanen M, Puitinen J et al (1997) Changing trends in the incidence of non-
Hodgkin’s lymphoma in Europe. Ann Oncol 8(2):49–54

2. Shiels MS, Engels EA, Linet MS et al (2013) The epidemic of non-Hodgkin lymphoma in the
United States: disentangling the effect of HIV, 1992-2009. Cancer Epidemiol Biomarkers Prev
22:1069–1078

3. Coiffier B (2001) Diffuse large cell lymphoma. Curr Opin Oncol 13:325–334
4. Lossos IS (2005) Molecular pathogenesis of diffuse large B-cell lymphoma. J Clin Oncol

23:6351–6357

284 B. Kubuschok et al.



5. Green TM, Young KH, Visco C et al (2012) Immunohistochemical double-hit score is a strong
predictor of outcome in patients with diffuse large B-cell lymphoma treated with rituximab
plus cyclophosphamide, doxorubicin, vincristine, and prednisone. J Clin Oncol 30:3460–3467

6. Johnson NA, Slack GW, Savage KJ et al (2012) Concurrent expression of MYC and BCL2 in
diffuse large B-cell lymphoma treated with rituximab plus cyclophosphamide, doxorubicin,
vincristine, and prednisone. J Clin Oncol 30:3452–3459

7. Horn H, Ziepert M, Becher C et al (2013) MYC status in concert with BCL2 and BCL6
expression predicts outcome in diffuse large B-cell lymphoma. Blood 121:2253–2263

8. Dunleavy K, Wayne AS, Shovlin M et al (2011) MYC+aggressive B-cell lymphomas: novel
therapy for untreated Burktit lymphoma and MYC+diffuse large B-cell lymphoma with DA-
EPOCH-R. Ann Oncol 22:iv106

9. Barrans S, Crouch S, Smith A et al (2010) Rearrangement of MYC is associated with poor
prognosis in patients with diffuse large B-cell lymphoma treated in the era of rituximab. J Clin
Oncol 28:3360–3365

10. Cuccuini W, Briere J, Mounier N et al (2012) MYC+diffuse large B-cell lymphoma is not
salvaged by classical R-ICE or R-DHAP followed by BEAM plus autologous stem cell
transplantation. Blood 119:4619–4624

11. Dave SS, Fu K, Wright GW et al (2006) Molecular diagnosis of Burkitt’s lymphoma. N Engl J
Med 354:2431–2442

12. Klapper W, Stoecklein H, Zeynalova S et al (2008) Structural aberrations affecting the MYC
locus indicate a poor prognosis independent of clinical risk factors in diffuse large B-cell
lymphomas treated within randomized trials of the German high-grade non-hodgkin’s
lymphoma study group (DSHNHL). Leukemia 22:2226–2229

13. Aukema SM, Siebert R, Schuuring E et al (2011) Double-hit B-cell lymphomas. Blood
117:2319–2331

14. Copie-Bergman C, Culliere-Dartigue P, Baia M et al (2012) MYC gene simple hit is a strong
independent predictive factor of survival in diffuse large B-Cell lymphomas in contrast to
MYC double-hit gene alterations: A study by the Groupe d’Etude Des Lymphomes De
l’Adulte. Blood 120:541

15. Kobayashi T, Tsutsumi Y, Sakamoto N et al (2012) Double-hit lymphomas constitute a highly
aggressive subgroup in diffuse large B-cell lymphomas in the era of rituximab. Jpn J Clin
Oncol 42:1035–1042

16. Cunningham D, Hawkes EA, Jack A et al (2013) Rituximab plus cyclophosphamide,
doxorubicin, vincristine, and prednisolone in patients with newly diagnosed diffuse large B-
cell non-Hodgkin lymphoma: a phase 3 comparison of dose intensification with 14-day versus
21-day cycles. Lancet 381:1817–1826

17. Ølgod Pedersen M, Ortved Gang A, Svenstrup Poulsen T et al (2012) MYC translocation
partner gene determines survival in large B-cell lymphoma with MYC- or double hit MYC/
BCL2 translocation. Blood 120:542

18. Coutinho R, Clear AJ, Owen A et al (2013) Poor concordance among nine
immunohistochemistry classifiers of cell-of-origin for diffuse large B-cell lymphoma:
implications for therapeutic strategies. Clin Cancer Res 19:6686–6695

19. Scott DW, Wright GW, Williams PM et al (2014) Determining cell-of-origin subtypes of
diffuse large B-cell lymphoma using gene expression in formalin-fixed paraffin-embedded
tissue. Blood 123:1214–1217

20. WHO (2008) WHO classification of tumours of haematopoietic and lymphoid tissues. WHO
Press, Geneva

21. Cheson BD, Pfistner B, Juweid ME et al (2007) Revised response criteria for malignant
lymphoma. J Clin Oncol 25:579–586

22. Cheson BD, Fisher RI, Barrington SF et al (2014) Recommendations for initial evaluation,
staging, and response assessment of hodgkin and non-hodgkin lymphoma: the lugano
classification. J Clin Oncol 32:3059–3068

Management of Diffuse Large B-Cell Lymphoma (DLBCL) 285



23. Barrington SF, Mikhaeel NG, Kostakoglu L et al (2014) Role of imaging in the staging and
response assessment of lymphoma: consensus of the international conference on malignant
lymphomas imaging working group. J Clin Oncol 32:3048–3058

24. The International Non-Hodgkin’s Lymphoma Prognostic Factors Project (1993) A predictive
model for aggressive non-Hodgkin’s lymphoma. N Engl J Med 329:987–994

25. Zhou Z, Sehn LH, Rademaker AW et al (2014) An enhanced international prognostic index
(NCCN-IPI) for patients with diffuse large B-cell lymphoma treated in the rituximab era.
Blood 123:837–842

26. Pfreundschuh M, Trumper L, Kloess M et al (2004) Two-weekly or 3-weekly CHOP
chemotherapy with or without etoposide for the treatment of elderly patients with aggressive
lymphomas: results of the NHL-B2 trial of the DSHNHL. Blood 104:634–641

27. Pfreundschuh M, Truemper L, Osterborg A et al (2006) CHOP-like chemotherapy plus
rituximab compared with CHOP-like chemotherapy alone in young patients with good-
prognosis diffuse large B-cell lymphoma: a randomized controlled trial by the mabthera
international trial (MInT) group. Lancet Oncol 7:379–391

28. Ghielmini M, Vitolo U, Kimby E et al (2013) ESMO guidelines consensus conference on
malignant lymphoma 2011 part 1: diffuse large B-cell lymphoma (DLBCL), follicular
lymphoma (FL) and chronic lymphocytic leukemia (CLL). Ann Oncol 24:561–576

29. Pfreundschuh M, Kuhnt E, Trumper L et al (2011) CHOP-like chemotherapy with or without
rituximab in young patients with good-prognosis diffuse large-B-cell lymphoma: 6-year results
of an open-label randomised study of the mabthera international trial (MInT) group. Lancet
Oncol 12:1013–1022

30. Sehn LH, Savage KJ, Hoskins P et al (2007) Limited-stage diffuse large B-cell lymphoma
patients with a negative PET scan following three cycles of R-CHOP can be effectively treated
with abbreviated chemoimmunotherapy alone. Blood 110:242 abstract

31. Persky DO, Unger JM, Spier CM et al (2008) Phase II study of rituximab plus three cycles of
CHOP and involved-field radiotherapy for patients with limited-stage aggressive B-cell
lymphoma: Southwest Oncology Group study 0014. J Clin Oncol 26:2258–2263

32. Recher C, Coiffier B, Haioun C et al (2011) Intensified chemotherapy with ACVBP plus
rituximab versus standard CHOP plus rituximab for the treatment of diffuse large B-cell
lymphoma (LNH03-2B): an open-label randomised phase 3 trial. Lancet 378:1858–1867

33. Dunleavy K, Pittaluga S, Maeda LS et al (2013) Dose-adjusted EPOCH-rituximab therapy in
primary mediastinal B-cell lymphoma. N Engl J Med 368:1408–1416

34. Schmitz N, Nickelsen M, Ziepert M et al (2012) Conventional chemotherapy (CHOEP-14)
with rituximab or high-dose chemotherapy (MegaCHOEP) with rituximab for young, high-
risk patients with aggressive B-cell lymphoma: an open-label, randomised, phase 3 trial
(DSHNHL 2002-1). Lancet Oncol 13:1250–1259

35. Le Gouill S,Milpied N, Lamy T et al (2011) First-line rituximab (R) high-dose therapy (R-HDT)
versus R-CHOP-14 for young adults with diffuse large B-cell lymphoma: preliminary results of
the GOELAMS 075 prospective multicenter randomized trial. J Cliln Oncol 29:540 S

36. Vitolo U, Chiapella A, Brusamolino E et al (2012) Rituximab dose-dense chemotherapy
followed by intensified high-dose chemotherapy and autologous stem cell transplantation
(HDC+ASCT) significantly reduces the risk of progression compared to standard rituximab
dose-dense chemotherapy as first line treatment in young patients with high-risk (aaIPI 2-3)
diffuse large B-cell lymphoma: final results of phase III randomized trial DLCL04 of the
fondazione Italiana linfomi. Blood 120:688

37. Stiff PJ, Unger JM, Cook JR et al (2013) Autologous transplantation as consolidation for
aggressive non-Hodgkin’s lymphoma. N Engl J Med 369:1681–1690

38. Vitolo U, Ziepert M, Glass B et al (2013) Comparison of R-CHOP-14 and R-CHOEP-14 as
first line treatment in young patients with high-risk (aaIPI 2-3) diffuse large B-cell lymphoma
(DLBCL): a joint analysis of 2 prospective phase III randomized trials conducted by the
Fondazione Italiana Linfomi (FIL) and the german high-grade non-hodgkin lymphoma study
group (DSHNHL). Blood 122:4341 (abstract)

286 B. Kubuschok et al.



39. Gang AO, Strom C, Pedersen M et al (2012) R-CHOEP-14 improves overall survival in young
high-risk patients with diffuse large B-cell lymphoma compared with R-CHOP-14. A
population-based investigation from the Danish lymphoma group. Ann Oncol 23:147–153

40. Delarue R, Tilly H, Mounier N et al (2013) Dose-dense rituximab-CHOP compared with
standard rituximab-CHOP in elderly patients with diffuse large B-cell lymphoma (the LNH03-
6B study): a randomised phase 3 trial. Lancet Oncol 14:525–533

41. Pfreundschuh M, Schubert J, Ziepert M et al (2008) Six versus eight cycles of bi-weekly
CHOP-14 with or without rituximab in elderly patients with aggressive CD20+B-cell
lymphomas: a randomised controlled trial (RICOVER-60). Lancet Oncol 9:105–116

42. Held G, Murawski N, Ziepert M et al (2014) Role of radiotherapy to bulky disease in elderly
patients with aggressive B-cell lymphoma. J Clin Oncol 32:1112–1118

43. Held G, Zeynalova S, Murawski N et al (2013) Impact of rituximab and radiotherapy on
outcome of patients with aggressive B-cell lymphoma and skeletal involvement. J Clin Oncol
31:4115–4122

44. Charlson ME, Pompei P, Ales KL, MacKenzie CR (1987) A new method of classifying
prognostic comorbidity in longitudinal studies: development and validation. J Chronic Dis
40:373–383

45. Gosney MA (2005) Clinical assessment of elderly people with cancer. Lancet Oncol 6:790–797
46. Peyrade F, Jardin F, Thieblemont C et al (2011) Attenuated immunochemotherapy regimen

(R-miniCHOP) in elderly patients older than 80 years with diffuse large B-cell lymphoma: a
multicentre, single-arm, phase 2 trial. Lancet Oncol 12:460–468

47. Pfreundschuh M, Zeynalova S, Poeschel V et al (2008) Improved outcome of elderly patients
with poor-prognosis diffuse large B-cell lymphoma (DLBCL) after dose-dense Rituximab:
results of the DENSE-R-CHOP-14 trial of the German high-grade non-hodgkin lymphoma
study group (DSHNHL). Ann Oncol 19:iv99

48. Fields PA, Townsend W, Webb A et al (2014) De novo treatment of diffuse large B-cell
lymphoma with rituximab, cyclophosphamide, vincristine, gemcitabine, and prednisolone in
patients with cardiac comorbidity: a United Kingdom national cancer research institute trial.
J Clin Oncol 32:282–287

49. Mounier N, El GT, Tilly H et al (2013) Rituximab plus gemcitabine and oxaliplatin in patients
with refractory/relapsed diffuse large B-cell lymphoma who are not candidates for high-dose
therapy. A phase II Lymphoma Study Association trial. Haematol 98:1726–1731

50. Walter E, Schmitt T, Dietrich S, Ho A, Witzens-Harig M (2012) Rituximab and bendamustine
in patients with CD20+diffuse large B-cell lymphoma not eligible for cyclophosphamide,
doxorubicin, vincristine and prednisone-like chemotherapy. Leuk Lymphoma 53:2290–2292

51. Muller C, Murawski N, Wiesen MH et al (2012) The role of sex and weight on rituximab
clearance and serum elimination half-life in elderly patientswithDLBCL.Blood 119:3276–3284

52. Pfreundschuh M, Muller C, Zeynalova S et al (2014) Suboptimal dosing of rituximab in male
and female patients with DLBCL. Blood 123:640–646

53. Pfreundschuh M, Poeschel V, Zeynalova S et al (2014) Increased rituximab doses eliminate
increased risk of elderly male patients with aggressive CD20+ B-cell lymphomas: results from
the SEXIE-R-CHOP-14 trial of the DSHNHL. J Clin Oncol 32:8501 (abstract)

54. Pfreundschuh M, Poeschel V, Zeynalova S et al (2014) Optimization of rituximab for the
treatment of DLBCL (II): extended rituximab exposure time in the SMARTE-R-CHOP-14
trial of the German High-Grade Non-Hodgkin Lymphoma Study Group. J Clin Oncol pii:
JCO.2013.54.6861. [Epub ahead of print]

55. Bittenbring J, Neumann F, Altmann B et al (2014) Vitamin D deficiency impairs rituximab-
mediated cellular cytotoxicity and outcome of DLBCL patients treated with, but not without
rituximab. J Clin Oncol 32:3242–3248

56. Wilson WH, Gerecitano JF, Goy A et al (2012) The Bruton’s tyrosine kinase inhibitor
ibrutinib (PCI-32765) has preferential activity in the ABS subtype of relapsed/refractory de
novo diffuse large B-cell lymphoma: interim results of a multicenter, open-label phase 2 study.
Blood 120:686 abstract

Management of Diffuse Large B-Cell Lymphoma (DLBCL) 287



57. Divids SM, Seymour JF, Gerecitano JF et al (2013) The single-agent Bcl-2 inhibitor ABT-199
(GDC-0199) in patients with relapsed/refractory (R/R) non-Hodgkin lymphoma (NHL):
responses observed in all mantle cell lymphoma (MCL) patients. Blood 122:1789

58. Furman RR, Sharman JP, Coutre SE et al (2014) Idelalisib and rituximab in relapsed chronic
lymphocytic leukemia. N Engl J Med 370:997–1007

59. Gopal AK, Kahl BS, de Vos S et al (2014) PI3Kdelta inhibition by idelalisib in patients with
relapsed indolent lymphoma. N Engl J Med 370:1008–1018

60. Lopez JP, Jimeno A (2014) Idelalisib for the treatment of indolent non-Hodgkin’s lymphoma.
Drugs Today (Barc) 50:113–120

61. Burger JA, Okkenhaug K (2014) Haematological cancer: Idelalisib-targeting PI3K delta in
patients with B-cell malignancies. Nat Rev Clin Oncol 11:184–186

62. Fruman DA, Cantley LC (2014) Idelalisib–a PI3K delta inhibitor for B-cell cancers. N Engl J
Med 370:1061–1062

63. Zwick C, Hartmann F, Zeynalova S et al (2011) Randomized comparison of pegfilgrastim day
4 versus day 2 for the prevention of chemotherapy-induced leukocytopenia. Ann Oncol
22:1872–1877

288 B. Kubuschok et al.



Current Management of Peripheral
T-Cell Lymphomas

M. Gooptu, R. Rhoades and B. Pro

Abstract

Peripheral T-cell lymphomas (PTCLs) are an uncommon group of lymphopro-
liferative disorders accounting for approximately 10–15 % of all non-Hodgkin
lymphomas (NHL) in Western countries. Although PTCLs are associated with
poor prognosis, outcomes vary with disease subtype. The standard of care has
been anthracycline-based induction combination chemotherapy, however, with
the exception of low-risk ALK-positive anaplastic large cell lymphoma, relapse
rates are high. Therefore, consolidation with autologous stem cell transplantation
is usually recommended for patients deemed candidates, and with aggressive
subtypes. In recent years, a number of novel agents including pralatrexate,
histone deacetylase inhibitors, immunotoxins, proteasome inhibitors, aurora
kinase inhibitors and the CD30 antibody-drug conjugate brentuximab vedotin,
have shown promise in the treatment of PTCLs. Studies are underway to explore
the activity of these newer agents used in the frontline setting.
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1 Introduction

T-cell lymphomas may be broadly divided into those arising from precursor T cells
and those arising from mature T cells, which are referred to as peripheral T-cell
lymphomas or PTCLs [1]. PTCLs are a heterogenous group of lymphoproliferative
disorders characterized by clonal expansion of a population of post-thymic T cells
and NK cells [2], and in general, this group is marked by a poorer prognosis than its
B-cell counterparts. The PTCLs are less common than B-cell non-Hodgkin’s
lymphomas (NHL), accounting for approximately 10–15 % of lymphoid malig-
nancies in North America [1]. Consequently, large randomized clinical trials have
been difficult, and treatment is often adapted from studies in B-cell neoplasms.
However, these lymphomas demonstrate distinctive biology and molecular char-
acteristics and, with the exception of the more indolent cutaneous T-cell lympho-
mas, are usually aggressive [1]. Prognosis remains poor due to poor response rates
to frontline therapy, leading to a dismal overall and failure-free survival [3]. More
recently, however, the landscape has begun to change, with a number of important
new therapies developed in the last few years and a better understanding of the
biology of the various subtypes of PTCL.

2 Definition and Classification

The classification of mature T-cell lymphomas has undergone a number of revisions.
With the development of the Revised European-American Lymphoma (REAL)
classification, T-cell lymphomas were recognized as a distinct entity for the first time
[4]. In 2008, the fourth edition of the World Health Organization (WHO) Classifi-
cation of Tumors of Hematopoietic and Lymphoid Tissues subdivided PTCLs into
four categories: nodal, extra-nodal, disseminated/leukemic, and cutaneous [5]. As
noted earlier, the last subtype is distinguished, with few exceptions, by a more
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indolent behavior. Within the nodal subgroup, the most prevalent disease is PTCL
not otherwise specified (NOS), accounting for approximately 26 % of cases,
followed by angioimmunoblastic lymphoma (AITL), which constitutes 18 % of
cases. The anaplastic large cell lymphomas (ALCL) are subdivided by the presence
of a mutation in the anaplastic lymphoma kinase (ALK); ALK-positive (ALK+)
lymphomas account for 6.6 % of cases, while ALK− cases represent 5.5 % [3].

The extra-nodal subgroup of PTCLs comprises different entities usually named
after the tissue in which they manifest, e.g., hepatosplenic T-cell lymphoma. The
leukemic subtypes include adult T-cell leukemia/lymphoma (ATLL, HTLV-1
associated), chronic large granular lymphocytic leukemia (LGL), prolymphocytic
T-cell leukemia, and aggressive NK cell leukemia (Table 1).

Epidemiologically, the PTCLs are geographically more common in Asia than in
North America, which is due to both a true increase in PTCLs, including the HTLV-
driven adult T-cell leukemia/lymphoma, and a relative decrease in the B-cell NHLs
[6]. The International T-cell and natural killer/T-cell lymphoma study [7] provided
further insight into the epidemiology of this group of diseases. While PTCL-NOS

Table 1 Classification of
nature T-/NK-cell neoplasms
(2008)

T-cell prolymphocytic leukemia

T-cell large granular lymphocytic leukemia

Chronic lymphoproliferative disorder of NK cell

Aggressive NK leukemia

Systemic EBV-positive T-cell lymphoproliferative disorder
of childhood

Hydroa vaccineforme-like lymphoma

Adult T-cell leukemia/lymphoma

Extra-nodal NK/T-cell lymphoma, nasal type

Enteropathy associated T-cell lymphoma

Hepatosplenic T-cell lymphoma

Subcutaneous panniculitis-like T-cell lymphoma

Mycosis Fungoides

Sezary Syndrome

Primary cutaneous CD30-positive T-cell lymphoproliferative
disorders

Lymphomatoid papulosis

Primary cutaneous anaplastic large cell lymphoma

Primary cutaneous γδ T-cell lymphoma

Primary cutaneous CD-8 positive aggressive epidermotropic
cytotoxic T-cell lymphoma

Primary cutaneous CD-4 positive small/medium T-cell
lymphoma

Peripheral T-cell lymphoma, NOS

Angioimmunoblastic T-cell lymphoma

Anaplastic large cell lymphoma, ALK positive

Anaplastic large-cell lymphoma, ALK negative

Current Management of Peripheral T-Cell Lymphomas 291



predominates in the United States and Europe (accounting for 34 % of cases), ATLL
and NK/T-cell lymphomas are the most common types in Asia (25 and 22% of cases,
respectively). Other geographic trends include a higher prevalence of ALK+ALCL in
the United States (16 % of cases) and high rates of AITL in Europe (29 % of cases).

This review will focus on the most common nodal entities, as the management of
less common PTCLs can be quite different.

Prognosis of PTCLs differs by subtype. Based on data from the international
T-cell lymphoma project (IPTCL) and the British Columbia Cancer Agency
(BCCA), with most patients receiving an upfront anthracycline-containing che-
motherapy regimen, the 5-year overall survival (OS) of PTCL-NOS was 32–35 %
and the 5-year failure-free survival (FFS) was 20–29 %. AITL has a similar 5-year
OS, but FFS was worse at 13–18 %. ALCL fared better, particularly the ALK
+ subtype with a 5-year OS of 58–70 % and FFS of 28–60 % [8].

3 Clinical Presentation and Diagnosis

Among patients with PTCL, 38 % present with nodal disease alone, 49 % with both
nodal and extra-nodal disease, and 13 % with extra-nodal disease only (commonly
skin and gastrointestinal tract). The bone marrow is involved in one-fifth of
patients. Approximately half of patients present with stage IV disease, and one-third
have B-symptoms. Eosinophilia and pruritus is often seen, and hemophagocytic
syndrome may be present [7, 9, 10].

Although pathologists can accurately distinguish B cell from T-cell lymphomas,
elucidation of subtypes has been difficult due to molecular heterogeneity. T-cell
antigens (CD2, CD3, CD4, CD5, CD7, and CD52) are variably expressed, and
clonal T-cell receptor (TCR) gene rearrangements are characteristic but not always
seen due to relative genomic stability of the TCR genes [11]. Gene expression
profiling (GEP) has helped in the differential diagnosis of some subtypes; for
example, AITL has been shown to have follicular T-lymphocyte derivation, and
PTCL-NOS seems to be derived from activated rather than resting T cells [12, 13].

4 Management of Peripheral T-Cell Lymphomas

4.1 Frontline Therapy of Aggressive PTCL

Despite advances in the understanding of the biology of PTCLs, the standard first-
line or induction chemotherapy regimens for these disorders have been derived
from the treatment of B-cell neoplasms. Cyclophosphamide, doxorubicin, vincris-
tine and prednisone (CHOP), mainstay backbone chemotherapy for aggressive
B-cell neoplasms, is the regimen typically used.

In a single-institution study with 208 PTCL patients who received frontline
CHOP, complete remission (CR) was obtained in 57 %, 5-year OS was 28.5 %
(22.3–36.3), and 5-year event-free survival (EFS) was 18.4 % (13.4–25.3) [14]. In
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general, outcomes with CHOP are inferior in PTCL compared to aggressive B-cell
lymphomas [15], with the exception of ALK + ALCL. In a study by Akagi et al.
[16], CR rate was 39 % in PTCL versus 67 % in DLBCL (P < 0.008), and 3-year
OS was 26 % versus 50 %, respectively (P = 0.005). However, patients with
ALK + ALCL patients have acceptable overall survival rates (58–70 %) with a
frontline anthracycline-based regimen like CHOP, compared to ALK-ALCL
(49 %), AITL or, PTCL-NOS (32–35 %) [17]. An attempt to improve these out-
comes was made by adding etoposide to CHOP, with encouraging results. In an
important analysis of a series of studies by the German high-grade non-Hodgkin’s
Lymphoma study group, a total of 343 patients were analyzed with 289 belonging
to one of the four major subtypes of PTCL [18], (ALCL ALK+ = 78, ALCL ALK−
= 113, PTCL-NOS = 70, and AITL = 28). These patients were given either con-
ventional CHOP or CHOP plus etoposide (CHOEP). Three-year event-free survival
(EFS) and OS were 75.8 and 89.8 % (ALK + ALCL), 45.7 and 62.1 % (ALK-
ALCL), 50.0 and 67.5 % (AITL), and 41.1 and 53.9 % (PTCL-NOS), respectively,
between the two groups. Of note, the ALK + ALCL patients did particularly well
with CHOEP, with a significant improvement in both EFS and OS (P <0.001 for
both endpoints). Patients with AITL did better than those with ALK- ALCL, but the
difference was not statistically significant. Across both treatment groups, patients
with international prognostic index (IPI) >1 did worse, and those with
ALK + ALCL fared better. In younger patients, with normal LDH, CHOEP sig-
nificantly improved 3-year EFS (75.4 % vs. 51.0 %); however, OS was not sig-
nificantly affected (P = 0.176). When ALK + ALCL was excluded, the difference in
EFS between CHOP and CHOEP was not significant in younger patients but
showed a trend toward improvement. Older patients (>60 years of age) did worse
with the addition of etoposide. More intensive regimens have been used in an
attempt to improve the response rates and survival over CHOP/CHOEP, without
much success. In a single-institution study from the MD Anderson Cancer Center,
135 patients with PTCL other than mycosis fungoides were treated with either
CHOP (37 %) or more intensive regimens, such as hyperfractionated cyclophos-
phamide, vincristine, doxorubicin and dexamethasone (HyperCVAD) or hyperC-
VAD/ESHAP (etoposide, methylprednisolone, cytarabine, and cisplatin) [19]. The
3-year OS was 62 % for CHOP versus 56 % for more intensive regimens. After
excluding the ALK+ ALCL patients who traditionally do better, the 3-year OS was
43 % for CHOP versus 49 % for more intensive therapies. Another prospective trial
comparing CHOP/ESHAP to CHOP alone with a plan for autologous transplant in
first CR did not show any advantage for the more intensive regimen [20]. Etopo-
side, ifosfamide, cisplatin alternating with doxorubicin, bleomycin, vinblastine, and
dacarbazine (VIP-reinforced ABVD; VIP-rABVD) were compared to the CHOP/21
regimen in 88 patients with PTCL by The Groupe Ouest Est d’Etude des Leucemies
et Autres Maladies du Sang (GOELAMS). Two-year EFS in the two groups was
nearly identical (41 % vs. 45 %) with a median overall survival of 42 months for
each arm [21]. Finally, gemcitabine-based regimens have been evaluated for PTCL
and have shown good response rates but no improvement in OS when compared to
CHOP/CHOEP; they also appear to be associated with more toxicity [22–24].
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CD52 is expressed in up to 42 % of patients with PTCL, and attempts have been
made to exploit this possible therapeutic target by adding alemtuzumab, an anti-
CD52 monoclonal antibody, to CHOP (CHOP-C) [25]. In a phase I/II trial, 24
patients received 8 cycles of CHOP with alemtuzumab. The CR rate was 71 %, and
at a median follow-up of 16 months, median duration of response (DOR) was
11 months [26]. Serious infectious complications were observed, including febrile
neutropenia, CMV and JC virus reactivation, pulmonary aspergillosis, and staph-
ylococcal sepsis. In a larger phase II trial (41 patients), patients received CHOP or
CHOEP followed by alemtuzumab consolidation (29 patients) if a clinical response
was attained following CHO(E)P. CR rate was 58.5 %; EFS and OS at 3 years in
the whole intent-to-treat population were 32.3 and 62.5 %, respectively, and 42.4
and 75.1 % in the patients who received alemtuzumab [27]. Two randomized phase
III trials are underway (ACT-1 and ACT-2) comparing CHOP to CHOP-C.

Bortezomib, a proteasome inhibitor, has activity in relapsed PTCL. Early, small
phases I and II studies with PTCL found an ORR of 62–67 % [28]. A large
multicenter phase II trial with 46 patients evaluated bortezomib plus CHOP in the
frontline setting; although ORR was 76 % (CR = 65 %), 3-year OS was 47 %, and
PFS was 35 %, thus similar to the results achieved with CHOP alone [29].

Other studies are underway, attempting to improve response rates combining
other novel agents to CHOP, or using maintenance strategies.

5 The Role of Transplantation in Frontline Therapy

5.1 Autologous Stem Cell Transplant

High-dose chemotherapy with autologous stem cell rescue (HDT/ASCR) has been
investigated as consolidative therapy in PTCL given the poor outcomes with
available frontline chemotherapy, particularly in non-ALK + ALCL subtypes.
However, there are no prospective randomized trials comparing chemotherapy
alone with chemotherapy followed by HDT/ASCR. A meta-analysis of 21 phase I/
II trials showed a trend toward survival advantage for HDT/ASCR in comparison
with historical controls (HR 0.81, 95 % CI 0.31–2.13). The presence of CR at
transplant and good IPI scores significantly affected survival [30]. Various other
retrospective and non-randomized prospective studies report PFS and OS in the
range of 35–58 % and 44–65 % with HDT/ASCR following induction chemo-
therapy. Again, CR at transplant, favorable-risk IPI scores, and ALK + ALCL
subtype were good prognostic factors [20, 31–38].

In a phase II study by the Nordic Lymphoma Group [39], 160 patients with
biopsy proven PTCL (treatment-naïve) underwent induction with 6 cycles of bi-
weekly CHOEP (etoposide omitted for age >60 years) followed by HDT/ASCR in
responders. Most patients presented with advanced stage disease, and 72 % had IPI
scores of 2 or more. One hundred and fifteen patients underwent ASCT. The 5-year
overall and progression-free survival (PFS) were 51 and 44 %, respectively.
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Patients with ALK-ALCL fared the best, but not much better than historical con-
trols treated with induction chemotherapy alone.

Reimer and colleagues conducted another large prospective study evaluating
ASCT in first remission after induction chemotherapy with CHOP. Eighty-three
patients were enrolled with 55 going on to consolidation with transplant. The 3-year
OS rate was 48 % but was more favorable (71 %) in patients who underwent
ASCT [37].

Randomized trials are still needed to establish HDT/ASCR as a standard
frontline consolidative approach. It remains an option for patients with significant
responses to induction chemotherapy.

5.2 Allogeneic Transplant

In principle, allogeneic transplant for PTCL would utilize a graft-versus-lymphoma
effect (as well as infusing a lymphoma-free graft) and might perform better than
HDT/ASCR [40]. However, there are no randomized, phase III trials evaluating
allogeneic transplant in the frontline setting, and most of the retrospective analyses
have been conducted in the relapsed/refractory setting.

A study by Kanakry et al. reviewed the outcomes of 44 consecutive, related-
donor allogeneic transplants for PTCL, 24 with reduced-intensity conditioning
(RIC) and 20 with myeloablative conditioning (MAC), and included 18 reduced-
intensity/haploidentical transplants. The estimated 2-year PFS was 40 % and OS
was 43 %, with a tendency toward superior outcomes for those undergoing trans-
plant in first remission (P = 0.08). Of note, approximately 50 % of the patients
presented with poor-risk or chemorefractory disease, and 25 % received transplant
with active disease. Relapse in RIC and MAC regimens were comparable, with less
treatment-related mortality (TRM) with RIC [41]. A recent phase II study evaluated
frontline autologous and allogeneic transplants in different age groups with CHOP-
alemtuzumab conditioning (n = 86) and found that auto/allotransplants improved
DFS in younger patients only [42].

In summary, allogeneic transplant is usually recommended in the relapsed set-
ting but can be an option in first remission in select poor-risk patients.

6 Treatment of Relapsed/Refractory Disease

Traditionally, refractory or relapsed PTCL has been treated with second-line che-
motherapy regimens often followed by autologous or allogeneic transplant. How-
ever, the recent development of therapies specific to T-cell lymphomas is rapidly
changing this paradigm. We will briefly discuss the role of transplant and then
discuss chemotherapy and other novel therapies in this setting.

There are no large randomized trials evaluating transplant in relapsed and
refractory disease, and our practices are derived mainly from retrospective data.
A retrospective study by Le Gouill et al. reported on 77 patients with PTCLs (84 %
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ALCL, AITL, or PTCL-NOS) treated with allotransplant. PFS and OS were 53 and
57 %, respectively, with a 43 months follow-up following allogeneic transplant
[40]. Many of these patients had received at least two prior lines of therapy
including autologous transplant (25 %). Of note, AITL patients fared the best (OS
rate 80 %) followed by PTCL-NOS and ALCL (63 and 55 %, respectively). TRM
was 21 % at 100 days and 34 % at 5 years. A study by Kyriakou et al. [43] found
similar PFS/OS for AITL patients, with chemotherapy-sensitive disease faring
better. Similar outcomes have been seen in other retrospective analyses; however,
early TRM remains a significant problem. It has been difficult to compare autolo-
gous and allogeneic transplant in the relapsed/refractory setting, but in general,
results appear to be better with allogeneic transplant. However, a recent retro-
spective study by Smith et al. [44] suggested a possible benefit in favor of autol-
ogous transplant. Of 241 patients with PTCL, 115 underwent autologous and 126
allogeneic transplant. Patients receiving autologous versus allogeneic transplant had
significantly greater adjusted 3-year OS (59 % vs. 47 %, P = 0.046) and lower
NRM or non-relapse mortality (P < 0.001). In the absence of mature data from trials
of novel agents, transplant following chemotherapy remains the recommended
option for patients considered good candidates.

7 Non-transplant Therapies for Relapsed/Refractory
PTCLS

Transplant may not always be an option for PTCL patients with relapsed/refractory
disease due to presence of co-morbidities or unavailability of donors, and even
when it is possible, it does not have robust outcomes. There is a clear need for the
development of therapies directed specifically toward T-cell neoplasms, and the
field has advanced significantly in the last few years. Once again, there is a paucity
of large randomized phase III studies, so we will review mainly data from phase II
studies, as well as ongoing trials.

7.1 Chemotherapy

Among the various chemotherapeutic agents that have been investigated in the
relapsed setting, the nucleoside analog gemcitabine has shown significant activity.
In a small study, 13 patients with PTCL-NOS and mycosis fungoides (MF) received
single agent gemcitabine, and 9 of 13 patients responded [45]. The long-term
outcome data for gemcitabine monotherapy in relapsed PTCL (PTCL-NOS and
MF) were published in 2010 by the same group [46]. Five out of 20 patients with
PTCL-NOS had continuous CR at the time of final follow-up, with a median
duration of CR of 34 months (range 15–60 months).

In a small trial, 24 elderly patients received treatment with gemcitabine in
combination with oxaliplatin and dexamethasone; the ORR was 25 % and the
median OS was 14 months [47].
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The other chemotherapeutic agent that has shown promise in the treatment of
PTCLs is bendamustine. Bendamustine is a “dual-structure” drug consisting of an
alkylating portion, derived from nitrogen mustard, and a purine analog portion. An
open-label phase II trial of bendamustine was conducted in patients with relapsed
PTCL (primarily AITL and PTCL-NOS). Patients had received a median of one
previous line of therapy, thus not heavily pretreated [48]. In the intention to treat
(ITT) analysis, the ORR was 50 % (CR 28 %), and the PFS and OS were 3.6 and
6.2 months, respectively. However, only 25 % of patients completed the planned
six cycles of bendamustine. Common reasons for early discontinuation included
toxicities (cytopenia and infections) and disease progression. Future studies will
likely incorporate bendamustine into multidrug regimens.

Forodesine is a potent inhibitor of the enzyme purine nucleoside phosphorylase,
which leads to intracellular accumulation of deoxyguanosine triphosphate (dGTP),
causing reduced proliferation of lymphocytes and apoptosis [49]. In a phase I–II
study, patients received oral forodesine. A maximum tolerated dose (MTD) was not
reached, and the optimal biologic dose was determined as being 80 mg/m2 daily.
Thirty-six patients received this dose and the ORR was 39 %. Long-term data are
awaited.

8 Antibody-Directed Therapy

8.1 Brentuximab Vedotin

Systemic ALCL is characterized by strong CD30 positivity, and the search for an
effective monoclonal antibody has been an active area of research in the field of
PTCL. Brentuximab vedotin (BV) is an antibody–drug conjugate, comprising an
anti-CD30 monoclonal antibody conjugated to the potent antimicrotubule agent
monomethyl auristatin E (MMAE). The monoclonal antibody binds to CD30-
positive neoplastic T cells and is internalized; MMAE is then cleaved from the
molecule exerting its action through inhibition of microtubule formation. Hence, a
potent chemotherapeutic agent can be delivered in a targeted manner [50]. A phase
II multicenter study by Pro et al. evaluated the activity of BV in 58 patients with
systemic ALCL who had relapsed after at least one prior line of therapy. The ORR
was 86 % (CR = 57 %, PR = 29 %) [51] with a median overall response duration of
12.6 months, and CR duration of 13.2 months. Grade 3–4 adverse events included
neutropenia, thrombocytopenia, and peripheral sensory neuropathy. On the basis of
this study, BV was approved by the FDA for use in relapsed systemic ALCL.

A recent phase II multicenter study evaluated the efficacy and safety of bren-
tuximab vedotin in relapsed/refractory PTCL other than ALCL. Of 34 evaluable
patients (PTCL-NOS n = 22, AITL n = 13), ORR was 41 % with a median PFS of
6.7 months. Interestingly, there was no correlation between CD30 expression and
response [52, 53]. A retrospective analysis of brentuximab vedotin in CD30-posi-
tive relapsed lymphomas in older patients showed a 100 % RR in systemic ALCL,
with tolerable toxicities [54]. A strategy of combining standard frontline therapy
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(CHP) with BV was shown to be safe and effective in a phase I trial and is now
being tested in an international randomized phase III trial comparing CHOP to
CHP-BV as upfront therapy for CD30-positive PTCL. The results are eagerly
awaited at present [55].

8.2 Denileukin Diftitox

Denileukin Diftitox (DD) is a unique genetically engineered chimeric protein,
which combines IL-2 with certain domains of the diphtheria toxin (membrane
translocating and cytotoxic domains). A phase II study in PTCL (excluding cuta-
neous) demonstrated an ORR of 48 % and median duration of response was
6 months. In CD25-positive (i.e., IL-2-receptor-positive) PTCL, a greater ORR
(61.5 %) was observed [56]. As a follow-up to this, DD was evaluated as frontline
therapy for PTCL in combination with CHOP in a phase II trial. In the ITT analysis,
the overall response rate was 65 % and median progression-free survival was
12 months [57].

8.3 Folate Analogs: Pralatrexate

Pralatrexate is a novel folate analog with improved membrane transport and
polyglutamylation within tumor cells [58]. Early phase I/II studies of pralatrexate in
patients with relapsed B- or T-cell lymphomas established a significant activity in
PTCL, with an ORR of 54 % [59]. In an important prospective phase II trial, 115
PTCL patients (109 evaluable) received pralatrexate 30 mg/m2 weekly for 6 out of
7 weeks. Overall response rate was 29 % [60], and median PFS and OS were
3.5 months and 14.5 months, respectively. The most common grade 3/4 adverse
events were thrombocytopenia (32 %), mucositis (22 %), neutropenia (22 %), and
anemia (18 %).

Pralatrexate was the first FDA-approved agent for the treatment of patients with
relapsed/refractory PTCL.

8.4 Histone Deacetylase Inhibitors

The histone deacetylase (HDAC) inhibition is an important therapeutic strategy
based on the principle that increased histone acetylation leads to enhanced tumor-
suppressor gene transcription, cell cycle regulation, apoptosis induction, DNA
repair, protein acetylation, and induction of autophagy [61]. Romidepsin, a potent
selective HDAC-I inhibitor, was evaluated in a single-arm, phase II, international
prospective trial which enrolled 131 patients. Patients with relapsed/refractory
disease received romidepsin at a dose of 14 mg/m2 [2]. The ORR was 25 %,
including 15 % complete response/unconfirmed complete response (CR/CRu). The
median duration of response was 17 months, and among patients who achieved CR/
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CRu, 89 % had not progressed at 13.4 months. Toxicities (cytopenias and infec-
tions) were tolerable. Consequently, this drug was FDA approved for relapsed/
refractory PTCL [62]. Long-term follow-up data for this study was recently
reported [63], and 10 of the 19 patients who achieved CR/CRu had durable
responses. Median progression-free survival was 29 months, with significantly
longer survival in patients achieved CR/CRu for ≥12 months.

The success of romidepsin led to the exploration of other HDAC inhibitors.
Belinostat or PXD 101, a hydroxyamate HDAC I and II inhibitor, was evaluated in
a phase I and then phase II multicenter clinical trials. In 19 patients with relapsed/
refractory T-cell lymphoma, the ORR was 32 % and median duration of response
268+ days [64]. A larger phase II trial was recently reported, and enrolled 129
patients with relapsed/refractory PTCL following at least one prior therapy [65].
ORR was 26–28 %, with median duration of response 8.3 months. Additionally,
belinostat was very well tolerated, suggesting that it can be used in combination
with other agents. Other HDAC inhibitors now under investigation include pano-
binostat and vorinostat.

8.5 Aurora Kinase Inhibitors

Aurora A is a mitotic kinase implicated in oncogenesis and has been found to be
upregulated in PTCL, most strongly in ALK+ ALCL, followed by ALK-ALCL and
PTCL-NOS [66]. The Aurora A kinase inhibitor alisertib was shown to have pre-
clinical activity against PTCL cell lines [67]. A phase II trial evaluated its efficacy
against a variety of B- and T-cell lymphomas. In this trial, patients received alisertib
at a dose of 50 mg twice daily for 7 days on 21-day cycles, until PD or unacceptable
toxicities. ORR in 48 enrolled patients was 27 and 50 % in the subset of patients
with PTCL (n = 8). On the basis of these results, a phase III study of alisertib versus
investigator’s choice of treatment is underway for patients with relapsed PTCL
[68, 69].

9 Summary

In summary, PTCL represents a unique group of neoplasms characterized by
marked molecular heterogeneity and poor response to conventional chemotherapy
regimens. The addition of etoposide to CHOP (CHOEP) appears to be an effective
up-front therapy in select patients, and alternative regimens to CHOP are currently
being explored. Various approaches to consolidation have been studied, including
stem cell transplant, chemotherapy, and novel immunotherapies. However, con-
solidation with autologous transplant is still considered the standard approach with
the exception of low-risk ALK+ALCL, even in the absence of randomized phase III
trials. Allogeneic transplant is usually reserved for relapsed disease and has vari-
able outcomes. The novel agents romidepsin, pralatrexate, and brentuximab vedotin
(for systemic ALCL), are currently FDA approved in the relapsed or refractory
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setting. The future of treating PTCL will likely involve incorporation of these and
other novel agents in frontline regimens, and a number of studies are already
exploring newer combinations.
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Post-transplant Lymphoproliferative
Disorders

Arun K. Singavi, Alexandra M. Harrington and Timothy S. Fenske

Abstract

Post-transplant lymphoproliferative disorders (PTLD) are a serious complication
after solid organ or allogeneic hematopoietic stem cell transplantation and
include a range of diseases from benign proliferations to malignant lymphomas.
Risk factors for developing PTLD include Epstein-Barr virus (EBV) infection,
recipient age, transplanted organ, type of immunosuppression, and genetics.
Uncontrolled proliferation of EBV-infected B cells is implicated in EBV-
positive PTLD, whereas the pathogenesis of EBV-negative PTLD may be
similar to non-Hodgkin’s lymphoma in the general population. The World
Health Organization (WHO) classifies PTLD into four categories: early lesions,
polymorphic PTLD, monomorphic PTLD, and classical Hodgkin’s lymphoma
(cHL). Treatment is aimed at cure of PTLD, while maintaining transplanted
organ function. However, there are no established guidelines for the treatment of
PTLD. Immune suppression reduction (ISR) is the first line of treatment in most
cases, with more recent data suggesting early use of rituximab. In more
aggressive forms of PTLD, upfront chemotherapy may offer a better and more
durable response. Sequential therapy using rituximab followed by chemotherapy
has demonstrated promising results and may establish a standard of care. Novel
therapies including anti-viral agents, adoptive immunotherapy, and monoclonal
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antibodies targeting cytokines require further study in the prevention and
treatment of PTLD.
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1 Introduction

Post-transplant lymphoproliferative disorders (PTLD) include a wide range of
diseases from benign hyperplasia to malignant lymphomas that occur after solid
organ transplantation (SOT) and allogeneic hematopoietic cell transplantation (allo-
HCT) in the setting of immunosuppression. PTLD are the most common post-SOT
malignancy in children. In adults, PTLD are the second most common post-SOT
malignancy, after non-melanoma skin cancer [1, 2]. PTLD were first described in
the late 1960s in patients following renal transplantation [3, 4]. More than 40 years
later, PTLD remain a serious and, at times, fatal complication of transplantation. In
SOT, it is the most common cause of cancer-related mortality [5–7].
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2 Epidemiology

Though there are many commonalities between PTLD in SOT and allo-HCT, distinct
differences exist in the epidemiology and pathophysiology of the disease. In both
SOT and allo-HCT, many cases are associated with Epstein-Barr virus (EBV) [8].

For adult SOT recipients, PTLD are seen in up to 10–15 % of all recipients and
the highest incidence is after small bowel transplantation (20 %), followed by lung
(10 %), heart (6 %), liver (2.8 %), and renal (2.3 %) transplantation [8–11]. The
incidence of PTLD is significantly higher in children compared to adults, owing to a
high rate of primary EBV infection after transplantation [8]. While early studies
found the highest incidence of PTLD to be in the first year post-transplant, more
recent data suggest a median onset of PTLD after SOT to be 30–40 months [12, 13].

For allo-HCT patients, the incidence of PTLD is significantly lower. In several
large retrospective studies, the incidence of PTLD in patients following allo-HCT
has been 0.5–2.5 %, with peak incidence between 2 to 6 months post-transplant [9,
14–16].

3 PTLD Risk Factors

3.1 Solid Organ Transplantation

Various risk factors for post-SOT PTLD have been identified, including recipient
age, transplanted organ, characteristics of immunosuppressive therapy, and EBV
status [8, 9, 17]. First recognized in 1985, EBV infection plays an integral role in
PTLD [18]. The risk of PTLD after SOT is highest in those who develop a primary
EBV infection after transplantation, specifically when an EBV-seronegative reci-
pient receives an allograft from an EBV-seropositive donor [19]. Over 95 % of the
world’s population has been exposed to EBV by adulthood [8]; as such, primary
EBV infections are more worrisome in the pediatric population [20]. EBV-sero-
negative recipients have a 10–76 times greater incidence of PTLD [17, 19, 21–25].

The type of SOT and the type of immunosuppression used contribute to the risk
of PTLD. Early PTLD are likely due to the combined intensity of immunosup-
pression, while late PTLD are related to the duration of immunosuppression [9].
Specific immunosuppressive agents have also been associated with increasing risks
of PTLD, such as cyclosporine [26, 27], tacrolimus [8], OKT3 (a T cell depleting
anti-CD3 monoclonal antibody used to prevent and treat acute rejections) [6, 9], and
anti-thymocyte globulin (ATG) [6].

Other risk factors implicated in PTLD include hepatitis C [28], cytomegalovirus
(CMV) [9, 29], or HHV-8 [30] and age younger than 10 or older than 60 years [6].
The combination of multiple risk factors (CMV mismatch, OKT3 exposure, and
pre-transplant EBV-seronegative recipient) can increase the risk of PTLD up to
500-fold compared to patients with no risk factors [17].
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3.2 Allogeneic Hematopoietic Cell Transplantation

The most important risk factor in the development of PTLD after allo-HCT is T-cell
depletion of the donor marrow or peripheral blood stem cell product [15]. Other
factors include the degree of HLA mismatching, EBV serology, degree and severity
of graft versus host disease (GVHD), and age older than 50 at time of transplant
[14, 15, 31, 32].

As in SOT, EBV-seronegative recipients who are grafted from EBV-seropositive
donors are at significantly higher risk for PTLD. Although rare, PTLD are still
possible in patients with EBV-seronegative donors [14]. CMV seropositive status
for donors or recipients has also been associated with increased risk for PTLD after
allo-HCT [14]. The degree of HLA mismatch can increase the relative risk (RR) of
developing PTLD by up to 8.9 times the general population [31, 32]. Patients who
undergo myeloablative conditioning regimens and receive T-cell depleting anti-
bodies are at higher risk for EBV-associated PTLD [33]. Agents that selectively
target T cells and/or NK cells are associated with a higher risk of PTLD than those
that deplete both T and B cells, such as alemtuzumab [15, 34–36]. If multiple risk
factors are combined, patients at a particularly high risk for PTLD can be identified.

3.3 Genetics

Host and donor genetic variation in human leukocyte antigen (HLA) loci and genes
for several cytokines have been implicated in PTLD. In one study, donor and
recipient HLA-A26 and B38 haplotypes were independent risk factors for devel-
oping PTLD, while donor HLA-A1, B8, and DR3 haplotypes were protective
against PTLD [37]. A separate study found HLA-B donor–recipient mismatching
alone to be associated with PTLD in renal transplant patients [38].

Cytokine polymorphisms have been also implicated as risk factors for PTLD.
These include the genes encoding interleukin (IL)-10, IL-6, interferon gamma
(IFN-γ), transforming growth factor-beta (TGF-β), tumor necrosis factor-alpha
(TNF-α) promoter, and TNF-α receptor [9, 39–43].

4 Pathogenesis

In Europe and USA, the majority (approximately 85 %) of PTLD cases arise from B
cells and of these, more than 80 % are associated with EBV infection [8]. Over
90 % of the world population is exposed to EBV by adulthood [44]. Though usually
acquired in infancy, EBV can cause infectious mononucleosis (IM) in up to 50 % of
adolescents [10].

The virus gains entry into hosts via salivary exchange and infects B cells by
binding to CD21. It then replicates by lysis and proliferation of infected B cells.
EBV-infected latent B cells then begin to express multiple latent membrane proteins
(LMP) and EB nuclear antigens (EBNA). Recognizing the viral antigens, the host
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mounts a primary CD8+ cytotoxic T lymphocyte (CTL) response affecting both lytic
and latent cells. This response leads to a decrease in EBV-infected B cells; however,
EBV establishes itself in memory B cells for the duration of the host’s life. LMP1
upregulates anti-apoptotic genes and moves the infected cells into the latent phase
[8]. Though infected memory B cells express a restricted range of viral antigens,
these limited antigens produce a secondary CTL response, which in turn creates a
balance of proliferation and destruction of infected B cells which persists throughout
life [45]. Thereafter, EBV can be present in up to 1 in 106 circulating B cells [10].

In addition to EBV infection, other contributing factors are likely necessary,
such as allo-antigens and cytokines such as interleukin (IL)-10 and IFN-α, for the
development of PTLD [45].

Most of the studied pathogenesis in PTLD is linked to EBV. However, there is
limited literature on the pathogenesis of non-EBV-related PTLD, which may be
similar to non-Hodgkin’s lymphoma in the general population [8]. In fact, some
authors have suggested that late occurring PTLD should be considered a distinct
entity from early PTLD [46]. EBV-negative PTLD typically present as a late
complication of transplantation, with a median time of 50–60 months, and has more
aggressive features [47, 48]. Given the increased survival of patients following SOT
and allo-HCT, the incidence of EBV-negative PTLD may be on the rise [47, 49].

5 Clinical Presentation

Patients with PTLD may have an array of clinical signs and symptoms, depending
on the organ system and degree of organ involvement. As previously discussed,
PTLD may present at any time after transplantation. Some patients can present with
clinical emergencies such as intestinal perforations or fulminant PTLD with dis-
seminated disease mimicking septic shock [8, 50]. Lymphadenopathy alone is less
commonly seen as a presenting sign, when compared to the non-transplant popu-
lation. Commonly, extra-nodal organ involvement is seen [51]. Symptoms are often
due to dysfunction of the organ involved, but patients can also develop constitu-
tional (or “B”) symptoms [11]. Extra-nodal sites may include the central nervous
system (CNS), skin, gastrointestinal tract, lungs, renal, skin, and bone marrow
[12, 47, 52, 53]. Among these, gastrointestinal involvement is most commonly
reported (22–25 %) [52, 54]. Allografts themselves are less frequently involved,
with exception of lung transplants [8].

6 Pathology, Diagnosis, and Staging

Current diagnosis and classification of PTLD is based on the 2008 World Health
Organization (WHO) system [55]. Although it is sometimes difficult to clearly
distinguish between these lesions, the WHO divides PTLD into 4 main histologic
categories as detailed below (see also Table 1).
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1. Early lesions (Fig. 1a). These are typically seen within a year of transplantation.
In this type, lymphoid tissues maintain normal architecture by definition and
present with one of two distinct histological patterns—plasmacytic hyperplasia
or IM-like form. In the former, scattered EBV-positive immunoblasts are seen in
the background of sheets of polytypic, mature appearing plasma cells. The latter
histology resembles IM, demonstrating paracortical expansion by variable
numbers of immunoblasts and unremarkable lymphocytes. The immunoblasts
include EBV-infected B cells [11].

2. Polymorphic PTLD (Fig. 1c). In this type, the lymphoid tissue architecture is
effaced or a destructive extra-nodal mass is observed. As the name implies, the
lymphoid cells are polymorphic and include small- to medium-sized lympho-
cytes with variable nuclear atypia, immunoblasts, and mature plasma cells.
Necrosis may be observed [11]. These can be monoclonal or polyclonal, as
establishing clonality is dependent on the analysis technique and clonal burden.

Fig. 1 The histopathology of PTLD. a Infectious mononucleosis-like “early” PTLD lesion.
b Monomorphic PTLD, Burkitt lymphoma type. c Polymorphic PTLD. d Positive EBV in situ
hybridization stain in a PTLD
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Importantly, these do not meet diagnostic criteria for specific WHO-defined B-
cell or T- /NK-cell lymphoma categories [56].

3. Monomorphic PTLD (Fig. 1b). This is the most common type of PTLD. These
are monoclonal proliferations that can be separated into specific B-cell and T-
cell lymphomas, using the same WHO criteria/classification as in non-transplant
patients. B-cell PTLD are more common and include diffuse large B-cell lym-
phoma (DLBCL), Burkitt lymphoma (BL) (Fig. 1b), plasma cell myeloma, and
plasmacytoma-like PTLD. DLBCL accounts for the majority of monomorphic
PTLD cases [11].
T-cell PTLD are rare and include peripheral T-cell lymphoma, hepatosplenic T-
cell lymphoma, and anaplastic large cell lymphoma (ALCL). Up to 90 % of T-
cell PTLD are EBV negative [57], while the majority of NK cell PTLD are EBV
positive [58]. Compared to B-cell PTLD, T-cell PTLD usually occur later and
carry a poorer prognosis. T-cell PTLD cases have been associated with human
T-lymphotrophic virus type 1 (HTLV-1) and may be a factor in the rising
incidence of T-cell lymphomas in Japan [59].

4. Classical Hodgkin’s Lymphoma (cHL)—This is the rarest form of PTLD and
usually presents late after transplantation. It is histopathologically identical to
cHL, showing Reed–Sternberg cells in a variable inflammatory cell milieu.

An excisional tissue biopsy is the preferred specimen for PTLD diagnosis. If an
excisional biopsy is not feasible, for example, in case of suspected extra-nodal
involvement, core needle biopsy and needle aspiration may be diagnostic [28]. Tissue
should be examined for histology, immunophenotyping, EBER-ISH (EBV-encoded
small nuclear RNA—in situ hybridization), and cytogenetic studies for classification.

Basic laboratory tests should include complete blood count with differential,
comprehensive metabolic panel, lactate dehydrogenase, and uric acid. Patients
should also be checked for EBV viral load, HIV, and hepatitis serologies. There is
insufficient data at this time to recommend following serial EBV viral loads to
assess response to therapy. Modern imaging, usually computed tomography (CT)
scanning with or without positron emission tomography (PET) scanning, is an

Table 1 WHO classification of post-transplant lymphoproliferative disorders

Early lesions (5 %) Polymorphic
PTLD
(15–20 %)

Monomorphic PTLD Classical
Hodgkin’s
lymphoma
(<5 %)

B-cell subtypes
(>70 %)

T-cell
subtypes
(<5 %)

Plasmacytic
hyperplasia

Diffuse large B-
cell lymphoma

Peripheral
T-cell
lymphoma,
not otherwise
specified

Infectious
mononucleosis-like

Burkitt lymphoma Other

Plasmacytoma-like

Other

Post-transplant Lymphoproliferative Disorders 311



essential tool in diagnosis and staging and should include neck, chest, abdomen,
and pelvis. If cytopenias are present, bone marrow biopsy may be warranted [11].

Similar to Hodgkin’s and non-Hodgkin’s lymphoma in the non-transplant set-
ting, the Ann Arbor classification is typically used for staging.

7 Prognosis

Due to the large variability of disorders encompassed in PTLD, no reliable prog-
nostic scoring system exists. In a French study of 500 patients with PTLD post-
renal transplant, the authors constructed a 5-point prognostic score based on the
following: age older than 55 years, serum creatinine greater than 1.5 g/dl, elevated
LDH, disseminated PTLD, and monomorphic histology [60]. Patients were risk
stratified into low risk (0 risk factors), moderate risk (1 risk factor), high risk (2–3
risk factors), or very high risk (4–5 risk factors). Five-year OS was 92, 83, 59, and
25 %, respectively. Another study of 80 PTLD patients after SOT noted 3 prog-
nostic factors: CNS involvement, bone marrow involvement, and hypoalbuminemia
[61]. Three-year survival was 93 % with 0 risk factors, 68 % with 1 risk factor, and
11 % with 2–3 risk factors. CNS involvement has been associated with poor
prognosis in more than one study, though this may be improving with the use of
rituximab and high-dose methotrexate [11, 61].

8 Treatment

There are no uniformly applicable guidelines for the treatment of PTLD, due to the
wide spectrum of disease and scarcity of prospective phase II and III studies. The
goals of treatment in PTLD are twofold: first, to eliminate the PTLD and second, to
preserve the transplanted graft [56]. The majority of evidence available for the
treatment of PTLD has been seen in SOT (particularly CD20-positive B-cell
PTLD), with limited data available regarding PTLD after allo-HCT or T-cell PTLD.

In general, the initial therapeutic intervention for PTLD consists of immune
suppression reduction (ISR) [62, 63]. Unfortunately, only about half of patients
respond to ISR. In addition, it can take several weeks before a response is evident
after ISR [13, 64]. Many other treatment options have been studied and are used
either following, or in conjunction with ISR (see Table 2 and Fig. 2). These include
the use of rituximab (a monoclonal antibody directed against CD20), chemotherapy
regimens, local therapy with radiation or surgery, EBV-specific CTL infusions, and
more recent novel therapies.

8.1 Immune Suppression Reduction (ISR)

In most cases of PTLD, ISR is the first step in treatment. ISR should partially
restore the ability of CTLs to eliminate EBV-infected lymphocytes [8]. There are,
however, several potential drawbacks associated with ISR—the most significant
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being graft rejection. In addition, ISR as monotherapy has a relatively slow time to
response (on average>2–4 weeks) [65] and lower efficacy compared to ISR com-
bined with rituximab and/or chemotherapy. Reported overall response rates (ORR)
to ISR vary from 0 to 74 % [64, 66–68], with durable responses of less than 30 % of
patients in several studies [13, 64, 66, 67].

In older studies, patients with early lesions and polyclonal PTLD appeared to
respond better to ISR,while thosewithmonoclonal tumors [46], in particularwith bcl-6
expression, were less likely to respond [69, 70]. However, in a more recent study,
monomorphic versus polymorphic histology did not predict for response to ISR [66].

In theory, EBV-positive PTLD should have a higher likelihood to respond to
ISR; however, recent evidence suggests this may not necessarily be the case. In a
recent study of SOT patients, EBV positivity was not a predictor of response—with
only non-bulky disease (<7 cm) and age <50 at diagnosis being predictive [66].
Some factors such as high LDH and multi-organ dysfunction or involvement have
inconsistently been associated with poor response to ISR [65, 66]. Multiple factors
can be combined to help predict response to ISR. For example, using LDH ele-
vation, hepatitis C infection, bone marrow or liver involvement, and B symptoms,
3-year overall survival (OS) was 100 % in patients with none of these factors, 79 %
with one, and 8 % with two or more factors [66].

CNS Disease

HD-MTX
HD-AraC
Radiation
Rituximab

MR

Evaluation:

Diagnosis (based on 
WHO 2008)

Immunosuppression 
Reduction (ISR)

All patients : Consider discontinuing

Localized Disease Surgery and/or 
Radiation

Stage I: Radiation  OR
Radiation + ABVD  OR

ABVD only

Rituximab + 
CHOP x 4 

cycles

MR

Evaluation:
-History & Physical
-Complete Blood Count with Differential, 
Basic Metabolic Panel, Hepatic Function 
Panel, Lactate Dehydrogenase (LDH)
-Immunosuppressive medication levels
-HIV, Hepatitis Serology

azathioprine and/or mycophenolate
- Limited disease – dose reduction by 25%
- Extensive disease, non-critically ill –
dose reduce cyclosporine/tacrolimus by 
50%, continue prednisone at 7.5-10 mg 
daily.
- Extensive disease , critically  ill –

Hodgkin PTLD
ABVD

Stage II-IV: ABVD

MR

-EBV serology, viral load, and EBER-ISH
-Computed Tomography (CT) Chest/ 
Abdomen/Pelvis Positron Emission 
Tomography (PET)
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(particularly BM or Liver)
- Age > 60, ECOG  2, High LDH
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Immediate
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- Palliative Options

MR

- Clinical Trials

*EBV-negative PTLD is less likely to respond to ISR alone.   Or other chemotherapy, based on patient characteristics.
 If patient can tolerate and based on clinical judgment.

MR = Minimal response; CR = Complete Response; HD-MTX = High dose methotrexate; HD-AraC = High dose cytarabine; 
CHOP = Cyclophosphamide, doxorubicin, vincristine, prednisone; ABVD = Doxorubicin, bleomycin, vinblastine, dacarbazine.

Fig. 2 Treatment algorithm for PTLD
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The specific dose modifications for ISR in an individual patient are based on
multiple factors, such as the transplanted organ, extent of PTLD, perceived risk of
rejection, symptoms, physical exam, and laboratory data. Decisions regarding ISR
should be pursued in close collaboration with the transplant team. Anti-proliferative
agents such as azathioprine and mycophenolate should be dose-reduced or discon-
tinued, if possible [11]. Guidelines suggest dose reduction of 25 % in limited disease.
With extensive disease in non-critically ill patients, cyclosporine/tacrolimus is typi-
cally reduced to 50 %, with discontinuation of azathioprine/mycophenolate and
continuation of prednisone at 7.5–10 mg daily [71]. In critically ill patients, it may be
necessary to discontinue all immune suppressing agents except prednisone 7.5–10mg
daily. Patients need to be followed closely to assess disease response and to monitor
for graft rejection. Though there are risks with ISR, the majority of evidence supports
the use of ISR as the first step in management of PTLD in most cases. In patients with
aggressive disease, low predicted response to ISR alone or a contraindication to ISR
may necessitate consideration of alternative or augmented therapies.

8.2 Rituximab

Rituximab, a chimeric monoclonal antibody targeting the B-cell surface protein
CD20, has improved outcomes in many B-cell lymphomas. Data showing ritux-
imab to be superior to other treatment approaches started to emerge around 2005
[72]. Prior to the rituximab era, the 3-year OS for PTLD ranged from 30 to 50 % but
has now improved to >60 % [62, 72–75].

In thefirst trial of rituximabmonotherapy use after ISR failure in PTLD, anORRof
44%was seen, with a median OS of 15 months [74]. Since then, several other studies
have shownORR ranging from 44 to 68% andmedian OS up to 42 months (Table 2).

More recently, in a large, multicenter retrospective analysis, Evens et al.
reviewed 80 SOT PTLD patients to establish the impact of the introduction of
rituximab on outcomes [61]. All patients in the study had ISR, with 74 % of patients
receiving rituximab with or without chemotherapy. With regard to first-line therapy,
patients had a 73 % OS when rituximab was a part of the regimen compared to
33 % without rituximab. The 3-year progression-free survival (PFS) was 70 % with
rituximab and 21 % without.

8.3 Chemotherapy

Prior to rituximab, chemotherapy was the primary treatment in patients who failed
ISR. Several regimens have been described for use in PTLD. Anthracycline-based
chemotherapy with rituximab, such as R-CHOP (rituximab, cyclophosphamide,
doxorubicin, vincristine, and prednisone) is the most widely used regimen
[71, 76–78]. It is preferred in patients for whom a rapid clinical response is
required, such as those with multi-organ involvement or rapidly declining clinical
status. Although the risk of toxicity and treatment-related mortality (TRM) can be
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as high as 25–50 % [79], the ORR is higher than rituximab monotherapy, ranging
between 65 and 100 % [71]. Given the increased risk of TRM, chemotherapy
should be reserved for those who fail to achieve appropriate response with ISR or
ISR and rituximab, who have highly aggressive histology, or who require a rapid
clinical response such as patients presenting with severe organ dysfunction or
rapidly declining clinical status [71]. In some scenarios, it may be prudent to avoid
certain chemotherapy drugs if possible, such as anthracyclines in heart transplant
patients and high-dose methotrexate in renal transplant patients.

8.4 Sequential Therapy

Many experts recommend a sequential or staged approach to the treatment of
PTLD, in which patients generally receive ISR or ISR + rituximab as a starting
point. An assessment of response is made 4–8 weeks later and, if the response is
insufficient, additional therapy is then administered [63, 71, 80, 81]. This strategy
was recently tested in a large prospective study (the “PTLD-1” trial) and may
provide the foundation for a standard approach in the future [81]. In this study, 70
patients who failed ISR were then treated with 4 weekly doses of rituximab fol-
lowed by 4 cycles of CHOP. Following rituximab, there was a 60 % ORR (with
20 % CR). After completion of rituximab × 4 and CHOP × 4, the ORR increased to
90 % (with 68 % CR) [81]. In this study, the planned therapy was rituximab × 4
followed by CHOP × 4, so it is unclear whether the patients who achieved CR with
rituximab alone might have maintained their responses without chemotherapy.

In practice, a commonly utilized approach is to initially implement ISR or ISR +
rituximab and then, for those who have not achieved CR, to subsequently apply
chemotherapy. The “sequential therapy” approach of the PTLD-1 trial was modified
to test this “risk-adapted” approach, after an interim analysis demonstrated that
response to rituximab correlated with OS [82]. In the “risk-adapted” approach,
patients achieving CR with 4 weeks of rituximab received 4 additional doses of
rituximab, whereas those who did not achieve CR were then treated with 4 cycles of
R-CHOP. In a preliminary analysis (n = 90), an ORR of 93 % and CR rate of 78 %
were seen. The CR rate to rituximab alone was 27 %, with an additional 51 % going
on to achieve CR after CHOP. Only 13 % of patients achieving CR with rituximab
alone went on to relapse. Treatment-related mortality was low at 8 %. Comparing to
previous data from the “sequential therapy” part of the PTLD-1 trial, it appears that
(1) omitting chemotherapy from those achieving CR to rituximab is safe, and (2) for
those who have progressive disease with rituximab, R-CHOP is more effective than
CHOP. Those who failed to achieve CR after rituximab × 4 ± R-CHOP × 4 (22 %)
did not benefit from additional R-CHOP and had nearly 80 % risk of progressive
lymphoma in the following 1–2 years. Therefore, with this approach, most patients
were able to achieve CR, while the relatively high treatment-related toxicity seen
with CHOP was avoided except for patients who truly required chemotherapy [82].
Given these promising results, further study may help establish this “response-
adapted” approach as a standard of care in CD20-positive PTLD [63].
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8.5 Localized Therapy

Localized therapy using either radiation therapy (RT) or surgery can be utilized in
carefully selected PTLD patients. When combined with ISR, this may be curative in
patients with PTLD localized to a single site (Ann Arbor Stage I disease) [63]. RT
may also have a significant role in the treatment of CNS or limited-stage PTLD,
with some studies demonstrating complete responses [83, 84]. Incorporation of RT
may also allow for an abbreviated course of chemotherapy for those with limited-
stage disease or avoidance of chemotherapy for those who are unlikely to tolerate
chemotherapy.

8.6 Primary CNS PTLD

Primary CNS PTLD is unique in both its presentation and treatment compared to
other forms of PTLD. CNS involvement occurs in up to 15–22 % of PTLD, most of
which are primary CNS PTLD, and has consistently been associated with poor
outcomes across multiple studies [6, 12, 61, 75, 84–87].

In a recent multicenter international retrospective analysis of 84 cases of primary
CNS PTLD over a 14-year period, it was found that although 83 % of cases
occurred late (>1 year post-transplant), over 90 % were EBV positive [87]. The
large majority (79 %) were associated with renal transplantation, presented with a
median time to onset of 54 months, and 79 % had diffuse large B-cell lymphoma
(DLBCL) histology. Median PFS and OS for the cohort were 8 months and
17 months, respectively.

There are no clear guidelines for the treatment of primary CNS PTLD. Options
include the use of ISR, rituximab, high-dose methotrexate (HD-MTX), high-dose
cytarabine, and whole brain radiation [63]. The role of rituximab is poorly defined
in this setting, given its poor penetration across the blood brain barrier [71].
Response to first-line therapy is the most important prognostic factor [85, 87]. In a
review of 289 patients with primary CNS PTLD after SOT, it was reported that 32
of the 39 cases of CR occurred in patients who received RT [84]. Overall, however,
the outcomes were poor, with <20 % of patients achieving long-term remission. In
general, treatment with ISR alone is rarely effective for primary CNS PTLD. For
now, treatment should be approached in a manner akin to the primary CNS lym-
phoma, including whole brain RT, HD-MTX, and high-dose cytarabine, bearing in
mind that HD-MTX is likely to have increased toxicity in renal transplant patients
[71, 87, 88].

8.7 Burkitt PTLD

Burkitt PTLD accounts for less than 5 % of PTLD cases [63]. It is a highly
aggressive malignancy with frequent extra-nodal manifestations, high proliferative
index, high latent EBV infection, and rapid tumor growth. Translocations involving
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c-myc and the heavy or light chain immunoglobulin loci underlie the aggressive
biology. Burkitt Lymphoma, in the non-transplant population, has been success-
fully treated with short-duration intensive combination chemotherapy, along with
aggressive CNS prophylaxis [89].

Unfortunately, there are no consensus guidelines or treatment protocols for the
treatment of Burkitt PTLD. Due to the aggressive nature of the disease, ISR alone
or ISR + rituximab are not recommended. Instead, most clinicians proceed directly
to a combined approach involving ISR, rituximab, and chemotherapy. In a small
study, CR was achieved in 5/5 patients prospectively treated with ISR and R-CHOP
[90]. The role of intrathecal chemoprophylaxis is unclear in Burkitt PTLD. How-
ever, extrapolating from the non-transplant setting, we recommend CNS prophy-
laxis in cases of Burkitt PTLD as well. Highly aggressive regimens typically used
for BL in the non-transplant setting should be used with extreme caution in PTLD
patients due to the increased risk for toxicity [91].

8.8 Hodgkin’s and Hodgkin-like PTLD

Hodgkin PTLD is the rarest form of PTLD; as a result, treatment data are limited to
a few case reports and series [92, 93]. The approach to treatment for Hodgkin PTLD
is similar to that employed in Hodgkin’s lymphoma (HL). This typically involves
chemotherapy or combined modality treatment using chemotherapy and RT [94].
The most commonly used chemotherapy regimen for HL in the USA is ABVD
(doxorubicin, bleomycin, vinblastine, dacarbazine). In one study of 7 patients with
Hodgkin PTLD treated with standard HL therapy along with ISR, 4 patients
achieved CR [93]. In another series, 4 out of 4 patients treated with standard
regimens achieved CR [92].

8.9 Anti-viral Therapy

Anti-viral agents, such as acyclovir and ganciclovir, have been studied as either
prophylaxis or treatment for PTLD. These agents require activation by EBV thy-
midine kinase (EBV-TK), an enzyme expressed in infected replicating cells, and are
therefore ineffective against latent EBV-infected B cells [95, 96]. Arginine butyrate
can be used to induce EBV-TK in infected latent B cells, with subsequent
administration of ganciclovir to eliminate these cells. Results utilizing arginine
butyrate and ganciclovir are encouraging [95], but further trials are required to
prove clear clinical benefit. Prophylactic use of these agents has had mixed results
[71]. Outside of clinical trials, anti-viral agents are not currently recommended for
routine prophylaxis or treatment of PTLD.
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8.10 Adoptive Immunotherapy

Adoptive T-cell therapy with EBV-specific cytotoxic T lymphocytes (CTL) has
also been used with success in treating PTLD. Since the pathogenesis of PTLD can
be from EBV infection or reactivation due to an impaired CTL response, EBV-
specific CTLs are thought to possibly restore this response [97]. However, one
study reported favorable response even in EBV-negative PTLD [98].

In SOT patients, PTLD originate from recipient origin (i.e. EBV reactivation),
and therefore, EBV-specific CTL from the recipient are required to effectively
target infected B cells [8]. In patients unresponsive to ISR, autologous EBV CTL,
in combination with rituximab and/or chemotherapy, have shown some therapeutic
success [99, 100]. In contrast to SOT, post-allo-HCT PTLD are typically of donor
origin and effective immunotherapy against PTLD would require donor CTL for
tumor targeting. In one recent study, 49 allo-HCT patients with biopsy-proven
EBV-positive PTLD were treated with EBV CTL infusions (many with ISR or prior
rituximab) and resulted in a sustained CR rate of 68 %. In a phase II study, 33
patients with both SOT and allo-HCT PTLD who failed conventional therapy were
infused with HLA-matched donor EBV-specific CTL, resulting in an ORR of 64 %
[97]. Due to a lack of consensus on the use of EBV CTL in PTLD treatment, this
approach is currently recommended for use only in the context of clinical trials [71].

8.11 Novel Therapies

Multiple newer therapies are being investigated for the treatment and prevention of
PTLD. These includemonoclonal antibodies against cytokines andmammalian target
of rapamycin (mTOR) inhibitors (such as sirolimus). IL-6 is elevated in most PTLD
patients, and monoclonal antibodies targeting IL-6 are under investigation [101].
Other targets with promise include IL-10 and interferon alpha (INF-α) [102–106].

Activation of the mTOR signaling pathway has been implicated in all PTLD
subtypes [8], and sirolimus has shown anti-proliferative properties in PTLD [107].
However, confounding this, use of mTOR inhibitors post-transplant has been
associated with an increased risk of PTLD when compared to non-mTOR inhibitors
[108]. Further study is required to understand the clinical relevance of this pathway
and its inhibitors in PTLD.

9 Prevention

Many studies have looked at approaches to identify patients at risk for PTLD so that
measures can be taken to prevent its development. These include monitoring for
primary EBV infection and monitoring for reactivation of EBV with PCR post-
transplant. Though a rising EBV viral load is concerning, it does not consistently
predict the development of PTLD [109]. Monitoring EBV viral loads and pre-
emptive modulation of immunosuppressive regimens with or without rituximab
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therapy can decrease the incidence of PTLD and related mortality [110–112]. In a
recent prospective study, 299 heart transplant patients were monitored for EBV
reactivation (viral loads >105) or primary infection in which case immunosup-
pression was tapered and response assessed in 1 month. Patients that continued to
have high viral loads received one dose of rituximab. In this cohort, only one
patient developed PTLD, responsive to ISR, and one patient died due to respiratory
complications from PTLD. Mean follow-up time for the entire group of patients
was 2.11 years. None of the patients had evidence of transplant rejection by biopsy
[110]. Anti-viral therapies, aimed to decrease lytic replication of EBV-infected B
cells, have also been investigated to reduce viral loads. Patients receiving acyclovir
and ganciclovir have been shown to have decreased risk of PTLD when compared
to those without anti-viral therapy in small studies [113–115]. However, this has not
been proven in larger studies. Though promising, this approach is only applicable to
EBV-positive PTLD, and further study is needed before routine implementation can
be recommended.

10 Conclusions

More than 40 years since recognition, PTLD remain a serious complication for
patients undergoing allo-HCT and SOT. The understanding of the pathophysiology
of PTLD continues to expand. With the identification of multiple risk factors,
timely intervention, and more effective treatment, the morbidity and mortality from
PTLD have decreased. However, there are no clearly established consensus
guidelines for the treatment of PTLD, due in part to the scarcity of large phase 3
prospective trials and heterogeneity of the disease. For patients with minimal dis-
ease and good prognostic markers, PTLD may resolve with ISR or ISR+ rituximab.
The results of the PTLD-1 trial using sequential therapy are very promising and
may establish a standard of care for PTLD treatment.

Continued research on new and novel therapies for PTLD, ideally in the form of
multicenter prospective trials, is needed to further improve outcomes for PTLD .
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Abstract

Allogeneic hematopoietic cell transplant (alloHCT) has emerged as a potential
curative treatment for advanced non-Hodgkin’s lymphoma (NHL), especially for
patients with chemorefractory disease, relapsed after prior autologous HCT and
those with relapsed lymphoma who failed to collect adequate stem cells for
autologous HCT. There are several phase II studies supported the role of
alloHCT in low-grade lymphomas, but the data is scarce on the other subtypes of
lymphomas. However, retrospective registries studies highlighted the inferior
outcomes of alloHCT in aggressive lymphomas, with unacceptable higher
relapse rate and non-relapse mortality when compared to low-grade lymphomas.
Patients with chemorefractory disease and those with active disease at alloHCT
had poor outcome. Therefore, incorporation of new target therapies to induce
remission prior to transplant or as a bridge to alloHCT may lead to better
outcome of alloHCT in NHL. Furthermore, well design prospective studies of
alloHCT in NHL and employment of novel transplant approaches tailored
toward specific histological subtype are urgently needed.
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1 Introduction

Non-Hodgkin’s lymphoma (NHL) includes heterogeneous entities of mature lym-
phoid malignancies that vary in biology, clinical behavior, and treatment. Che-
motherapy alone remains the most utilized upfront therapy for the majority of NHL
cases. Chemotherapy alone is capable of curing roughly half of aggressive NHL
cases and attaining long-term control in the majority of indolent subtypes. Never-
theless, there is a well-established role for autologous (auto) hematopoietic cell
transplant (HCT) in relapsed chemosensitive aggressive NHL, and occasionally, it
has a role in the upfront setting such as consolidation modality for mantle cell
lymphoma (MCL). Although auto-HCT is a safe procedure, and it is associated with
low morbidity and mortality, it has a limited role in heavily pretreated or relapsed
patients that had failed to mobilize adequate stem cells, chemorefractory relapsed
lymphomas, and those who relapsed/progressed after prior auto-HCT. In those
situations, allogeneic HCT (allo-HCT) may be the only curative option, and it has
been shown to be effective but is also associated with high transplant-related
morbidity and mortality (TRM). In this review, we will discuss the current available
evidence for the role of allo-HCT in the different subtypes of NHL.

2 Allogeneic HCT in Indolent B-Cell NHL

Follicular lymphoma (FL) is the prototype of low-grade lymphoma. It is charac-
terized by indolent clinical behavior and sensitivity to chemotherapy. However, the
natural history of FL involves frequent disease recurrences and shorter response
durations with each relapse. Eventually, FL progresses to become chemoresistant,
and portion of cases transforms to more aggressive lymphoma subtypes. Despite
long survival that exceeds a decade in more recent studies, FL is considered an
incurable disease with conventional chemotherapy, and there is an increasing interest
in using allo-HCT as a curative modality in advanced disease and younger patients.

In relapsed/refractory (R/R) FL, phase II prospective studies from the MD
Anderson Cancer Center (MDACC), the Cancer and Leukemia Group B (CALGB
10901), the Spanish group (GELTAMO), and the Canadian transplant group have
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established the feasibility of reduced-intensity conditioning (RIC)/non-myeloabla-
tive conditioning (NMA) allo-HCT and have documented low relapsed/progression
risk (RR) as well as low non-relapse mortality (NRM) [1–4]. Investigators from
MDACC prospectively treated 47 chemosensitive relapsed FL with allo-HCT fol-
lowing NMA conditioning with FCR (fludarabine, cyclophosphamide, and ritux-
imab). The majority of patients transplanted from matched–related donors (MRD),
and 19 % had already failed prior autograft. Long-term follow-up demonstrated low
RR and NRM of 6 and 13 %, respectively, in addition to high 11-year progression-
free survival (PFS) and overall survival (OS) of 72 and 78 %, respectively. Sub-
sequently, rituximab was replaced with 90Y-ibritumomab (YFC), and another 26
relapsed FL patients were treated prospectively. Among the YFC cohort, more
patients were chemorefractory compared to the FCR cohort (38 vs. 0 %) and have
undergone transplant from matched unrelated donor (MUD) (42 vs. 4 %). Relapse
risk and NRM were low, and both were 8 %. Three-year PFS and OS were 85 and
88 %, respectively. Although pretransplant PET activity did not predict outcomes in
either cohort, there was a trend toward decreased 3-year OS in the FCR cohort for
patients with positive PET activity (57 % vs. 90 %. P = 0.06). Complete remission
(CR) was achieved in the majority of patients after transplant, including 9 of 10
chemorefractory patients, and there was no significant difference in PFS or OS
based on chemosensitivity. The 6-year OS for chemorefractory disease was 80 %,
which is very promising in this high-risk cohort [1].

The CALGB 109901 is a prospective phase II study that enrolled 44 patients
with relapsed chemosensitive indolent NHL and chronic lymphocytic leukemia
(CLL), including 16 patients with FL. All patients underwent allo-HCT from MRD
using RIC with FC. The RR and NRM rates were 19 and 9 %, respectively. The 3-
year event-free survival (EFS) and OS rates for the FL cohort were 75 and 81 %,
respectively, which were higher than their counterpart patients with CLL and other
indolent lymphomas in the study [2].

The Spanish group (GELTAMO) analyzed the outcomes of 2 prospective pro-
tocols including 37 patients with FL who had undergone allo-HCT from MRD using
RIC with fludarabine and melphalan (Flu/Mel). Among enrolled patients, 18 % were
chemorefractory and 46 % had already failed prior autograft. The 4-year RR and
NRM rates were 8 and 37 %, respectively. Chemorefractory lymphoma prior to
transplant was a risk factor for increasing NRM (P = 0.04). The 4-year PFS and OS
rates for the whole group were 55 and 57 %, respectively. Disease status prior to
transplant was associated with a trend toward improved PFS and OS after transplant,
but it did not reach statistical significance. The 4-year OS in patients with CR, PR,
and refractory disease were 71, 48, and 29 %, respectively (p = 0.09) [3].

The Canadian study used a different approach to treat R/R FL by applying tandem
auto-HCT followed by NMA allo-HCT from MRD. Among 27 enrolled patients,
19 % were considered chemorefractory at the time of auto-HCT and 19 % had
transformed histology. The conditioning regimenwas BEAM (carmustine, etoposide,
cytarabine, melphalan) or BEAC (carmustine, etoposide, cytarabine, cyclophospha-
mide) for auto-HCT and Flu/Cy (Fludarabine, cyclophosphamide) for allo-HCT, and
the median time between the 2 transplants was 133 days. The Canadian approach was
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proven to be active and safe. There was no reported relapse during the follow-up
period, and the NRM was as low as 4 %. The 3-year PFS and OS rates were 96 % for
both. No cases of therapy-related MDS/AML was observed during follow-up [4].

However, retrospective analysis of transplant registries reported the outcome of
allo-HCT in R/R FL were inferior to single center experiences, but these results
provide more insights regarding the role of allo-HCT in FL. The largest analysis
was reported by the Center for International Blood and Marrow Transplant
Research (CIBMTR), in which myeloablative (MAC) (n = 120) was compared to
RIC (n = 88) in patients who had undergone allo-HCT from MRD for R/R FL.
Although 3-year OS (62 % vs. 71 %, p = 0.15) and PFS (55 % vs. 67 %, p = 0.07)
were not different between RIC and MAC, respectively, there was an increased risk
for lymphoma relapse after RIC in multivariate analysis (Relative risk = 2.97,
p = 0.04). The 3-year probability for lymphoma progression was 8 % after MAC
and 17 % after RIC in univariate analysis. Poor performance status (PS) and che-
morefractory disease were associated with lower PFS and OS, and higher TRM [5].

In contrast to the CIBMTR analysis, the European Group for Blood and Marrow
transplantation (EBMT) analysis compared the outcome of allo-HCT in 131
patients who had undergone allo-HCT MUD for R/R FL (RIC = 87, MAC = 44).
The RIC cohort was older, more frequently had undergone prior autograft, and less
frequently used ATG as part of conditioning compared to the MAC cohort. The 3-
year NRM, RR, PFS, and OS rates were 33, 30, 47, and 51 %, respectively, for the
whole cohort. No significant difference was noticed between RIC and MAC in the
risk of acute or chronic graft versus host disease (GVHD); however, the occurrence
of acute GVHD (aGVHD) was associated with higher risk of NRM, and shorter
PFS and OS. In multivariate analysis, lower NRM and higher PFS and OS were
seen for patients who had undergone RIC, and lower PFS and OS for patients who
had prior autograft. Of 61 patients with prior autograft, 3-year NRM, RR, PFS, and
OS rates were 42, 19, 39, and 42 %, respectively [6].

The role of T cell-depleted RIC allo-HCT in FL was the focus of the United
Kingdom (UK) analysis. Among 82 patients who were conditioned with Flu/Mel/
Alemtuzumab, 9 % had chemorefractory disease, 26 % had failed prior autograft,
and 54 % received transplant from MUD. The study reported low NRM (15 %),
aGVHD (13 %), and chronic GVHD (cGVHD) (18 %). The 4-year PFS and OS rates
were 76 % for the whole cohort. Post-transplant, 52 % of 64 evaluable patients with
chimerism study had mixed chimerism (MC). Of 28 patients who received DLI for
MC, 61 % achieved full chimerism (FC). The 4-year RR was higher for patients with
persistent MC compared to FC cohort (36 % vs. 10 %; p = 0.03). There was a trend
toward higher NRM in MUD recipients compared to MRD (22 % vs. 8 %, p = 0.08).
The 4-year PFS was lower in MUD compared to MRD (64 % vs. 90 %; p = 0.012),
and in patients who had prior autograft compared for those without (57 % vs. 83 %;
p = 0.016), but there was no difference based on disease chemosensitivity at the time
of transplant (p = 0.133). Nevertheless, in multivariate analysis, MRD was the only
variable associated with improved PFS (p = 0.035) and OS (p = 0.037). Salvage DLI
was effective for relapse after transplant as 10 of 13 patients (77 %) achieved CR,
and this including 9 of whom had a durable response [7].
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The Fukuoka BMT Group from Japan analyzed the outcome of 30 R/R FL who
had undergone allo-HCT (MAC = 43 %, RIC = 57 %), including 50 % with
chemorefractory disease and 7 % with prior autograft. There was no difference in
outcomes between RIC and MAC. The 2-year RR, NRM, PFS, and OS rates were
20, 33, 47, and 47 %, respectively, for the whole cohort [8].

3 Allogeneic HCT in Aggressive B-Cell NHL

3.1 Diffuse Large B-Cell Lymphoma (DLBCL)

Combination chemotherapy/immunotherapy is a curative treatment in over half of
newly diagnosed diffuse large B-cell lymphoma (DLBCL); however, some patients
will be refractory to upfront chemotherapy and some will relapse after initial CR.
Auto-HCT is considered the standard practice for relapsed chemosensitive DLBCL,
with a 5-year EFS of 46 % reported in those transplanted in the pre-rituximab era
[9]. Nowadays, rituximab is given routinely upfront and the outcome for those with
relapsed DLBCL seems inferior. In the CAROL randomized study comparing
salvage R-ICE versus R-DHAP in R/R DLBCL, and in which the treatment was
followed by auto-HCT in responders, the 3-year EFS was only 20 % in those with
prior rituximab exposure, high IPI score and/or short prior duration of remission
(less than one year) [10].Therefore, auto-HCT is not justified in these cases, neither
in those who relapsed/progressed after prior autograft, those with relapsed DLBCL
who fail to collect enough cells to undergo auto-HCT, nor those who are che-
morefractory to salvage therapy. Allogeneic HCT is considered a potential curative
therapy in the formerly mentioned situations; however, the lack of prospective data
precludes deriving a definitive role for the procedure. Furthermore, in contrast to
FL, DLBCL seems to be associated with higher NRM and post-transplant RR, and
therefore lower long-term outcomes.

Retrospective analysis from the CIBMTR included 396 patients who had
undergone allo-HCT for R/R DLBCL [(MAC = 165 (42 %); RIC = 143 (36 %);
NMA = 88(22 %)]. Recipients of MAC were younger, had more advanced stage and
B-symptoms at diagnosis, had more chemorefractory disease at the time of trans-
plant, and less frequently had undergone prior autograft compared to RIC/NMA. The
5-year NRM was higher in MAC recipients compared to RIC and NMA recipients
(56 % vs. 47 % vs. 36 %, p = 0.007), while 5-year RR rate was lower in MAC
compared to RIC/NMA (26% vs. 38% vs. 40%, p = 0.031). There was no significant
difference in 5-year PFS (15–25 %) and OS (18–26 %) according to conditioning
regimen. Acute GVHD and chronic GVHD were similar among the different groups.
In multivariate analysis, NRM was greater in patients with poor PS, MUD, and
chemorefractory disease. Relapse rate was higher in patients with chemorefractory
disease and those who had not undergone prior rituximab therapy. DLBCL pro-
gression/relapse was uncommon after 1 year post-transplant [11]. Another analysis
from the CIBMTR database was restricted only on patients who had their first
transplant for DLBCL, and compared the outcomes for auto-HCT (n = 837) vs. MAC
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allo-HCT from MRD (n = 79). Allo-HCT recipients had higher risk features,
including more chemorefractory disease (42 % vs. 15 %, p = <0.001). Relapse/
progression rate was similar in both cohorts. Compared to auto-HCT, allo-HCT was
associated with higher TRM, lower PFS, and lower survival. The significant differ-
ence in TRM, PFS, and OS was only seen in the first year after transplant; however,
no difference in outcome was observed in one-year survivors [12].

In contrast to the CIBMTR, the EBMT (n = 101) and the GITMO (n = 165)
analyses focused on the significance of salvage allo-HCT for those who had prior
autograft in R/R DLBCL. The EBMT analysis compared the outcome of MAC
(n = 37) and RIC (n = 64). RIC recipients were significantly older and had longer
interval from diagnosis to transplant as well as longer interval from autograft to
allo-HCT. There was no significant difference in PFS and OS between RIC and
MAC, but there was a trend toward a higher NRM and lower RR in the MAC
recipients. The 3-year NRM, RR, PFS, and OS rates were 28, 30, 42, and 54 %,
respectively, for the whole cohort. In multivariate analysis, NRM was higher in
those older than 45, had early relapse after autograft, and recipients of marrow graft,
while RR was higher in the chemorefractory cohort [13]. In contrast, the GITMO
analysis (RIC = 116; MAC = 49) reported 5-year NRM, PFS, and OS rates of 28,
31, and 39 %, respectively. Despite more chemorefractory patients treated with
MAC compared to RIC (49 % vs. 27 %, p = 0.003), there was no significant
difference in PFS or OS. In multivariate analysis, disease status at the time of
transplant influenced PFS and OS, and donor type influenced PFS only. Twenty-
three percent of 26 relapsed patients responded to DLI, but data regarding addi-
tional treatment and the durability of responses were missing [14].

The Seattle group examined the role NMA allo-HCT in 31 patients with R/R
DLBCL. Seventy-five percent of the cohort had failed prior autograft, and 28 %
were considered chemorefractory. The 3-year NRM, RR, PFS, and OS rates were
25, 41, 35, and 45 %, respectively. In multivariate analysis, disease sensitivity was
associated with improved survival (3-year OS rate of 56 %) [15]. On the other hand,
John Hopkins group examined the role of T cell-depleted MRD allo-HCT with R/R
DLBCL and compared it to their experience with autograft in the same setting
(allo = 45; auto = 138). Although allo-HCT recipients were more chemorefractory
and heavily pretreated, they were younger and had earlier disease compared to auto-
HCT recipients. Allo-HCT was associated with higher TRM (51 % vs. 24 %,
p < 0.001), but the 3-year OS was not significantly different between transplant
cohorts (auto = 33 %, allo = 24 %, p = 0.7). There was no difference in OS between
chemosensitive (allo = 52 %; auto = 46 %) and chemorefractory disease
(allo = 12 %; auto = 19 %). Continuous lymphoma relapse was seen overtime in
auto-recipients, even after 4 years from transplant, but no relapse was seen in allo-
recipients beyond 13 months of transplant, suggesting the graft versus lymphoma
effect in allo-HCT [16].

Other retrospective analysis from United Kingdom (n = 48, including 18
transformed follicular) and France (n = 68) examined the role of RIC allo-HCT in
R/R DLBCL. The UK cohort received alemtuzumab as part of conditioning regi-
men. Among 12 patients who received DLI ± chemoimmunotherapy for relapsed
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disease after transplant, 42 % achieved durable remission. The 4-year NRM, RR,
PFS, and OS rates were 32, 33, 48, and 47 %, respectively. Donor type, prior
autograft, and de novo versus transformed disease did not affect PFS or OS.
Chemorefractory recipients (n = 8) had a dismal outcome as half relapsed and half
died prior to day 100 [17]. The French analysis reported 1-year NRM of 23 %, and
2-year RR, PFS, and OS rates of 44, 49, and 41 %, respectively. Multivariate
analysis showed CR at the time of transplant was associated with longer PFS and
lower RR. The median time for relapse/progression was 3 months from the time of
transplant, and only 3 patients relapsed beyond 1 year [18].

3.2 Other Aggressive B-Cell NHL

Burkitt’s lymphoma (BL) is a very aggressive subtype of NHL, and R/R BL is
associated with dismal outcomes. Nevertheless, the role of transplant is not well
defined in BL. Analysis using the CIBMTR database that included 128 patients
with BL who had undergone allo-HCT between 1985 and 2007 showed 5-year RR,
PFS, and OS of 27, 50, and 53 % for those transplanted in CR1, and 51, 19, and
20 % for those transplanted in non-CR1, respectively. For those who were not in
CR at the time of transplant, the 5-year RR, PFS, and OS rates were 54, 11, and
12 %, respectively [19].

Richter’s syndrome (RS) is defined as transformed CLL into aggressive NHL,
most commonly DLBCL. RS is more aggressive than de novo DLBCL, and autograft
is recommended in CR1 for eligible patients. Analysis from the EBMT database
identified 25 patients with RS who had undergone allo-HCT (RIC = 18; MAC = 7).
The cohort included 36 %who were considered chemorefractory and 16%with prior
failed autograft. The 3-year NRM, RR, RFS, and OS rates were 26, 47, 27, and 36 %,
respectively. Chemosensitive disease and RIC were associated with better EFS.
Outcomes were compared to patients with RS who had undergone autograft, in
which the majority had chemosensitive disease. The 3-year NRM, RR, RFS, and OS
rates for autograft recipients were 12, 43, 45, and 59 %, respectively [20].

Transformed lymphoma (TL) is another aggressive form of NHL that devel-
ops in about a third of FL cases. The Canadian Blood and Marrow Transplant
Group reviewed retrospectively the outcome of 22 recipients of allo-HCT and
compared to 97 of autograft recipients for TL, and 53 who had received rituximab-
containing regimen without transplant. TRM was higher in allo-recipients com-
pared to auto-recipients (23 % vs. 5 %). There was no difference in post-transplant
survival between allo-HCT and auto-HCT (45 % vs. 57 %, p = 0.12). Auto- but not
allo-HCT was associated with superior survival in multivariate analysis when
compared to rituximab-containing regimen. The 5-year PFS and OS rates from the
time of transformation were 46 and 46 % for allo-recipients, 55 and 65 % for auto-
recipients, and 40 and 61 % for non-transplant cohort [21]. Analysis from United
Kingdom showed no difference in outcomes between de novo and transformed
lymphoma for patients who had undergone allo-HCT [17].
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4 Allogeneic HCT in Mantle Cell Lymphoma

Mantle cell lymphoma (MCL) is a unique form of NHL that shares the incur-
ability feature of low-grade lymphoma and the clinical behavior of aggressive
subtypes. Auto-HCT is part of MCL treatment in the upfront and the relapsed
setting. Although allo-HCT was used in those with chemorefractory disease and
those relapsed after prior autograft, there are no prospective studies that define the
exact role.

Data from the CIBMTR compared the outcomes of auto (n = 381)- versus RIC
allo-HCT (n = 138) in chemosensitive MCL and analyzed outcomes based on the
timing of transplantation (early = 299, late 220). Early transplantation was defined
as those who received transplant in PR1/CR1 with no more than two lines of prior
chemotherapy. Allo-HCT was associated with higher NRM but lower RR in both
early and late cohorts. There was no significant difference in 5-year OS for early
(61 % vs. 62 %, p = 0.95) and late (44 % vs. 31 %, p = 0.2) transplantation for auto-
HCT and RIC allo-HCT cohorts, respectively. Early transplant was associated with
survival benefit for both transplant cohorts in multivariate analysis [22]. Another
analysis from the CIBMT focusing on the role of allo-HCT in chemorefractory
MCL identified 202 patients (MAC = 74, RIC/NMA = 128). More patients in the
RIC/NMA cohort had history of prior autograft, received prior rituximab, and had
undergone MUD transplant. Despite this, there was no significant difference
between MAC and RIC/NMA cohorts in terms of NRM (47 % vs. 43 %, p = 0.68),
RR (33 % vs. 32 %, 0 = 0.89), PFS (20 % vs. 25 %, p = 0.53), and OS (25 % vs.
30 %, p = 0.45) at 3 years. This study showed that about 25–30 % of refractory
MCL can be cured with allo-HCT [23].

The EBMT study focused on analyzing allo-HCT outcomes for MCL relapsed
after prior autograft. The analysis identified 80 patients (22 %) who had relapsed
and undergone allo-HCT among 360 patients who had undergone auto-HCT for
MCL. The majority of patients (91 %) were in PR/CR at the time of allo-HCT after
salvage chemotherapy. The 2-year NRM, RR, and OS rates were 30, 33, and 46 %,
respectively. Prolonged duration between autograft and subsequent relapse was the
only factor that improved outcomes. The 5-year OS for patients with progression-
free interval more than a year after autograft and chemosensitive disease was 60 %.
Survival was very uncommon for patients who relapsed after autograft and did not
undergo allo-HCT [24].

A retrospective analysis from UK reviewed the outcome of RIC allo-HCT in 70
patients with R/R MCL, with the majority (81 %) had alemtuzumab as part of their
conditioning regimen. Thirty-four percent of patients had a prior autograft and 17 %
were chemorefractory. The 5-year NRM, RR, PFS, and OS rates were 21, 65, 14,
and 37 %, respectively. Thirteen patients with MC received DLI, and all achieved
FC, and another 14 relapsed after transplant and received DLI, in which 11
remained in CR at the time of the publication. Occurrence of post DLI GVHD was
associated with improved survival. The use of alemtuzumab in conditioning was
associated with decreased NRM (p = 0.002), increased RR (p = 0.04), and
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improved survival, while chemosensitivity was associated with decreased relapse
(p = 0.036) [25]. Another retrospective analysis from France and Germany
reviewed RIC allo-HCT in 70 patients with MCL. The 2-year NRM, EFS, and OS
rates were 32, 50, and 53 %, respectively. Only disease status directly affected EFS
and OS in multivariate analysis. The 2-year EFS and OS rates for chemorefractory
disease were 11 and 31 %. In contrast to the British study, the use of ATG during
conditioning was associated with a trend toward lower survival in univariate
analysis (p = 0.11) [26].

Investigators at MDACC compared the outcomes between NMA allo-HCT
(n = 35) and auto-HCT (n = 86) in 121 patients with MCL enrolled in sequential
transplantation protocols. Allo-HCT recipients had higher risk features compared to
auto-HCT recipients. The NMA cohort had initially lower survival compared to the
auto-cohort; however, the picture inverted at 8 years because of plateau in survival
curves and absent of late deaths among the NMA recipients. For the NMA cohort,
1-year NRM was 9 %, and the 6-year PFS and OS rates were 46 and 53 %,
respectively [27]. Investigators at FHCRC reviewed their experience with NMA
allo-HCT in R/R MCL. Among 33 patients conditioned with single-dose TBI and
Flu, none of 13 enrolled patients who received transplant in CR relapsed. The 2-
year NRM, RR, PFS, and OS rates were 24, 16, 60, and 65 %, respectively. The
only predictor for PFS was the number of prior therapies [28].

5 Allogeneic HCT in T-Cell NHL

Peripheral T-cell lymphoma (PTCL) encompasses heterogeneous subtypes of
NHL characterized by aggressive behavior and poor long-term outcomes. The role
of transplant is not well defined in PTCL.

The only prospective study of allo-HCT in PTCL was conducted in Italy. The
study enrolled 17 patients with PTCL, including 47 %who had failed prior autograft.
Patients were conditioned with thiotepa/Flu/Cy. The 2-year NRM was 6 %. The 3-
year PFS and OS rates were 64 and 81 %, respectively. [29]. A retrospective analysis
from Italy reviewed the outcomes of 52 patients with T-cell NHLwho had undergone
RIC allo-HCT with the same conditioning regimen. The 5-year NRM, RR, PFS, and
OS rates were 12, 49, 50, and 40 %, respectively. In multivariate analysis, older age
and chemorefractory disease adversely influenced outcomes. Of 12 patients who had
received DLI for relapsed disease post-transplant, 8 (66 %) attained response [30].

The CIBMTR database identified 126 patients with T-cell NHL who had
undergone allo-HCT (MAC = 74, RIC/NMA = 45), and their outcomes were
compared with 241 patients who had undergone auto-HCT. The allo-HCT cohort
had higher risk features, including more chemorefractory disease, patients not in
CR, higher number of prior therapies, and more non-anaplastic large cell (ALCL)
histology. The 3-year NRM, RR, PFS, and OS rates were 34, 38, 37, and 46 %,
respectively. Excluding patients in CR1 at the time of transplant, allo-recipients had
higher NRM (34 % vs. 6 %) and lower RR (38 % vs. 53 %, p = 0.044) when
compared to auto-recipients, but there was no difference in PFS or OS. Among allo-
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HCT recipients, number of prior lines of therapy and CR status at transplant was
associated mortality and treatment failure [31].

Investigators at John Hopkins reviewed the outcomes of 44 patients with PTCL
who had undergone allo-HCT (MAC = 20, RIC = 24). RIC recipients were older
than MAC. The 2-year PFS and OS rates were 38 and 45 %, respectively. The 1-year
NRM and RR were 10 and 38 % for MAC and 8 and 34 % for RIC, respectively.
Grade II–IV acute or chronic GVHD was associated with decreased RR compared to
patients without (17 % vs. 66 %, p = 0.04) [32]. The French analysis included 77
patients with PTCL who had undergone allo-HCT, including 57 who were condi-
tioned with MAC. The 5-year NRM, EFS, and OS rates were 33, 53, and 57 %,
respectively. Disease status at the time of transplant influenced OS and EFS, and
occurrence of grade III/IV acute GVHD was associated with worse survival [33].

The EBMT analysis was restricted on allo-HCT outcome for angioimmunob-
lastic T lymphoma (AITL). Among 45 patients included in the study (MAC = 25,
RIC = 20), 18 had chemorefractory disease and 11 had prior autograft. The 3-year
NRM, RR, PFS, and OS were 27, 20, 53, and 64 %, respectively. NRM was higher
in patients with poor PS, while RR was lower in those who developed cGVHD.
Chemosensitivity was a predictor for improved PFS and OS [34].

Adult T-cell leukemia/lymphoma (ATLL) is a unique subtype of PTCL
associated with HTLV1 infection. ATLL has different presentation and is usually
resistant to conventional chemotherapy. Investigators from Japan reviewed the
outcomes of 40 patients (Lymphoma type = 10) with ATLL who had undergone
MAC allo-HCT. The 3-year RR, PFS, and OS rates were 39, 34, and 45 %,
respectively. No difference in outcomes was observed between lymphoma and
acute type. There was a suggestion of graft versus ATLL effect as 3 out of 10
relapsed patients after transplant achieved CR with reduction or cessation of
immunosuppressive agents (IS) [35]. Another retrospective analysis from Japan
Marrow Donor Program (JMDP) focused on the role of MUD allo-HCT in ATLL.
Among 33 included patients, the 1-year NRM, RR, PFS, and OS rates were 32, 19,
49, and 50 %, respectively. Only age was a significant prognostic factor in mul-
tivariate analysis [36]. A prospective study of RIC allo-HCT in older patients
(>50 years) with ATLL from Japan showed promising results. Patients received
ATG as part of the conditioning regimen. Among 15 evaluable patients, 75 %
achieved CR (pretransplant CR was 20 %), only 1 patient had early TRM, and 9
patients relapsed subsequently (6 within 100 days). Three relapsed patients
achieved response with tapering down IS. The estimated 5-year OS was 33 %, and
there was a trend toward improved survival in patients who developed aGVHD
(50 % vs. 0 %, p = 0.06). What was interesting in the study is that HTLV1 viral load
became undetectable in 8 of 15 patients, which indicates a potential role of allo-
HCT as anti-viral therapy [37].

NK/T-cell lymphoma is another aggressive subtype of T-cell NHL associated
with poor outcomes. A retrospective analysis from Japan identified 28 patients with
NK/T-cell lymphoma/leukemia (extranodal = 22, blastic = 3, NK-cell leuke-
mia = 3), including 16 with chemorefractory disease. The 2-year TRM, PFS, and
OS rates were 28, 34, and 40 %, respectively. No disease relapse occurred after
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10 months from the time of transplant. Only older age, marrow source, and diag-
nosis of extra-nodal lymphoma were associated with shorter PFS in multivariate
analysis [38].

Primary cutaneous T-cell lymphoma (CTCL) includes several subtypes of
lymphomas that are usually incurable with conventional chemotherapy. MDACC
reports their outcomes of 19 patients with CTCL who had undergone total skin
radiation followed by RIC allo-HCT. The ORR and CR rates were 68 and 58 %,
respectively. Five of 8 relapsed patients after transplant achieved CR with tapering
IS or DLI. The 2-year PFS and OS rates were 53 and 79 %, respectively [39]. City
of Hope performed allo-HCT in 8 patients with advanced heavily pretreated CTCL.
All patients achieved CR after transplant, and 2 patients had TRM. With a median
follow-up of 56 months, 6 patients were alive and disease free [40]. The EBMT
reviewed the outcomes of 60 patients with CTCL (RIC = 44, MAC = 16), including
47 % with chemorefractory disease. The 2-year NRM was 22 %. The 3-year RR,
PFS, and OS rates were 47, 34, and 53 %, respectively. RIC cohort had decreased
NRM (relative risk = 4.7, p = 0.008) without increased RR compared to MAC, and
therefore, RIC had improved survival (p = 0.03). Advanced disease and MUD
recipients were associated with shorter PFS and OS [41]. Meta-analysis identified
29 cases from the literature with CTCL who had undergone HCT (allo = 20,
auto = 19) and compared the outcomes based on the type of HCT. Despite the fact
that allo-recipients had more prior lines of therapies, EFS and OS were superior
compared to auto-HCT [42].

6 Summary and Conclusion

Allo-HCT is an understudied area in NHL management. Among NHL subtypes, R/
R FL has the best and mature data for allo-HCT. Several prospective studies
confirmed the feasibility, safety, and activity of RIC/NMA allo-HCT in R/R FL.
The longest follow-up was provided by MDACC study, which showed 11-year PFS
and OS rates of 72 and 78 %, respectively [1]. Other prospective and retrospective
studies consistently showed potential cure in half or even more of R/R FL patients
[1–8]. RR was impressively low post-allo-transplant, and it was reported as less
than 10 % in the MDACC, the Spanish, and the Canadian studies [1, 3, 4]. On the
other hand, TRM was acceptable and it was as low as less than 15 %, with the
exception of the GELTAMO study, which included more patients with prior
autograft [1, 2, 4]. Although disease status adversely influenced lymphoma out-
comes after allo-HCT in the CIMBTR analysis [5], other studies showed no effect
[1, 4, 7] or only trend toward adverse effect [1, 3]. Replacing rituximab with
Yttium-90 ibritumomab tiuxetan has been shown to overcome chemorefractory
diseases in the MDACC study [1]. The GVL effect was demonstrated by the
response to DLI in relapsed patients post-transplant [8].The Canadian approach was
different and used tandem auto- followed by allo-HCT, and it showed safety and
high activity [4]. Although the CIBMTR and Fukuoka BMT Group analyses failed
to show difference in PFS or OS based on conditioning regimen [5, 8], multivariate
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analysis from the EBMT showed improved PFS and survival in RIC recipients [6].
The inclusion of alemtuzumab in the conditioning regimen was examined by the
British group, and despite higher RR, the long-term PFS and survival was com-
parable to other studies [7].

In contrast, the role of allo-HCT data is less convincing in DLBCL histology.
There are no prospective studies exclusively focusing on allo-HCT in DLBCL.
However, retrospective data have shown long-term survival in the range of 18–
54 %, depending on the study inclusion criteria. RR for DLBCL seems to be higher
after transplant in comparison with FL (26–41 %) as well as NRM (23–51 %).
However, lymphoma relapse after one year of transplant was uncommon [11, 16,
18]. Chemorefractory disease and early relapse after prior autograft were most
consistent factors adversely influencing outcomes [11, 13–18]. The intensity of
conditioning regimen (MAC vs. RIC/NMA) did not influence PFS or survival data
despite some disparities in RR and NRM [11, 13, 14]. DLI ± chemoimmunotherapy
achieved responses in 20–40 % for post-transplant relapsed patients [14, 17]. In
other aggressive, less common, B-cell NHL (BL, RS, TL), allo-HCT showed fea-
sibility in small retrospective studies for R/R cases; however, for those with BL
beyond CR1, allo-HCT cures only minority of patients.

For MCL, the controversy regarding the role of all-HCT is not solved yet due to
the lack of prospective data. However, retrospective analysis demonstrated a
potential long-term control of allo-HCT in 14–60 % of R/R MCL, including pos-
sible cure in quarter of chemorefractory cases [22–25, 27, 28]. When auto-HCT was
compared to RIC allo-HCT for MCL retrospectively, no difference in long-term
outcomes was noticed in early and late transplants [22]. No difference in outcome
was observed based on conditioning intensity [23]. The role of in vivo T-cell
depletion has not been answered yet. Although alemtuzumab in the conditioning
regimen was associated with reduced NRM, increased RR, and improved survival
in the British analysis [25], the retrospective analysis from France and Germany
showed a trend toward worsened survival with the use of anti-thymocye globulin
[26]. DLI showed activity in converting MC to FC and in achieving durable
response for relapse after transplant [26].

PTCL data are more complicated area due to the heterogeneity of subtypes and
the rarity of each subtype. Nevertheless, one small prospective study (n = 17) from
Italy showed encouraging outcomes, with low NRM (6 %) and high 3-year PFS
and OS (64 and 81 %, respectively) [29]. However, retrospective analysis of the
outcome of allo-HCT in R/R PTCL showed long-term PFS and survival of
37–53 % and 43–64 %, respectively. The RR post-transplant was significant
(20–49 %). When allo-HCT was compared to auto-HCT after excluding cases in
CR1 in the CIBMTR analysis, no difference in PFS or survival was reached
between the 2 cohorts, despite higher NRM and lower RR in the allo-cohort [31].
Studies restricted to specific subtypes of PTCL (AITL, ATLL, NK/T-cell, and
CTCL) showed feasibility and activity [36, 37, 39–42]. An interesting graft versus
HTLV1 effect was observed in the Japanese prospective study of allo-HCT in
ATLL, as the viral load became undetectable in over half of enrolled patients after
transplant [39].
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MAC was the predominant conditioning used in allo-HCT until recently when
RIC/NMA regimens utilization increased to reduce regimen-related toxicity and
widen the indication of transplant in older patients. The outcome of MAC vs. RIC
vs. NMA conditioning in NHL was compared in retrospective manners. Single
institution analysis from COH reviewed the outcome of MAC (n = 48) and RIC
(n = 40) in NHL patients who had undergone allo-HCT. RIC recipients had higher
risk features. The study concluded that there was no significant difference in NRM,
PFS, or OS between MAC and RIC despite that RIC and prior autograft were
predictors of increased RR in multivariate analysis [43]. Other retrospective anal-
yses reached the same conclusion [5, 8, 11, 13, 14, 23, 31]. The majority of studies
of allo-HCT in NHL showed no influence of donor source (MRD vs. MUD) on
long-term outcomes [1, 8, 15, 17, 18, 25, 33]; however, other studies showed
negative effect on NRM [11], PFS [7, 14], and OS [7] for MUD recipients. The use
of alternative donors with umbilical cord was shown to be viable in NHL, and
outcomes were comparable to MUD [44].

Graft versus host disease is the leading cause of NRM in allo-HCT. The inci-
dence of grade II–IV aGVHD in allo-HCT for NHL is in the range of 13–50 %, but
it is remarkably lower for T cell-depleted studies (<20 %) [7, 17, 25, 27]. The
occurrence of aGVHD was associated with adverse outcomes in some studies [6,
33, 35, 40, 43] The incidence of extensive cGVHD was reported in 18–64 % of
NHL patients, and the occurrence of extensive cGVHD was also adversely affected
outcomes in some studies [21, 43] despite decreased RR in one study [34].
Furthermore, the occurrence of GVHD after DLI improved survival in another
study [25].

Response prior to transplant was the most important predictor of transplant
outcome in most studies. The majority of studies showed worse outcomes for
chemorefractory disease, especially in RIC recipients [45]. With the availability of
newer agents for treatment of NHL, more patients may be able to achieve a
complete or partial remission before transplant, thus leading to improved survival
post-allo-HCT. The use of pretransplant FDG-PET scan in chemosensitive disease
based on CT scan did not influence EFS or survival in one retrospective study of
patients who had undergone NMA transplant for NHL [44]. Future studies on the
role of FDG-PET in predicting the outcome of allo-HCT are required.
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